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ABSTRACT

Fatigue behavior of a polycrystalline alumina at room temperature and 1200°C was
investigated. Uniaxial tensile tests were conducted in both static and cyclic loading to
produce stress-life curves. Cyclic loading at room temperature was found to be a
deleterious effect on lifetime, as compared to static loading with a similar maximum stress.
Cyclic lifetime was also found to be cycle dependent at room temperature.

A variety of loading wave forms were applied during the cyclic tests at 1200°C.,
High temperature results indicated that cyclic loading would not cause more detrimental
effects on failure time in comparison to static loading. Cyclic lifetime at 1200°C was found
to be cycle shape dependent. Specimens cyclically loaded with a short duration of
maximum stress in the loading cycle took a much longer time to fail than did the static
loading specimens under the same maximum applied loads. Failure time for cyclic loading
with a longer hold time at maximum stress was comparable to the static loading results.

Failure analysis results suggest that the activities behind the crack tip may be the
primary sources of the cyclic fatigue effects at both room and high temperatures.
Detrimental cyclic effect at room temperature was likely related to the interfocking grains,
frictional interlocking of asperities, and trapped grains behind the crack tip. High
temperature beneficial cyclic effect (compared to static loading) might be attributed to the
rate-sensitivity of the deformation of the viscous glassy phase bridging the cruck surfaces
behind the crack tip. A simplified model of crack bridging by the viscous glassy phase was
applied to calculate the effective stress intensity factor at the crack tip under various loading
conditions. Trends of the ‘calcuiatcd results are consistent with the lifetime data obtained at

high temperatures.
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1. INTRODUCTION

The use of ceramic materials for structural engineering applications is increasingly
being developed, e.g. in advanced heat engincs. They offer higher specific srength,
specific stiffness, hardness, temperature resistance, wear resistance, and corrosion
resistance. The combination of these desirable properties make ceramic materials
significant potential for use in the more efficient engines requiring higher operating
temperatures. Many of the engineering ceramic components are subjected to cyclic loading
at elevated temperatures for prolonged periods, yet very few researchers have investigated
fatigue behavior of ceramics at high temperatures. In ceramic literature static fatigue has
been used to describe the phenomenon of delayed fracture of a ceramic member under a
sustained constant load. If the delayed fracture occurs under cyclic loading, it is termed
cyclic fatigue.

Most cffort to date has been directed towards increasing the room temperature
fracture toughness of ceramics. To be commercially viable, these materials must also have
adequate reliability and long term strength durability under sustained thermal and
mechanical loading. The long term behavior of ceramic materials strengthened by various
toughening mechanisms has not been well quantified and is not quite understood. Cyclic
fatigue, in partcular at high temperatures, would be the most challenging field regarding
the long term performance of engineering ceramic materials. Although the physical and
mechanical properties of ceramic materials have been studied extensively, it is not until
recently that cyclic fatigue has received more attention in ceramics. The reason is that
ceramics seem to be generally perceived as unsusceptible to significant degradation under

cyclic loading due to their low ductility and lack of crack-tip plasticity.



1.1 Review of Previous Work on Ceramic Fatigue

Although the studies of fatigue in ceramics have begun since about 1956,[1-3] they
are still inadequate and inconclusive. The limited prior work on the fatigue properties of
ceramics has shown conflicting conclusions regarding the causes of the observed damage.
Some of the previous studies on alumina,[4-8] silicon nitride,[9-11] zirconia,[12] and
silicon carbide[8,10,13] demonstrated no definitive evidence of wue cyclic fatigne. The
observed phenomenon of cyclic fatigue was essentially a cyclic manifestation of static
fatigue. In contrast, much of the prior work has concluded that the evidence of cyclic
fatigue effect indeed exists in ceramics such as alumina,[1,8.14-22] silicon nitride.[8.23-
26] zirconia,[8,27-31] and others.[8,32] In addition fo the studies cited above, still other
research on fatigue properties of ceramics has observed cyclic eftects only under certain
conditions.[4,6,33-36] Although some other cyclic fatigue data have been published in the
form of stress-life curves or crack growth rate for ceramics including alumina,[3,37-42]
silicon nitride,[41-50] zirconia,[51,52] and others,{53-57] no attempts were made in these
studies to determine whether ceramics undergo any true cyclic fatigue.

Some early work done by Evans et al.[5,9] was focused on the crack propagation
under cyclic loading in silicon nitride, porcelain, and glass. Double torsion specimens
were used to observe the crack growth rate under static and cyclic loading, respectively.
They found that the measured cyclic crack growth rates could be rationalized on the crack
growth data under static loading and the time variation of load during cycling; i.e., the
cyclic fatigue was essentially the integrated effects of static fatigue. It was therefore
concluded that these ceramics did not exhibit true cyclic fatigue damage. Similar
conclusions were also drawn on alumina from the studies of Lathabai et al.[7] and
Kawakubo et al.[8] that no significant reduced lifetime under cyclic, as opposed (o slatic,
loading was observed and cyclic lifetime was predictable from the measured static lifetime

by establishing the traditional S-N curves. In addition, Horibe and Sumita[13] used pre-



indented specimens to study the fatigue crack propagation behavior of SiC under static and
cyclic loading. No crack extension was observed in the same specimen when the loading
mode was shifted to cyclic loading with the maximum stress equal to the stress level of
static loading. It was therefore suggested that cyclic fatigue might not exist in this silicon
carbide.

However, much more investigation points out ceramics do undergo cyclic fatigue at
room temperature. For instance, results obtained by Guiu[17] on polycrystalline alumina
under uniaxial static and cyclic tension-compression loading showed that cyclic lifetime
was much shorter than static lifetime under the same maximum stress. Moreover, Ewart
and Suresh[18,19] indicated that the application of cyclic compressive loads to edge-
notched specimens of alumina could lead to stable cyclic fatigue crack growth due to the
local residual tensile stresses around the notch. However, the limited crack growth arrests
after a finite extension of the crack. Direct evidence of cyclic fatigue crack growth in
silicon nitride under tension-tension cyclic loading was reported by Grathwohl[23] and
Horibe[24] using pre-indented bending specimens. They claimed that no crack extension
was observed under static loading, while cyclic loading enhanced crack propagation in
those silicon nitride ceramics.

More evidence of cyclic fatigue crack propagation at room temperature has been
unequivocally demonstrated in transformation-toughened magnesia-partially stabilized
zirconia (Mg-PSZ) by Dauskart et al.[29,30] using compact tension specimens containing
long cracks (millimeter scale). Several aspects of their observations were directed towards
the conclusion that a true cyclic fatigue effect does exist in Mg-PSZ. It was shown that
cyclic loading led to notable crack growth at stress intensity factors significantly below
those required to produce crack growth in sustained constant loading. The crack growth
rates under tension-tension cyclic loading were found to be several orders of magnitude
larger than the crack growth rates at peak sustained loading. More importantly, variable-

amplitude cyclic loading also demonstrated transient crack-growth acceleration following



low-high block overloads, transient crack-growth retardation following high-low block
overloads, and delayed retardation following single tensile overloads in Mg-PSZ. These
results suggest that Mg-PSZ exhibits a cyclic fatigue crack growth behavior analogous to
the common fatigue phenomenon of metals.

Some studies have observed that ceramic materials suffer cyclic fatigue damage
only under certain circumstances. Cyclic fatigue effects have been detected in an alumina
only at high frequency by Krohn and Hasselman.[4] Their results were examined by
Evans{6] and found to be no apparent cyclic fatigue effects within the scatter of the data
except at the highest frequency (40 Hz). The results obtained by Chen and Knapp[33] on
another alumina indicated that cyclic fatigue effects did exist at room temperature but
disappeared at temperatures above 216°C. In a study on silicon nitride, Kawakubo and
Komeya[34] reported that cyclic loading, as compared to peak sustained loading,
significantly reduced lifetime only at low applied load regions. Similar observation was
also obtained by Ueno et al.[35] in another silicon nitride, where fatigue crack propagated
cycle-dependently in the range of Kyha.x < Kisce and time-dependently in the range of
Kimax > Kisce. Moreover, Ohya et al.[36] have recently shown that a yttria-partially
stabilized zirconia (Y-PSZ) exhibited true cyclic fatigue only at low stress ratio R=0.05 as
compared to R=0.3 to 1.

In addition to the work cited above, there are still more studies of cyclic fatigue in
ceramics without critical examination of the existence of true cyclic effect. For example,
Ko[39-41] obtained the traditional stress-life (S-N) curves for alumina and silicon nitride
using rotary bending tests. The fatigue lifetime in both materials increased with the
decrease in applied stress level. Similar observations in other silicon nitrides were obtained
by Kossowsky,[43] Liu and Brinkman[45,46] at high temperatures. Moreover, results of
direct measurement of the crack growih under cyclic loading have been expressed as crack

velocity-stress intensity (V-K) curves for silicon nitride,[42} and ceramic composite.[57]



Hoshide et al.[42] and Luh et al.|57] showed that, at room temperature, the cyclic crack
propagation in ceramics could be defined by the form of Paris power law, da/dAN=CAK™.

Some previous fatigue tests in ceramics were focused on the empirical
understanding of the effects of various factors on the S-N or V-K curves. The variables
examined include grain size,[17,40] frequency,[25,29,35,36,47,49,58] stress
ratio,[25,29,35,36,47,48,58] loading mode,{47,50] surface finish,[51] volume,{58] and
stress concentration.[59]

In the studies of polycrystalline alumina, Guiu[17] and Ko[40] both demonstrated
the decreases in resistance to cyclic fatigue as the average grain size increased. The effects
of frequency on cyclic fatigue behavior of silicon nitride at room temperature were
investigated by Masuda et al.[47,49,58] using cantilever beam specimens. Their results
showed cyclic fatigue lifetime was cycle dependent and frequency independent at room
temperature. Similar observations were also obtained in other silicon nitride by Kishimoto
et al.[25,35] and Mg-PSZ by Dauskardt et al.[29] measuring the room tcmperature crack

propagation rates. It was found in those studies[25,35,29] that crack growth rate per
cycle, da/dN, was frequency independent and almost constant under the same AK or K.
i.e. the crack velocity with respect to time, da/dt, increased linearly with frequency.
Additionally, Kishimoto et al.{25,35] and Dauskardt et al.{29] also reported that the
crack growth rates increascd with the decreases in suess ratio under the same maximum
stress intensity factor in their chosen ceramic materials. Soma et al.,[47] Nikkila and
Mantyla[50] examined the effects of loading mode on the cyclic fatigue behavior of silicon
nitride at room temperature, and found that tension-compression loading produced more
damage than tension-tension loading with the same peak stress. This suggests that crack
propagation can also occur in ceramics under compressive stresses in smooth specimens.
The unusual results obtained by Zelizko and Swain[51] indicated that no significant

differences in the S-N curves of Mg-PSZ with three different surface finishes including

axially ground, radially ground and polished. However, for most ceramics, the strength of



polished specimen is higher than that of as-machined material, and the specimens ground
parallel to stress direction ure stronger than the perpendicular-ground specimens, The
volume effect on the cyclic fatigue properties of silicon nitride has been studied by Masuda
et al.[58] using cantilever beam and uniaxial tensile specimens under alternative loading.
With the same stress amplitude, the cantilever beam specimen with small effective volume
took a much longer time to fail as compared to the uniaxial tensile specimen having a large
volume experiencing the maximum stress,

The effect of stress concentration on the fatigue strength in ceramics has recently
been examined by Mayer[59] using double-notch specimens of alumina. The smooth
specimens last longer than the notched specimens under the samc nominal stresses,
However, the notched specimens became increasingly less sensitive to the stress
concentration factor, K, as the applied stress level decreased. This implied the existence of
a fatigue notch factor, K;. The value of K¢ was found to be 1.2 which is significantly less
than the K, value of 2.13.

Most of the ahove studies involving cyclic or static loading were conducted at room
temperature. Only a limited number of researchers have studied cyclic fatigue behavior in
ceramics at high temperatures. Those ceramic materials investigated at high temperatures
under cyclic loading include alumina,[33,37,59-61,63] silicon nitride.[9-1 1,43-47,58 64-
66] silicon carbide,[10,13,63] and ceramic composites.[54,60-62] Only a few of these
recent work at high temperatures has critically compared the lifetime or crack growth rate
under cyclic loading to the corresponding lifetime or crack growth rate under static loading.
Among those comparisons,[9,10, 13,60-62,64-66] two distinct observations were
obtained: (1) cyclic loads at high temperatures were found to extend the lifetime or
decelerate crack propagation compared to static loads with a maximum stress or stress
intensity factor equal to the maximum cyclic stress or stress intensity factor;[60-62,64-66]
(2) no true cyclic effects on the failure time or crack growth rate at high temperatures were

detected.[9,10,13] These high temperature results are contrary to the room temperature



results in which the cyclic effects, where they exist, would degrade more strength than
static loading. More discussion on those studies of high temperature fatigue in ceramics

will be given in a later chapter.

1.2 Purpose and Scope

In the previous studies on high temperature fatigue of ceramics, a sinusoidal or
triangular wave form was exclusively used as the cyclic loading pattern. In high
temperature metal fatigue, fatigue failure can occur by fatigue and/or interactions between
creep and fatigue depending on the loading wave form. However, there is still lack of
understanding of the tatigue behavior of ceramic materials in the creep regime under cyclic
loading with hold time introduced at peak stress in each cycle. It is an important
consideration in design and operation of structural ceramic components to determine
whether the high temperature cyclic fatigue of ceramics is controlled by the number of load
cycles or by any time dependent process.

Polycrystalline alumina is considered a typical representative of modern structural
ceramics. These ceramics are developed and designed to serve as structural components
subjected to high thermal and high mechanical loading conditions. Thus, study of high
temperature failure mechanisms and lifetime prediction in ccramics is of considerable
practical interest and need. In the past several years, studies on high temperature failure
mechanisms of ceramics have focussed mainly on creep damage under constant loading
(e.g. Refs. 67-82). More information is necessary to understand the cyclic fatigue
behavior of alumina at elevated temperatures where most structural ceramic components
will be used in service. The main goal of this study is to characterize cyclic fatigue
behavior of ceramics, in particular at high temperatures, by systematic experiments on a
polycrystalline alumina. Tests are conducted in both static and cyclic tension loading at

both room and elevated temperatures. One of the major concerns in this investigation is



whether alumina undergoes any true cyclic fatigue at both room and high temperatures. A
direct comparison of static and cyclic fatigue results will provide somc insight into the
failure mechanisms in ceramics at both room and elevated temperatures. A variety of
loading wave forms are applied for cyclic loading at 1200°C. Effects of cycle shape,
maximum stress, and duration of maximum stress on the lifetime of alumina at high
temperatures are examined. Failure analysis is conducted with electron microscopes to
examine the fatigue mechanisms at both room and high temperatures. The results of this

study will lead to a better understanding of the fatigue behavior in ceramics on both the

macroscopic and microscopic scale.



2. MATERIAL TESTING

In this study a 99.8%-pure polycrystalline alumina ceramic™ was investigated.
Although few data have been published for this material in the form of stress-life curve
only under cyclic loading at room temperature,[38,59] no attempts were made to examine
the existence of any rue cyclic fatigue effect in this alumina. Therefore, both static and
cyclic fatigue tests were conducted in this program at room temperature and 1200°C to

characterize the fatigue behavior of this alumina ceramic at room and high temperatures.

2.1 Material and Specimen Fabrication

The specimens tested in this investigation were made from commercial
polycrystalline alumina rods.” The average grain size of this material is about 6 pm and
some grains are as large as 25 um. Energy dispersive X-ray spectrometer (EDS) analysis
indicated that Si (and presumably oxygen) is the primary element of the grain-boundary
phase in this nominally 99.8%-pure alumina, with trace amounts of Mg, Ca, Na, and Fe.
The residual porosity of this ceramic material is about 1.5%. The manufacturer provides
the room temperature properties of this materials as follows: specific gravity = 3.90, elastic
modulus = 345 GPa, flexural strength = 331 MPa, and compressive strength — 2071 MPa.
The fracture toughness of this alumina at room temperature was found to be 3.35
MPa-m!/2 by Tschegg and Suresh[83] using circumferentially notched cylindrical rods
quasi-statically fractured after being precracked in uniaxial cyclic compression.

Uniaxial tensile specimens with uniform gage section were used in both static and
cyclic fatigue tests. The gecometry of the testing specimens is shown in Figure 1.

Specimens were circumferentially ground to the final dimensions from the supplied rods

* Grade AD-998, Coors Ceramics Co., Golden, CO.
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using an 150-grit diamond grinding wheel. The surface finish of the specimens was
quantitatively determined by measuring the surface roughness using surface profilometer

and was found to be Rq = 1~2 pim (root mean square average roughness).

2.2 Test Facility

Most of the mechanical behavior studies of ceramics have been conducted using
bending test because of its simplicity and relatively inexpensive nature, where only a smalt
portion of the small rectangular specimen is subjected to the maximum stress. There is
small possibility to encounter a critical flaw in this highly strcssed region. Ceramics are
very sensitive to surface or volume flaws implanted during processing and machining.
Thus, this type of test may be suitable for screening work but is not applicable to
extrapolate its results to the aspects for design of structural ceramic components. Uniaxial
tensile testing was utilized in this study. Advantages for uniaxial tensile testing of ceramics
include: (1) there is smaller scatter of test results due o a larger volume of material
subjected to the maximum stress in an uniaxial tensile test specimen compared with small
bending test specimens, and a higher probability of flaws existing in this larger volume;
(2) uniaxial homogeneous stress distribution is necessary for fatigue tests at high
temperatures to avoid the stress redistribution effects,

A new system for testing brittle materials under cyclic tensile loading at elevated
temperatures was developed and set up jointly by the author and Mayer. Details of the
experimental set-up are given in a previous study by Mayer.[59] A brief description of this
high temperature testing system is given in the following paragraphs.

A self-aligning grip system designed for uniaxial tensile testing was used to
accomplish proper alignment and reduce bending strains. The grip system was originally
designed at Oak Ridge National Laboratory (ORNL)[84] and using a buttonhead specimen.

However, some of the specimens[38,59] have been found to fail around the shoulder of the
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buttonhead instead of the gage section. The grip-heud was then replaced by a hydraulic
collet gripping head which can hold smooth-shank specimens (see Figure 1) to eliminate
the buttonhead and the associated failures outside of the gage section of the specimen. This
new grip-head also includes a water-cooling jacket for high temperature tests. The
mechanical self-aligning mecﬁanism design by ORNL is still utilized by the new modified
grip system. This modified grip system was then attached to a closed-loop servo-hydraulic
test machine for both static and cyclic loading tests. Excellent alignment of the load train
has been verified through several bending strain tests with a maximum bending strain equal
to 0.46% of the applied axial strain.

Induction heating was used to achieve the high testing temperatures. The advantage
of using induction heating is that heat can be focused onto the gage section of the uniaxial
tensile specimen so that the specimen's ends are heated only through conduction. Thus,
the pull rod extension, used in other high temperature testing systems, is not necessary as
the ends of the specimen are at sufficiently low temperature to allow using the water-cooled
hydraulic collet gripping head due to the low thermal conductivity of alumina. A pair of
silicon carbide susceptors are directly heated with induction power as alumina is an
electrical and magnetic insulator. The alumina specimen can then be easily heated to
1200°C through radiation from the red hot silicon carbide susceptors.

Figure 2 shows the complete view of the entire test system as it looks during a test.
The self-aligning grip-heads are located outside of the small induction furnace and the two
heat shields in the test frame. The induction power generator connected with the induction
coils surrounding the small furnace just stands next to the test frame. The 20-kip load cell
is controlled by an MTS Model 442 Controller and an MTS Model 436 Control Unit, both
of which reside in the rack beside the other side of test frame. The temperature controller
and two digital temperature readouts are also contained in the rack and connected to three

type-R thermocouple probes, which are inserted through the small furnace for temperature

measurement,
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2.3 Test Procedure and Loading Paths

Static fatigue and cyclic fatigue tests were carried out at both room temperature and
1200°C in air. For high temperature tests, all specimens were preheated to 1200°C with a
heating rate of 12°C/min to avoid thermal shock and remained at 12000C for 30 minutes to
reach thermal equilibrium before the start of each test. The specimens for static fatigue test
arroom temperature and 1200°C were tested to failure under constant tensile loads.

The room temperature cyclic fatigue tests were conducted at a stress ratio R = 0,075
(R=0in/Gpmax) With a triangular loading wave form. The value of the testing frequency for
room temperature cyclic loading tests is at a range of 0.1 to 5 Hz. The loading path for the
static and cyclic fatigue test at room temperature is schematically shown in Figure 3.

Cyclic fatigue tests at 1200°C were mainly performed with a stress ratio R = 0.1
under different cyclic loading wave forms as shown in Figure 4. The testing frequency for
cyclic loading with a sine or square wave form was 2 Hz. Two types of trapezoid wave
forms were applied. The hold time at maximum load for the first one, rapezoid I, is ¢, =
0.25 s which is equal to the duration of maximum load in the square wave form. The hold
time of the second trapezoid wave form, trapezoid II, is increased 10 times t0 2.5 5. The
unloading time, t,, in both trapezoid wave forms is 0.02 s. Another set of specimens were
conducted with a square wave form at a frequency of 2 Hz and R = 0.5 to examine the
stress ratio effects on the cyclic fatigue behavior of alumina at elevated temperatures,

Post-failure microstructural analysis is performed with both scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) to study the failure

mechanisms at both room and high temperatures.
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3. EXPERIMENTAL RESULTS
]
In this chapter an overview of the mechanical testing results will be given. These
data will be provided in the form of tables and stress-life curves for each loading path

applied in this study. Detailed analysis and discussion of these results are left to later

chapters.

3.1 Room Temperature Results

The results of cyclic fatigue tests under triangular loading wave form with R =
0.075 and a frequency range of 0.1 to 5 Hz at room temperature are given in Table 1 and
graphically shown in Figure 5. Each point represents a single specimen tested to failure.
Tensile strength was plotted as a single cycle to failure. The data produced in two previous
studies[38,59] using a similar material and test system is also given in Table 1 and Figure
5. The current results agree very well with the data reported by the developer of the ORNL
self-aligning grip system[38] as shown in Figure 5. Thus, the new modified hydraulic
grip-heads worked well with the test frame and produced valid data. Cyclic fatigue
behavior of this alumina at room temperature appears to depend principally on the number
of cycles rather than on time as the cyclic fatigue strength at various frequencics dose not
show any discontinuities against the number of cycles. The solid line is the the best-fit
curve obtained by linear regression analysis using a simple power law, and indicates the
cyclic fatigue limit at 106 cycles is about 2/3 of the tensile strength at room temperature.

Static fatigue tests at room temperature were conducted in the same test frame under
constant loading and generated the data given in Table 2. These static fatigue resuits are
graphically compared to the cyclic fatigue data in Figure 6 as maximum applied stress is
plotted against time to failure. The time to failure for the cyclic cases is made up of both

loading and unloading portions. The arrow in the figure indicates that failure of specimen
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did not occur when the test was terminated. Linear regression analysis of the log-log plot
of static fatigue data, excluding the two runout points, determines that static fatigue failure
can be satisfactorily described by a simple power law as ty; = 2.80x10295G, 8587 (in hour
and MPa), where t; is the failure time under a constant tensile stress, ©_. The solid line is
the best-fit curve for the static fatigue data and shows that the static fatigue limit is about 3/4
of the tensile strength. No scatter band could be defined for static fatigue data as only a
limited number of data points were applied in the curve fitting. Figure 6 also indicates that
specimens subjected to cyclic loading took a shorter time to failure than statically loaded

specimens at the same maximum applied stresses.

3.2 High Temperature Results

Results of cyclic fatigue tests with R = 0.1 and different loading wave forms at
1200°C are given in Tables 3-6 and graphically shown in Figure 7 as a plot of maximum
applied stress against number of cycles to failure. Fatiguc lifetime was obscrved to
increase with the decrease in applied stress for each cyclic wave form. No significant
difference in cycle lifetime between sine and square wave forms under the same maximum
applied loads was observed. In trapezoid I loading, the number of cycles to failure was
slightly lower (by a factor of 2) than either sine or square wave loading. It is not
considered a significant difference in fatigue testing. However, trapezoid II loading
substantially reduced the number of cycles to failure by more than an order of magnitude
compared to the previous three loading wave forms under a similar maximum stress. This
comparison suggests that cyclic fatigue lifetime is cycle shape or time dependent at high
temperatures.

Cyclic fatigue tests at 1200°C with a higher stress ratio, R = 0.5, were performed
with a square wave form at 2 Hz to examine the effect of stress ratio on the cyclic fatigue

properties of ceramics at high temperatures. These results are reported in Table 7 and
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graphically compared to the results of square wave form with R = 0.1 in Figure 8. The S-
N curves show that cyclically loaded specimens with a higher stress ratio took a smaller
number of cycles to failure than those with a lower stress ratio.

Static fatigue tests at 1200°C were also performed in the same test machine under
constant loads and produced the data given in Table 8. This data is graphically compared to
the results of cyclic loading with R = 0.1 in Figure 9 where maximum applied stress is
plotted versus lifetime on time base. Linear regression analysis of the log-log plot of static
fatigue data, excluding the runout point, determines that static fatigue failure can be
satisfactorily described by a simple power law as t = 5.72x10'%6_ 832 (in hour and
MPa), where 1 is the failure time under a constant tensile stress, On. The correlation
coefficicnt of the linear regression analysis is relatively high with a value of R2 = 0.941.
The slope of this best-fitting curve is then used to draw the upper and lower limit of static
fatigue life which are shown as dashed lines in Figure 9. The horizontal width of this
scatter band bounded by the two dashed lines is about a factor of 6. A similar approach
(not shown in Figure 7) is also used for the cyclic fatigue data and indicates that the scatter
range is abour a facror of 6, 8, 6, and 10, respectively, for sine, square, trapezoid I, and
trapezoid II loading wave forms with R = 0.1. The scatter of static and cyclic fatigue data
in this study is apparently smaller than those using other testing methods (e.g. Refs.
4.7.8,39.40) and is attributed to the use of uniaxial tensile specimens with a larger portion
of material under maximum stress.

The results of cyclic fatigue under square loading at stress ratios R = 0.1 and 0.5
are also compared to the static fatigue results as shown in Figure 10. Though the failure
time was lower for cyclic loading with R = 0.5 than with R = 0.1 at low stress levels, it
was still much longer than the lifetime under static loading at the same maximum stress.

The scatter in the data of square loading wave form with R = 0.5 is approximately a factor

of 8.
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In the following chapter a linear elastic crack growth model is applied to examine
whether cyclic fatigue failure can be attributed to the accumulation of stafic fatigue failure or

if there exist some other cyclic effects on failure time.
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4. LIFETIME ANALYSIS

Most of the mechanical failure of ceramic materials occurs from preexistent flaws.
These preexistent flaws are introduced into the material during either processing or
machining. Thus, the lifetime of many mechanically loaded ceramic structural components
is restrained by subcritical crack growth of the preexistent flaws. Preexistent flaws may
grow under constant or varying loading to critical sizes for spontaneous propagation and
lead to failure of ceramic components during operation. This time-delayed failure within
the planned operation time could be prevented by the lifetime prediction based on the

preexistent flaw size distribution and the measurement of crack growth parameters.

4.1 Model for Prediction of Cyclic Lifetime

Subcritical crack growth in ceramics is usually described by the following power

law[85]:

V = da/dt = AK| = A(YoVa)" )

where V is the crack velocity during crack propagation, a is the crack size, t is time, A and
n are material constants which are functions of temperature and environments, Kj is the

stress intensity factor, Y is a geometric factor, and © is the applied stress. Assuming the

failure mechanisms of static and cyclic fatigue are identical and fully time dependent; then
the lifetime for cyclic loading can be predicted from the measured static fatigue data.

The applied stress, &, which is a function of time, can be generally expressed as:

o =0 (1)

)
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where G,,, is the maximum applied stress and 0 < f(t) < 1 for tensile loading. The failure
time, t;, can be obtained from the integration of Eq. (1) as follows:

-n)/2 -
232 _ g 2en2

£ = [(2-n)/2]AY "oT, [(;‘[f(;)}“dt

3
where aj and a are the initial and final crack sizes. In most cases, 3,32 55 2 Q12 g0
to n >> 1, thus, the first term in the left hand side of Eq. (3) can be teasonably neglected
compared to the second term. For static fatigue test with f(t) = 1, the static lifetime, tq, is
given by the following approximation from Eq. (3):
—ly,~n_(2-n)/2 _—
te = [ -2)JATY "2 TV oG 0 @

For a fatigne test performed under a cyclic loading wave form with a period 1, the cyclic

lifetime, t ¢, can also be obtained by simplifying Eq. (3) as follows:

-1
_ 1,0 (2-m)2—n_ [ (%o n
t = [2/(n = 2)]A7'Y " c,,';r{{)[f(t)} dt} 5

In Eq. (5), t;f = Ngt is used to get the approximation for N¢ >> 1, where N; is the number
of cycles to failure.

The ratio of cyclic fatigue to static fatigue lifetime under the same maximum applied

stress, Oy, is then given as:

-1

r=t ./t = 'r{ID{f(t)]ndt} (6)

The periodic function, £(t), in each cycle for the cyclic loading wave forms used in

this study can be expressed as follows:
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(A) sing wave form:

f(t)=

(i+R) + (1-R)
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where R is the stress ratio and w = 21t/7.

(B)  square wave form:
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In the previous chapter, linear regression analysis of the room and high temperature
static fatigue data has determined the crack growth exponent, n, a value of 85.87 at room
temperature and 8.32 at 1200°C. Since n is not an integer in this case, an analytical
solution can not be obtained for a sinusoidal wave form from Eqgs. (6) and (7). Numerical
analysis was used to calculate the integration in Eq. (6) using Eq. (7) for £(r). However,
for square, triangular, and trapezoidal wave forms, the analytical solution of r can be
directly obtained from Eq. (6) substituting Eqgs.(8), (9), and (10) into the integral,
respectively. The calculated values of r are given in Table 9. As the experimental scatter of
fatigue data in static and cyclic loading has been an important factor in the confusion of
possible "true” cyclic fatigue of ceramics in some of the literature, the scatter in the static

fatigue data at 1200°C is also taken into account on the prediction of high temperature

cyclic fatigue lifetime.

4.2 Comparison of Measured and Predicted Cyclic Lifetime

The predicted cyclic fatigue lifetime is then plotted in Figure 11 for room
temperature tests and in Figures 12-16 for tests at 1200°C. The predicted upper and lower
bound of cyclic fatigue lifctime at 1200°C is based on the upper and lower bound of static
fatigue data at 1200°C. If there is no apparent cyclic effect on the crack growth rate, the
measured cyclic lifetime should be comparable with the predicted value from static fatigue
data.

Figure 11 shows that cyclic fatigue lifetime at room temperature is much shorter
than the predicted lifetime. This result is expected, as the measured cyclic fatigue lifetime
falls below the measured static fatigue lifetime at the same maximum tensile stress and only
a very small portion of the cyclic triangular loading is at the maximum load. Thus, the

measured cyclic lifetime would he definitely much less than the predicted value based on
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the static fatigue data. It is clear from this comparison that cyclic loading can accelerate the
fatigue crack growth in this alumina at room temperature.

For high temperature tests with sine, square, and trapezoid I loading wave forms at
R = 0.1 (Figures 12-14), the measured cyclic fatigue lifetime is beyond the upper limit of
the predicted cyclic lifetime and the deviations increase with the decrease in applied stress
level. The observed cyclic fatigue lifetime is about an order of magnitude larger than the
predicted upper limit value at lower stresses for the sine and square loading tests.
However, the data for rapezoid II loading wave form lie within the range of predicted
cyclic lifetime from the static loading data as shown in Figure 15. Itis obvious that cyclic
lifetime under sine, square, or trapezoid I loading wave form is underestimated from the
static fatigue data associated with the consideration of the scartter in the data. Failure
mechanisms of cyclic loading with trapezoid 1T wave form might be similar to those of
static loading as the cyclic lifetime is predictable from the static fatigue results.

The cyclic fatigue lifetime under square loading with R = 0.5 at 1200°C is also
compared to the predicted lifetime as shown in Figure 16. The measured cyclic lifetime is
still Jarger than the value of the predicted upper bound although the stress ratio is increased
from 0.1 to 0.5.

The above comparisons of test results at 1200°C indicate that there is a beneficial
cyclic effect at high temperature on failure time from repeated loading with a short duration
of maximum stress (e. g. sine, square, and trapezoid I wave forms in this study) compared
to static loading. The worst cyclic loading case with respect to failure time is a long hold
time at maximum stress (e. g. trapezoid II in this work), but the lifetime is at least
comparable to the static lifetime under the same maximum stress. The comparisons of
results under square loading wave form at R = 0.1 and 0.5 show that the cyclic lifetime
decreased with the increase of stress ratio, yet the effect of stress ratio on the failure time is

apparently much less important than the effect of the hold time at maximum tensile stress.
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The overall comparisons imply that cyclic loading is not more detrimental than static

loading in the alumina under the high temperature testing conditions in this investigation.
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5. DISCUSSION

The existence of any true cyclic fatigue effect at room and high temperatures in the

selected alumina has been examined in the previous chapter. More detailed discussion of

the cyclic effects at room and elevated temperatures will be given in this chapter.

5.1 Cyclic Effects at Room Temperature

The above results and lifetime analysis demonstrate the evidence of true cyclic
fatigue in this alumina at room temperature. There was more strength degradation in cyclic
loading than in static loading as the cyclically loaded specimens took a much shorter time to
fracture than those under sustained constant loads at the same maximum stresses. The
threshold stress level for cyclic fatigue (2/3 of tensile strength) was also lower than that for
static fatigue (3/4 of tensile strength). Cyclic fatigue behavior of this alumina was mainly
dependent on the number of cycles rather than on time, as the number of cycles to failure at
a similar maximum stress was comparable in the tests of various frequencies (0.1 to 5 Hz).
This deleterious cycle-dependent fatigue behavior at room temperature is similar to that of
metal fatigue. It is therefore inappropriate to attribute the current results of cyclic fatigue
exclusively to the failurc mechanism (such as environmental sress corrosion) that controls
static fatigue behavior, as the tests for cyclic and static fatigue were conducted in the similar
lab conditions in a random order.

Direct measurements of fatigue crack growth rates in a 99.5%-pure polycrystalline
alumina at room temperature using tapered double cantilever beam (TDCB) specimens have
been recently reported by Reece et al.{22] The crack velocities under cyclic loading in that
alumina could be expressed by a power law, da/dN=A(Kp.,)™. The cyclic crack growth
was found to be substantially faster than the static fatigue crack growth for the same K

max»

and to occur at the K4« values lower than the threshold K., for static fatigue. The crack
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extension per cycle (da/dN) determined at 5 and 10 Hz was also found to be comparable
and independent of frequency. Those observations by Reece et al.[22] show similar trends
in room temperature fatigue behavior of alumina as observed in the present study. It is
obvious that, at room temperature, there indeed exists in some ceramics a genuine cyclic

fatiguc effect which is cycle dependent rather than time dependent.

5.2 Cyclic Effects at High Temperatures

The literature survey shows a limited number of studies that directly compared static
and cyclic fatigue data at elevated temperatures for alumina,[60,61] silicon
nitride,[9,10,64-66] silicon carbide,[10,13] and alumina-matrix ceramic composite.[60-62]
In those studies only a sinusoidal or triangular wave form was used as the cyclic loading
pattern. In this section the current observations will be compared with other researchers’
investigation on the influence of cyclic loading on the fatigue behavior of ceramics at
elevated temperatures.

It is noted that the lifetime prediction method discussed in the previous chapter is
based on the assumption that both cyclic and static fatigue failure mechanisms are identical
and dominated by subcritical crack growth and the suress intensity factor, Ky, is the only
dependent variable in describing the crack velocity during slow crack propagation. The
literature is conflicting regarding this assumption.

For example, Evans et al.[9] subjected a silicon nitride to static loading and cyclic
loading with frequency < 5 Hz at 1400°C, and found that there was no enhanced cyclic
effect on the slow crack growth rate as the measured cyclic crack velocity was predictable
from the static velocity data. That observation provides a verification for the assumption
that cyclic crack growth is essentially due to the static crack growth mechanism. Similar
observations were also reported by Kawai et al.[10] on a silicon carbide and a silicon

nitride. S-N curves were established for silicon nitride up to 1200°C and for silicon
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carbide up to 1400°C with the application of uniaxial tensile tests in both static and cyclic
loading. The cyclic loading tests were conducted at R = 0.5 and under a triangular wave
form with the period of a loading cycle ranging from 1 to 7 mins as the stressing rate was
kept constant at a value of 0.6 MPa/s. Within the scatter of the data, no true cyclic fatigue
effects could be discerned either for silicon nitride at 1000°C, 1100°C, and 1200°C or for
silicon carbide at 1400°C as the predicted cyclic lifetime agreed very well with the
measured data. It was therefore concluded that delayed fracture in both static and cyclic
fatigue for those two ceramic materials at high temperatures were essentially caused by
slow crack growth with no interactions of any cyclic effects.[10]

In contrast, this assumption becomes invalid for another silicon nitride under
bending tests at 1200°C in a study reported by Fett er al.,[64] where the prediction based
on static loading data substantially underestimated the measured cyclic lifetime under a
sinusoidal loading wave form with a frequency of 30 Hz. The observations of Fett et
al.[64] imply that cyclic fatigue mechanism is not entirely similar to the static fatigue
mechanism in that particular silicon nitride at high temperatures.

The current test results demonstrate both phenomena regarding the assumption that
cyclic fatigue is primarily attributed to static crack growth mechanism. For the alumina
under the test ranges in this study, failure time for the trapezoid II loading wave form (with
a longer hold time at maximum stress) can be predicted from the measured static lifetime.
This is similar to the observations of Evans et al.[9] and Kawai et al.[10] On the other
hand, measured cyclic lifetime in sine, square, and trapezoid I loading wave forms (with a
short duration of maximum stress and higher loading rate) is much larger than the predicted
value from static loading data. This phenomenon has a strong resemblance to the results of
Fett et al.[64]

Some recent results obtained by Masuda et al.[653,66] on silicon nitride showed
similar trends in the cyclic lifetime at high temperatures to those observed in the current

study. In their investigation, the measured cyclic lifetime was ohtained from the uniaxial
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tension-compression test (R = -1) under a sinusoidal wave form with a frequency of 20 or
0.01 Hz at 1000°C. Their results demonstrated the dependence of cyclic lifetime on
frequency at high temperatures. At 20 Hz, the measured cyclic lifetime was much larger
than the predicted value based on the static fatigue data and slow crack growth model.
However, the cyclic lifetime with a frequency of 0.01 Hz was within the range of the
predicted lifetime from the experimental data under static loadin 2.[65,66]

The above comparison indicates that in addition to slow crack growth, other high
temperature mechanisms such as creep, microstructural instabilities, and/or a mechanical
cycle effect need to be considered in lifetime prediction for ceramics at elevated
temperatures. Even though Fett et al.[64] considered the effect of stress redistribution due
to creep in bending tests, the measured cyclic lifetime is still much larger than the modified
prediction. A further consideration of the adhesive effects of the viscous grain-boundary
phase on the crack surfaces was proposed to explain the deviations between predictions and
measurements.[64] The effect of the viscous boundary phase may also be applied to
explain the observations in this study. Detailed evidences of the viscous glassy phase for
the alumina selected in this study will be given in next chapter.

For the cyclic cases with high stressing rate or a short duration of maximum stress,
such as the sine, square, and trapezoid I wave forms in this study, the viscous glassy
phases would carry a part of the applied load by bridging the crack surfaces. These
adhesive forces from glassy phases would reduce the effective stress intensity factor in
calculating the crack propagarion velocity given in Eq. (1) and retard the crack growth, In
the case of static loading or cyclic loading with lower frequency or a longer hold time at
maximum stress, such as the trapezoid II loading wave form in this study, these effects on
the crack opening behavior may disappear after the initial loading in each cycle due to the
relaxation characteristics of the viscous glassy phases. The definitions of low or high
frequency and short or long hold time at maximum stress for cyclic loading are dependent

on material, temperature, and environments. For instance, 2 Hz might be a high frequency
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value for the alumina tested in this study, while it may be classificd as low frequency for
the silicon nitride investigated in the study of Evans et al.[9] A simplified model in
calculating the effective stress intensity factor at the crack tip with the consideration of the
bridging effect by the viscous glassy phase behind the crack tip will be addressed in details
in a later chapter.

Recently, Suresh and co-workers measured the static and cyclic (sine wave form)
crack growth rates for an alumina (0.13 and 2 Hz at 1050°C)[60,61] and a silicon carbide
reinforced alumina matrix composite (0.1 and 2 Hz at 1400°C).[60-62] Cyclic loading was
found to give rise to a lower crack growth rate compared to static loading under the same
maximum stress intensity factor for both ceramics in their studies. They also observed that
higher cyclic frequency (2 Hz) caused more crack growth retardation than lower cyclic
frequency (0.13 or 0.10 Hz) in both materials. One of the contributions to the improved
cyclic fatigue resistance is due to the bridging of crack surfaces by the inherent boundary
glassy phases in monolithic alumina[60,61] or the in situ formation amorphous glassy
phases arising from the oxidation of SiC whisker in the composite ceramics.[60-62]
Again, those observations{60-62] imply that adhesive effects from glassy phases would
diminish with a decrease in cyclic frequency. Han and Suresh(62] also suggested that
another reason for improved cyclic fatigue was the cyclic loading specimen had a smaller
portion of time at the maximum tensile stress than did the static loading specimen. This is
not the case in the present work, as the total lifetime at maximum stress for the cyclic
specimens under square or trapezoid I loading wave form is still much longer than the
failure time of static specimens under a similar maximum stress.

It is obvious from the current observations that the duration of maximum tensile
stress in a cycle is a critical parameter in determining the cyclic lifetime. Once this hold
time at maximum tensile stress exceeds a particular value, the cyclic loading no longer has a
beneficial effect on lifetime compared to static loading. Additionally, the retardation of

crack growth for cyclic loading with a short duration of maximum stress is more
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pronounced when the thickness of the boundary phase becomes comparable with the crack
tip opening displacemcnt. This could explain the larger deviations in measured lifetime
between static loading and cyclic loading with a short duration of maximum stress at lower
applied stress levels where the crack tip opening displacement is smaller and closer to the
size of glassy phase thickness.

Creep mechanisms are another contributor to the failure of ceramics at elevated
tempcratures. In a recent study by Page and Lankford,[63] the creep behavior of a silicon
carbide with a glassy phase and an alumina without glassy phase under cyclic compressive
loading was investigated . The compressive creep testing was conducted at 1600°C under
a symmetrical trapezoid loading wave form (the hold times at maximum and minimum
stresses were identical as were the loading and unloading rates) with a frequency of 0.33
Hz. The cavitation rate and the minimum creep rate in the silicon carbide was found to be
controlled by the total amount of time at maximum compressive stress and unaltered by the
cyclic loading. The formation of Creep cavitation for ceramics with glassy phases is
through the viscous pore growth; hence 0.33 Hz is probably tov slow 10 generate any
cyclic effect on cavitation in this silicon carbide.[63] However, larger cavity size, higher
cavity volume traction and a slightly lower cavity density were found in alumina, yet no
cyclic effect on the minimum creep rate was observed. For the alumina without glassy
phase, creep cavitation occurs by means of grain-boundary diffusion; thus 0.33 Hz is fast
enough to keep the transient stress concentration due to grain-boundary sliding in each
cycle to accelerate the growth of cavitation.[63] Page and Lankford[63] also claimed that,
in ceramics with glassy phases, cavitation might increase with the increasing cyclic
frequency due to the transient stresses, In the present study, failure time is found to
increase with the increasing cyclic frequency or shorter hold time at maximum stress in
contrast to the expected increasing cavitation. This comparison suggests that most of the
failure time of the alumina under the testing conditions in this investigation was consumed

by slow crack growth rather than by the nucleation and growth of cavities. This would
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also support the earlier postulation that glassy phases would generate different influences
on the crack opening behaviors in static loading and cyclic loading with different cycle

shapes or frequencies.

5.3 Comparison of Cyclic Effects at Room and High Temperatures

As noted above, the observed cyclic fatigue effects at both room and high
temperatures could not be expiained by the accumulation of the static fatigue damage
through an integration over the cyclic loading history. It is apparent that the alumina
selected by this study indeed demonstrates the existence of a true mechanical cyclic effect at
room temperature and this cyclic loading effect is more detrimental on failure time than
static fatigue at the same maximum stress. This cyclic effect at room temperature is
independent of cycle frequency. Under certain conditions, however, cyclic loading at high
temperatures caused a beneficial effect on fatigue lifetime as opposed to sustained constant
loading. The cyclic effect at high temperatures is cycle-shape or time dependent. Once the
hold time at maximum stress reaches a specific value, there is no longer a beneficial cyclic
effect and the cyclic lifetime becomes predictable from the static loading data. The above
discussion indicates that the characteristics of cyclic loading effects in ceramics are also
temperature dependent. The cyclic loading which is more deleterious than static loading at
room temperature may not be more damaging than static fatigue at high temperatures in
Cerarmics.

The above comparisons of the present work with the previous studies suggest that
cyclic fatigue of ceramics containing viscous boundary phases might not be such a severe
problem at elevated temperatures as it is in the metals with creep-fatigue interactions. These
comparisons also provide the clues for explanation of the two distinct observations in the

previous studies with respect to the existence of any cyclic effect in ceramics at elevated
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temperatures. The generation of the two distinct conclusions could be attributed to the
difference in cyclic loading procedure, in particular the cycle frequency and cycle shape.

A detailed failure analysis for the alumina fractured at the given stress-temperature
conditions in the current work is given in the following chapter to characterize the cyclic

faigue mechanisms at both room and high temperatures,
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6. FAILURE ANALYSIS

A comprehensive microstructural analysis of the fractured specimens in the present
study was conducted and elucidated in the current chapter. Both room and high
temperature specimens, fractured at different loading conditions, were examined with SEM
and TEM to investigate the fatigue mechanisms for the alumina chosen in this study.

"As-received” specimens were prepared from an axial section cut from an as-
received cylindrical rod for both SEM and TEM analysis to obtain the undeformed
microstructural information for future comparison. The inherent processing pores are
primarily seen in the areas such as triple-point junctions and two-grain interfaces, as
evidenced by Figure 17. The glassy grain-boundary phase in this material is generally
discontinuous and non-uniformly distributed; i.e., it exists in the form of isolated zones.
Most of the glassy phase is confined to triple-point junctions and occasionally seen at two-

grain interfaces (Figure 18).

6.1 Scanning Electron Microscopy Observations

Post-failure fractographic analysis is performed with SEM. Specimens were cut
from the broken gage sections parallcl to the fracture surface. In addition, some
specimens, from each loading path with high, intermediate, and low maximum applied
tensile stress, were axially sliced into four sections parallel to the loading direction. Each
sliced internal section was then mechanically polished for SEM examination to explore
possible evidence for the development of high temperature fatigue damage. Before SEM
cxamination, cach specimen was ultrasonically cleaned and sputteredly coated with gold-

palladium.
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6.1.1 Room Temperature Fracture Patterns

Figure 19(A) is the fracture surface of a room temperaturc cyclic fatigue specimen.
A fracture mirror (the semicircular flat region indicated by dashed lines) was found around
the surface-initiated fracture origin. Beyond the fracture mirror is a small region with small
radial ridges or flakes, which is called mist. Mist region typically merges into the next
region called hackle. The hackle region is associated with similar larger ridges and river
patterns, and transitions into the macroscopic crack branching region which is the
remaining portion of the fracture surface. The details of mirror-mist-hackle- crack
branching features in ceramics are described and discussed in elsewhere.[86,87]

The semicircular mirror region in Figure 19(A) represents a period of stable crack
growth. No precise crack nucleation sites could be consistently identified in this region for
the cyclic fatigue specimens at room temperature, yet the general locations could be found.
Fast fracture then occurred outside the semicircular flat region and was characterized by a
rough surface and "river patterns”. Although the stable slow crack growth regions and the
overload zones are macroscopically distinguished at low magnification, no significant
microscopic differences in features could be discerned at high magnification as shown in
Figures 19(B) and (C). Both regions show a mixed intergranular/transgranular fracture
mode. Cleavage steps as well as inherent processing pores were occasionally seen on the
fracture surface in both regions. Figure 20(A) is an example of the typical processing
voids within the grains and along the grain boundaries. Figures 20(B) and (C) arc the
higher magnification micrographs of the cleavage facets associated with the internal and
boundary processing pores, respectively. Figure 20(D) is a clear example of a transverse
transgranular crack through the fracture surface.

Size of the semicircular flat area and the maximum stress applied during the fatigue
cycle were applied to estimate the fracture toughness of this selected alumina and examine

whether this zone truly indicates a period of slow crack growth. The details of the
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calculation procedures and discussion have been reported in a previous study by
Mayer.[59] The calculated values of the fracture toughness for this alumina were
comparable with other published data (at the same order of magnitude). It is therefore
concluded that this semicircular flat region is characteristic of the slow crack growth.

Figure 21 shows the features of the fracture surface in a specimen failed under a
constant load at room temperature. The macroscopic features (see Figure 21(A)) are similar
to those observed in cyclic fatigue specimens demonstrating the mirror-mist-hackle-crack
branching fracture patterns. The exact fracture origin in flat region could not be
consistently identified for the static fatigue specimens. Again, no apparent distinctions in
the features of the fracture surface between the stable crack growth and fast fracture regions
could be made at high magnification as shown in Figures 21(B) and (C). The failure mode
in both regions is mixed with intergranular and transgranular cracking. Although the
mechanical testing results implied that cyclic and static fatigue might be inherited from
distinct mechanisms, it was not possible to distinguish any major difference between the
fracture surfaces generated by either loading conditions. Both fracture surfaces also
contained fracture debris around the crack branching areas as shown in Figure 22. Similar
observations of fracture debris in both static and cyclic fatigue specimens at room
temperature were also reported by Reece et al.[22]

Some specimens from both static and cyclic loading tests were axially scctioned,
polished, and examined with the SEM to seck possible evidence of the development of
fatigue damage. As shown in Figure 23, no formation of any macrocrack except the
primary failure crack was noted throughout the gage section of each sectioned static and
cyclic loading specimen . It is suggested that failure of the alumina, tested under both
sustained and cyclic tensile loading at room temperature in this investigation, was
controlled by the formation and growth of a single primary crack from the dominant

preexistent surface-connected flaw rather than by simultaneous nucleation and/or growth of
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multiple macrocracks. Furthermore, it is important to note that some kind of "process
zone" developed by dispersed microcracks in front of a crack tip was not detected.

Figure 23(B) also demonstrates crack branching from the primary failure crack in a
cyclic fatigue specimen. With careful documentation of orientation in this sectioned
specimen, it is found that the location where the crack branching began lies within the
catastrophic fracture region in the fracture surface as shown in Figure 19(A). Crack
deflection was often recognized in the crack paths for the branching cracks as shown in
Figure 24(A). In addition, these crack paths show evidences of interlocking grains, contact
of crack surface asperities, unbroken ligaments, and trapped grains within the closed crack
(see Figures 24(B)-(E)). These events along the crack paths are the candidates for the
primary sources of the crack-interface traction behind the crack tip and shield the crack tip
from the applied stress. These observations might also provide a reasonable explanation
for the cyclic fatigue mechanismse in the selected alumina at room temperature. Details of

discusston on the cyclic fatigue mechanisms at room temperature will be given in a later

section.

6.1.2 High Temperature Fracture Patterns

Figure 25(A) shows the typical mirror-mist-hackle-branching fracture surface of the
specimens that were cyclically loaded with sine wave form at 1200°C. The macroscopic
features are similar to those in room temperature specimens. However, the size of the
semicircular mirror region is much larger in this high temperature specimen due to the
lower applied maximum stress. Furthermore, the features of the slow crack growth region
at higher magnifications are indistinguishable from those in the catastrophic fracture zone as
shown in Figures 25(B) and (C). Both slow crack growth and fast fracture regions show
that intergranular cracking is the predominant fracture mode except at some large grains

where transgranular crack growth occurs. This is the major difference in fracture surface
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between the room temperature and high temperature specimens. At high temperatures the
grain-boundary phases would become viscous and less energy was needed for the crack to
go around the grains than through a grain. Thus, intergranular cracking is more prevalent
in high temperature fractured specimens.

The macroscopic features of the fracture surface of cyclic specimens under square
(R = 0.1 and 0.5), trapezoid I and I loading wave forms at 1200°C are shown in Figures
26 to 29. No consistent mirror-mist-hackle-crack branching fracture patterns were
observed in these specimens, but they still showed both flat and rough regions. At higher
magnifications, no notable microscopic differences in fracture features were observed
between flat and rough regions for these cyclic cases. Moreover, similar to the case of the
sine wave form, intergranular crack growth is the prevalent fracture mode throughout the
fracture surfaces in these specimens except at the areas with large grains.

For the static fatigue specimens, again, no mirror-mist-hackle-crack branching
fracture patterns could be identified. Figure 30(A) shows the fracture surface of a
specimen failed under a lJow constant load at 1200°C. It is suspected that the origins of the
failure in this specimen occurred near or at the edge of the fracture surface and were
associated with rough areas (marked by R1-3 in Figure 30(A)) as opposed to the cyclic
case of sine wave form where a semicircular flat region was found to surround the sole
failure origin. Stable crack growth of this static fatigue case is characterized by the rough
surface while the flat surface represents a fast fracture region. In addition to the major
rough area (R1), some other smaller rough areas (R2,R3) were also recognized. These
smaller rough areas might be characteristic of slow crack growth of other cracks. More
evidence for this argument will be given later in the observations of the axially-sectioned
specimens. However, no such multiple isolated rough areas were observed in the static
fatigue specimens at high levels of applied stress. No significant microscopic differences

in fracture features at higher magnifications could be seen between the rough and flat zones
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(see Figures 30(B) and (C)). Both regions show that intergranular cracking is the
dominant mode of fracture except at large grains.

Typical failure origins, where they could be clearly ideatified, for static and cyclic
fatigue specimens are shown in Figure 31. These include processing flaws such as large
pores near or at the edge of the fracture surfaces (Figures 31(A) and (B)), and large-grained
agglomerates (Figure 31(C)).

As described in an earlier chapter, the improved fatigue resistance in cyclic loading
with higher frequency or a shorter duration of maximum tensile stress may be due to the
adhesive effects of viscous boundary phases. Typical profiles of the viscous glassy phases
observed on the fracture surfaces of various specimens are demonstrated in Figure 32. The
different structures of the sporadic viscous glassy phase indicate that the glassy phase is
discontinuous and mostly confined to the channels along three-grain junctions or 1solated at
four-grain junctions. Figurcs 32(B) and (C) show thc featurcs of a finger-like perturbation
observed in the specimens under trapezoid II and static loading at low stress levels. The
finger-like structure is thought to be the consequence of the creep cavity growth through the
viscous liquid meniscus propagation along a two-grain boundary.[69,70] However, those
grain facets without spread viscous boundary phase look similar to those in fracture
surfaccs of room temperature specimens as shown in Figurc 33. No additional damagces
such as diffusional cavities could be recognized on the grain facets for the high temperature
specimens. Furthermore, grain-boundary sliding or grain rotation due to diffusional creep
was occasionally observed in the grains within the area without the glassy phase for the
specimens of trapezoid II and static loading tests at low applied loads (Figure 34).
Howecver, no such crecp-related features werce noticed in the specimens under sine, square
(R = 0.1 and 0.5), and trapezoid I loading wave forms at all applied stress levels, as well
as in the specimens under trapezoid I and static loading at high stresses.

No other crack except the primary failure crack was detected in each axially-sliced

internal section for cyclic cases with sine, square (R = 0.1 and 0.5), and trapezoid I loading
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wave forms at all applied stress levels (Figure 35(A)). It is suggested that failurc of the
alumina subjected to these cyclic tensile loading patterns at 1200°C was dominated by the
formation and growth of a single primary crack rather than by simultaneous nucleation
and/or growth of multiple cracks. However, examination of the axially-sliced sections in
the static fatigue specimens of low stress levels (below or equal to 48.3 MPa in maximum
stress) revealed the existence of few small cracks (of the order of 100 im) in addition to the
fracture plane of the specimen (Figure 35(B)). These non-failure-induced small cracks
seem to initiate at or near the outer surface rather than at the deeply inner locations. Thus,
the failures of static fatigue specimens tested under the Iow loading conditions in this study
might occur by simultaneous nucleation and/or growth of multiple cracks. This is
supported by the observations of many isolated rough areas (stable crack growth regions)
in the fracture surface of the same static fatigue specimen as shown previously in Figure
30. The sectioned specimens of trapezoid II cyclic loading wave form at low maximum
stress levels (Onax < 48.3 MPa) also demonstrate the existence of few small cracks in the
gage section. Such phenomenon was not observed in the axially-sliced sections of the
specimens under static and wapezoid II loading ar high loading levels. This similar
appearance in fracture pattern between trapezoid Il and static loading implies that the failure
mechanism for cyclic case with a long hold time at maximum stress is possibly similar to
the case of static loading. This can be supported by the stress-life results in which the
lifetime of trapezoid II cyclic loading wave form agrees reasonably well with the predicted
value from static fatigue data.

In comparison to the as-received material, no visible bulk creep damage such as
extensive crack-like cavities or grain-sized microcracks was observed throughout the gage
sections in all examined static and cyclic loading specimens. Moreover, a damage zonc
comprised of intense grain-sized microcracks and crack bifurcation at the crack tip of the
unfailed small cracks or along the crack tip wake of both the primary failure crack and

unfailed cracks could not be detected in sectioned static and cyclic SEM specimens (Figures
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35(CY and (D)). However, examples of the viscous boundary phases bridging the crack
surfaces did exist, and they are shown in Figure 36. These observations provide the
evidence for the postulation that the improved fatigue resistance for cyclic loading with a
short duration of maximum tensile stress may be attributed to the crack bridging effects

produced by the viscous glassy islands behind the crack tip.
6.2 Transmission Electron Microscopy Observations

For TEM examination, 3-mm-diameter disks were cut out from some of the axially-
sliced internal sections as mentioned earlier in the preparation of SEM specimens, and thin

foils were prepared using standard procedures including mechanical polishing, dimple

grinding, and then ion milling.
6.2.1 Room Temperature Phenomena

Figure 37 demonstrates the typical TEM views of the areas near the fracture plane in
the axially-sliced gage sections for both static and cyclic loading specimens. No significant
differences in the TEM micrographs of the failed specimens between these two loading
paths. These TEM micrographs are also indistinguishable from the micrographs of the as-
received material. Plastic deformation such as dislocation activity was never detected in
these room temperature specimens. The search for the existence of dispersed microcracks
was not successful in all examined room temperature TEM specimens. These results in
conjuction with the SEM observations suggest that microcracking might not be the major
failure mechanism for both static and cyclic fatigue specimens failed at room temperature.
Other mechanisms, particularly, responsible for the failure of the static fatigue specimens,

if they exist in the vicinity of the crack tip, could not be recognized under the current

examination methods.
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6.2.2 High Temperature Phenomena

As noted previously in the SEM observations, no distributed stress-induced
microcracks of the order of the grain size could be discerned throughout the internal gage
sections of the static and cyclfc loading specimens tested at high temperatures, although the
gage section undergoes a uniform tensile stress distribution. Similarly, no enhanced
micron-sized cavities were detected at the triple-point junctions or two-grain interfaces in
the TEM specimens obtained from the areas immediately ahead of the non-failure-induced
crack tip, as compared to the as-received material in which some inherent pores have been
present at such junctions. These observations, combined with the SEM examination,
suggest that the crack-tip damage zone, 1t it exists in this alumina under the high
temperature testing conditions of the current study, might be small-sized and mostly
associated with isolated cavities (inherent and/or stress-induced) rather than with non-
coplanar extensive microcracks or coalesced cavities. However, when TEM specimens
were prepared from material near the fracture plane in sliced sections of the static fatigue
and trapezoid II loading specimens at low applied stresses, cavity linkage was occasionally
observed in few localized spots as shown in Figure 38(A) in which two of the adjacent
triple-point cavities has been connected by cavity growth through the two-grain boundary
and the linkage with the third one might be in progress. Such an event was not observed in
the TEM specimens of other high temperature static and cyclic loading conditions (Figure
38(B)). Consistent with the corresponding SEM observations, the rotation of an alumina
grain in a static loading specimen at a stress level of 34.5 MPa is demonstrated in Figure
39, suggesting that creep process such as grain-boundary sliding might occur under these
loading conditions.

In ceramics with continuous amorphous second phases, creep cavity is thought to
nucleate in the triple junctions and then extend along two-grain interfaces.[67,69,70,78]

Although the alumina tested in the current study did not contain a continuous second phase,
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isolated zones of glassy phase existed in the triple or four-grain junctions and occasionally
along two-grain boundaries. The SEM micrographs of the finger-like viscous glassy phase
(Figures 32(B) and (C)) implied that cavity extension might occur at some localized sites by
the presence of the viscous glassy phase in the specimens of trapezoid II and static loading
tests at low stress levels. As the creep cavity emanates from triple junction and grows
along the two-grain boundary filled with a thin layer of viscous amorphous phase, the
liquid meniscus continuously increases its propagating velocity along the “channel” until it
becomes unstable and causes the formation of a finger-like perturbation.[69,70] Figure 40
is a TEM micrograph of the bridging of two alumina grains by a finger-like viscous glassy
phase, as discrete finger tips (or cavity fronts) can be identified within the crack-like cavity.

It should be noted thai distinction between the inherent processing pores and stress-
induced cavities at grain boundaries could not be achieved in this study from the SEM or
TEM examination. Moreover, density of the cavities or pores of detectable size in all
examined high temperature failed specimens was unchanged or only negiigibly enhanced in
comparison to as-received materials. It is therefore suggested that cavity growth from the
inherent processing pores might be more important than the nucleation of new cavities,
when one considers the high temperature failure mechanisms in this alumina ceramic. The
above observations suggest that creep processes may not be intensely operative under the

given stress-temperature conditions in the present work.
6.3 Failure Mechanisms

It is well cstablished in metallic materials that the rising crack resistance with the
crack growth is attributable to an increasing size of a plastic zone at the crack tip under
plane stress conditions along with macroscopic blunting of the crack tip at the incipience of
crack extension. Similar plastic zone could not be found in brittle ceramics and therefore

other toughening mechanisms of crack tip shielding have been proposed for the increased
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tonghness and associated R-curve in ceramics.[88,89] These extrinsic toughening
mechanisms include:{88,89] (1) crack deflection and meandering; (2) zone shielding (e.g.
a "process zone" seen as a region of microcracking or transformation ahead of the crack tip
and around the crack surfaces); (3) contact shielding (e.g. wedging, bridging between
crack surfaces). |

A process zone of stress induced microcracking in the vicinity of the crack tip has
been proposed as a major mechanism for the toughening and consequent source of R-curve
behavior in non-transformation and non-cubic polycrystalline ceramics such as
alumina.[90,91] Dispersed microcracks can take place in the residually-strained field of a
primary crack due to the internal residual tensile stresses from thermal expansion
anisotropy or elastic mismatch,[90] and generate crack tip shiclding rcsults. Iowever,
recent observations[92-96] indicated that some activities behind the crack tip instead of the
frontal microcrack cloud were responsible for the major toughening and R-curve behavior
of alumina. These behind-crack-tip effects include frictional interlocking and grain
bridging of the crack surfaces[93-96] at room temperature and adhesive forces caused by
the sccondary phasc at high temperatures.[94]

Crack extension behavior under cyclic loading in the materials exhibiting the crack
tip shielding toughening mechanisms was also generally discussed by Ritchie.[88] To
date, limited evidence for the existence of true cyclic fatigue in ceramics at room
temperature has been supported in literature, yet there is still wide speculation regarding the
possible cyclic fatigue mechanisms in ceramic materials. These proposed mechanisms for
alumina ceramics at room temperature include: (1) plastic indentation and lateral cracking
due to asperities contacting on crack surfaces;[6] (2) crack closure effects due to the crack
wedging by debris particles ar asperities;{6,19] (3) microcrack formation and coalescence
ahead of the main crack tip;[6] (4) bridging by the interlocking grains at the crack surfaces

behind the crack tip;{7] (5) friction heating at the crack tip resulting in the local weakening
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of the boundary glassy phases and intergranular failure.[4] However, the conclusive data
to support any of the proposed mechanisms is still indirect and inadequate.

At elevated temperatures, ceramics become physically and/or chemically unstable.
Critical fracture might occur through a process involving the nucleation, growth, and
coalescence of cavities as a result of bulk diffusion or viscous flow of a grain boundary
phase.[67-82] Consequently, crack nucleation and propagation in ceramics at elevated
temperatures are atiributable to creep mechanisms under certain conditions. However, very
lirtle is known about the cyclic fatigue mechanisms in ceramics at elevated temperatures due
to the inadequate studies in this area. Based on the SEM and TEM observations in the
previous two sections, the cyclic fatigue mechanisms of the alumina selected in the current

study at room and elevated temperatures will be discussed in the following sections.

6.3.1 Fatigue Mechanisms at Room Temperature

As described in the previous sections, process zone of microcracking around the
crack tip and along the crack wake regime was not found in the alumina under the given
room temperature testing conditions in this study. This promotes the question: What are
the fundamental conditions for the existence of @ microcracking process zone at room
temperature? The spontaneous microcracking was thought to take place upon initial cooling
in alumina and other non-cubic and high thermally anisostropic ceramics above a critical
grain size, /., while an activated micfocracking process zone might occur in a transition
region of grain size, I* </ < 1..[97-99] Below the transition grain size, I* , no spontaneous
or activated microcracking is expected to vceur. Furthermore, the crack growth resistance
or toughness is also expected to increase with the grain size in the range I* <! < I, and to
reach a peak value at / = [, above which the fracture toughness will diminish with the
increase in grain $ize.[97,98] The value of [. for alumina was estimated as 100 pm[99]

which was comparable with the observed critical grain size corresponding to the maximum
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fracture energy.[100] The lower limit of the grain sizc, [*, for the existence of
microcracking process zone was determined as about 0.4/.;{97,98] i.e., dispersed
microcracks may occur around a primary crack when the grain size reaches about 40% of
the grain size needed for generation of spontaneous microcracking during cooling. It is
therefore suggested that the présence of microcracking process zone around a primary crack
at room temperature would not be anticipated in alumina with the grain size below 40 pm,
With the failure to obtain experimental evidence for distributed microcracks

throughout the gage sections of axially sectioned specimens, and with the nominal grain

size of the selected alumina, 6 tm, much less than the estimated transition grain size, 40
um, for initiation of a microcracking process zone around a primary crack, other
mechanisms need 10 be considered and employed to explain the cyclic fatigue phenomena in
the present investigation.

The toughening and R-curve behavior for the alumina with no observed
microcracking process zone have been attributed to other hehind-crack-tip effects such as
crack bridging due to interlocking grains or unbroken ligaments and friction of the crack
surfaces.[93,96] These behind-crack-tip etfects shield the crack tip from the externally
applied stresses. Knehans and Steinbrech[92] reported that the rising R-curve behavior
terminated and the toughness of an alumina returned to its original level after cutting out the
crack or renotching to just behind the extended crack tip by careful sawing, implying that
some mechanism behind the crack tip induced the rising R-curve. The in situ observations
of the crack growth in alumina, reported by Swanson et al,,[93,95] demonstrated the
existence of some active grain-localized bridges of interlocking grains or unbroken
ligaments at the primary crack interface, which generated restraining forces acting across
the crack surfaces.

The earlier SEM observations on the fracture surfaces and axial cross sections of
gage sections for static and cyclic fatigue specimens tested at room temperature indicated

that the failure in both cases occurred by the slow crack growth of a single macrocrack



which likely originated from a preexistent flaw at or near the outer surface. This is similar
to the general trends observed in fine-grained alumina with a grain size less than the
transition value, /*, where fracture occurs by the growth of a predominant flaw rather than
by the formation and coalescence of microcracking.[98] It is therefore suggested that crack
propagation may be the controlling factor in determining the fatigue lifetime of this selected
alumina at room temperature. This also implies that crack growth is faster under cyclic
loading than it is under static loading, as the static fatigue specimens took a much longer
time to fail than the cyclic fatigue specimens under the same applied maximum loads.
Hence, the application of the behind-crack-tip effects to explain the deleterious cyclic
farigue effect at room temperature is possible and reasonable.

Those behind-crack-tip effects responsible for the crack growth resistance behavior
were mostly observed under quasi-static loading conditions. However, very few direct
observations exist with regard to what effect cyclic loading might have on the behind-crack-
tip events and the associated crack tip shielding mechanisms in ceramics. For a true
detrimental cyclic fatigue effect to exist in ceramics, the effective stress intensity factor at
the crack tip during cyclic loading needs to be higher than that in static loading, or there
exist some kind of irreversible mechanisms, at or behind the crack tip, which would make
the failure of ceramics easier during cyclic loading. In the following paragraphs, a
qualitative interpretation of the failure mechanisms for the damaging cyclic fatigue effects at
room temperature in the present work will be given and based on the SEM and TEM
observations and the behind-crack-tip activities noted above.

Evidence to support the existence of some kind of behind-crak-tip effects in this
selected alumina at room temperature has been shown in a previous section. Figures
24(B)-(D) illustrate the existence of crack bridging due to interlocking grains, frictional
interlocking of asperities, or unbroken ligaments in this selected alumina. These
interlocking grains stick to the alumina "matrix" on either side of the crack surface behind

the crack tip as a result of the internal residual compressive stress between grains due to
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thermal expansion anisotropy. The frictional interlocking of the asperities was attributed to
the rough fracture surfaces or serrated grains. These load bearing bridges may be
permanently ruptured due to the irreversible frictional sliding and wear processes under
repeated loading and the crack extension is then enhanced. In cyclic loading, the frictional
resistance between the interlocking grains and alumina "matrix” is reduced and the wearing
of the surfaces of the interlocking grains is enhanced. This bridge degradation mechanism
due to the decrease in frictional tractions has been confirmed in a recent study by Lathabai
et al.[101] with the in situ observations of the development of bridging sites along the crack
surfaces during cyclic loading tests. As the crack growth continues, if the crack opening
displacement is larger than the grain-localized crack surface roughness at a local
interlocking grain, the interlocking grain will extricate from the alumina "matrix" and
bridging is no longer possible and will translate with the crack. Figure 24(E) is a clear
example of the pull-out small interlocking grains trapped within the closed crack. Trapping
of these debonded grains and associated debris inside the crack surfaces is thought to be
another damaging mechanism in cyclic loading. The wedging action of these pull-out
grains or asperities between the crack surfaces will affect crack closure during the reducing
part of the load cycle by increasing the local stress intensity factor at the crack tip and
generating crack-tip opening, as these ceramic grains are too hard to deform plastically.

It is therefore concluded that the exhibitions of the static and cyclic fatiguc behavior
in this selected low toughness alumina ceramic at room temperature are primarily attributed
to the crack-tip shielding from combination of various behind-crack-tip activities. These
behind-crack-tip events that impart toughness can degrade under repetitive loading and

unloading and induce the cyclic fatigue effect at room temperature.
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6.3.2 Fatigue Mechanisms at High Temperatures

Failure of ceramics under constant loading at high temperatures usually occurs by
slow crack growth or creep rupture for a given stress-temperature condition.[101] The
former case takes place at high stresses within a short period of time and generally involves
the extension of a single dominant preexistent flaw from initial size to final critical size.
Localized creep damage in the vicinity of crack tip might occur in the slow crack growth
regime under certain conditions. Altarnatively, at low stresses, failure is generated by bulk
deformation such as nucleation, growth, and coalescence of extensive cavities and
microcracks as a result of creep processes such as diffusion or viscous flow. The existence
of these two failure mechanisms at a certain high temperature under different stress levels
has been demonstrated in ceramics with a glassy grain-boundary phase such as silicon

nitride,[80] as well as in two alumina ceramics in the absence of a glassy phase at the grain

boundaries.]82]

6.3.2.1 Slow Crack Growth vs. Creep Rupture

The two failure mechanigms noted above might also occur in the specimens of static
fatigue and trapezoid II loading tests in the current study. As indicated in the previous
sections, no distributed creep damage could be identified at high stress levels (Gpax > 48.3
MPa) for these two loading paths. Thus, the mechanism of slow crack growth of a single
dominant crack from the most damaging preexistent flaw to the final critical size was
responsible for failure of the high loading specimens in these two loading paths.

However, at low stress levels (Gax < 48.3 MPa), creep process was more
operative than it was at high stresses, and failure of the specimens under these two loading
paths might become a combination process of slow crack growth and creep process , as

few non-failure-induced small cracks were visible in this loading regime. Creep damage
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might occur locally rather than glohally throughout the gage section of these tensile
specimens, as no bulk creep damages were noticed. Evidence of the existence of creep
processes such as finger-like perturbation of glassy phase and grain-boundary sliding has
been demonstrated in the low loading specimens of both trapezoid II and static loading
tests, as previously shown in Figures 32(B), (C) and 40. The creep-related multiple cracks
might also emanate from the preexistent flaws and extend at a lower growth rate by
coalescence with the creep-induced cavities or inherent pores ahead of the crack tip through
a process of diffusion or viscous flow, depending on the local microstructure of the
materials, as the glassy phase was not homogeneously distributed. Crack growth therefore
appears to be the controlling factor in determining final failure in this load regime although
the rate of crack propagation decreases and the creep process is a little more operative.
Therefore, the lifetime seems to be limited by the extension of these multiple cracks to the
critical size or to link with each other. The observations noted above suggest that the
failure mechanism in the low levels of applied stress (35.5 < Gpax < 48.3 MPa) for both
static and trapezoid II loading cases might be in a transition regime from the domination by
slow crack growth of a single prevailing preexistent flaw to that by bulk creep damage
entailing extensive nucleation and linkage of cavities and microcracks.

In the regime of maximum applied stress below 35.5 MPa, the failure mechanism
for both static and trapezoid Il loading cases could not be examined, as neither of the
specimens tested at Gpax = 27.6 MPa failed when the tests were terminated at 700 and 800
hours, respectively, for static loading and trapezoid 1I loading. However, it could be
anticipated that, in this regime, failure might not occur (below the stress threshold for
failure), or creep process may be more operative and the preexistent flaws might be blunted
by creep damage[80,82] so that the material may hecome damage tolerant with the existence
of extensive cavities and microcracks.

With regard to the failure mechanism for the cyclic loading with a high loading rate

and a short duration of maximum stress, such as sine, square (R = 0.1 and 0.5), and
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trapezoid 1 loading wave forms in the current study, the SEM and TEM observations in the
previous sections suggest that the mechanism of slow crack growth was the controlling
factor for the failure in these three loading wave forms at all applied stresses, as no other
cracks or bulk creep damages were detected. In this mechanism, a single dominant crack
emanates from the most damaging preexistent flaw and likely grows along the grain
boundaries and through the inherent pores for the given stress-temperature conditions in
these three cyclic loading wave forms.

As noted by the above discussion, failure of the selected alumina appears to be
controlled by crack propagation under the given stress-temperature conditions in both static
fatigue and various cyclic fatigue tests. In a later section, the bridging effect of the viscous
grain-boundary phases under static and cyclic loading conditions will be examined to make
a possible explanation of the beneficial effect on the failure ime from the cyclic loading

with a short duration of maximum stress in comparison to static loading.

6.3.2.2 Comparison with Other Studies

Most of the previous studies[9,10,13,64-66] on cyclic fatigue behavior of ceramics
at elevated temperatures only considered lifetime analysis of the mechanical testing results.
Very little information is available for the high temperature cyclic fatigue mechanisms in
ceramics due to the lack of comprehensive studies in this field.

In a recent investigation on the high temperature failure of an Al;O3-33 vol.% SiC
whisker composite under cyclic loads, Han and Suresh{62] found that the permanent
damage and fatigue crack growth in this ceramic composite were essentially due to the
interfacial and intergranular cavitation and microcracking at the crack tip. The formation of .
a zone of microcracks and crack bifurcation at the crack tip as well as along the crack wake
in this ceramic composite is evidenced by Figure 41{62] of a notched and precracked four-

point-bend specimen subjected to cyclic tensile loading at a load ratio, R = 0.15 and
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frequency, f = 0.1 Hz in 1500°C air environment. In the high temperaturc air
environment, the oxidation of SiC whiskers caused the formation of an amorphous glass
phase and led to intergranular and interfacial cavitation. The oxidation of the SiC whiskers
in the crack-tip damage zones was more extensive in static loading than it was in cyclic
loading. However, breakage of the SiC whiskers was observed only in cyclic loading.
The size of the crack-tip microcracking zone was also found w increase extensively with
the increase in the applied stress levels or the test temperature and with the decrease in
loading rate. In addition, the level of the bridging of the crack surfaces was also different
between static and cyclic loading. This might partially explain the slower crack growth
under cyclic loads compared to static loads with a similar maximum stress intensity
factor.J02]

As noted in the previous sections, such features of a damage zone of microcracks
and cavities around the crack tip were never detected in the monolithic alumina studied in
the current program at both static and various cyclic loading conditions. It is noted that in
the work of Han and Suresh,[62] small flexure specimens with an initial long crack, 3.5
mm in length including the length of notch and precrack, were used in the four-point
bending tests under static and cyclic loads.

In the recent work of Wilkinson and co-workers[81,82], the creep and creep
fracture behavior of two hot-pressed aluminas, made by AVCO and ARCO, were studied
under static loads. Both aluminas were free of any grain-boundary glass phase and had
very low residual porosity <0.05%. Both were also composed of equiaxed grains with an
average grain size of 1.6 um for AVCO and 1.0 pm for ARCO. Creep tests in air were
conducted on AVCO alumina at 1150°C using four-point bending method. However, both
uniaxial tensile and four-point-bend tests were performed on ARCO alumina at 1250°C in
air. The gauge section of the tensile specimen had a rectangular cross-section of 3.0 mm x

5.0 mm with a length of 12.5 mm. The observations in the work of Wilkinson et al.[82]
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are briefly summarized in the following paragraph for comparison with the cases of
trapezoid II and static loading in the current study.

Three failure regimes were identified for both AVCO and ARCO aluminas
depending on the stress levels. At high stresses (above about 175 MPa sieady-state stress),
in flexure, fracture occurred by slow crack growth of a single dominant crack from the
most damaging preexistent flaw, This was called the "slow crack growth regime". Below
a threshold stress (about 170/180 MPa), in the “microcrack regime”, both materials failed
by the development and coalescence of multiple microcracks (of the order of 100 pum) at the
regions of large grains and chemical inhomogeneities. The density and morphology of the
microcracks and cavities in this intermediate stress regime were contingent on the test
geometry and the material. In flexure, much more microcracks appeared on the tensile
surfaces of the AVCO specimens than on those of ARCO specimens. In addition, the
higher density of microcracks in the flexural specimens of AVCO alumina also induced the
development of "shear bands” (Figore 42{82]) which were never observed in the uniaxial
tensile specimens. These microcracks blunted or bifurcated after some extension. Similar
observation of "shear bands" on flexural specimens of other alumina was also reported by
Dalgleish et al.[75] In ARCO alumina, more extensive microcracks and cavities were
observed in tensile than in flexural specimens due to the uniform stress distribution (Figure
43[82}). In contrast to the case in bending specimens, microcracks in tensile specimens in
this regime remained sharp as they extended. At lower stresses (observed ounly in the
tensile specimens of ARCO for stresses of 55 MPa and below), a large number of cavities
and very few microcracks were observed in this "damage-tolerant regime”. The cavities
grew by a combination of surface diffusion and grain-boundary sliding and coalesced to
form microcracks at the areas of large grains. In this regime, the coalescence of cavities
near the crack-tip led to crack branching and biunting in the tensile specimens as shown in
Figure 44[82]; i.e., crack growth was accompanied by damage zones at the crack tip.

Although the isolated cavities could extend rapidly by surface diffusion to the limiting size
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of a grain facet at low and intermediate stresses, the final failurc was still dominated by
crack growth.[82]

The overall observation in the work of Wilkinson et al.[82] parallels that in the
trapezoid II and static loading in the present study. At high stresses, failure occurred by the
slow growth of a single crack, while creep process was more active at intermediate and low
stresses. Ilowever, only few small cracks near the outer swrfaces were observed ar the low
stresses (Omax < 48.3 MPa) in the current work and they appeared sharp at the crack tip
without blunting or bifurcation. The differences in the density and morphology of the
microcracks (of the order of 100 um) in tensile specimens between the current study and
the work of Wilkinson et al.[82] might be related to the extent and variety of creep damage
which is a function of material's composition and microstructure, stress, loading rate,
temperature, and test geometry. For example, Robertson et al.[81] also discovered that no
fracture occurred and no microcracking was detected in the flexural specimens of AVCO
alumina at 1330°C in the stress range between 12 and 39 MPa. It is noted that the residual
porosity in the alumina selected in the present work is about 1.5%. Further research is
necessary 1o find out what kind of role these inherent pores would play in the development
of creep damage such as nucleation, growth, and coalescence of cavities and microcracks in
ceramic materials.

Comparison of the observed damages in the bending specimens between the work
of Wilkinson et al.[82] and Han and Suresh[62] indicates that the extent of crack
bifurcation at the crack tip might be related to the crack length. There is more crack

branching in the long crack (a few millimeters in Han and Suresh{62]) than that in the small

cracks (about 100 um in Wilkinson et al.[82]) as shown in Figures 41 and 42. The tolerant
damage size is also different between the long-cracked and small-cracked specimens. For

instance, the crack-tip damage zones are composed of microcracks (of the orders of 10 and

100 um) and cavities for the long cracks,[62] and only comprised of cavities (grain size)

for the small cracks.{82] The formation of "shear bands" in bending specimens could
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generate an effective load shedding mechanism which would not occur in tensile
specimens, and extend the failure time.[82] This, in addition to the size effect, promotes
another question about the validity of bending tests for lifetime assessment in ceramic

materials.
6.3.2.3 Bridging Effect of the Viscous Glassy Phases

In several previous studies,[68,69,71,78] creep crack propagation in ceramics at
elevated temperatures is usuaily thought to occur by coalescing with cavities in the damage
zone ahead of a crack tip. In those studies, the activity behind the crack tip was not
considered in modelling the creep crack growth; i.e., the crack surfaces were assumed to
be traction-free. However, for ceramics with a glassy phase in the grain boundaries, the
adhesive forces caused by the viscous second phase behind the crack tip also need to be
considered in developing the crack growth model, especially for the case that high
temperature failure is dominated by crack propagation. Crack bridging by the viscous
glassy phase is one of the behind-crack-tip events that shield the crack tip from the
externally applied stress by reducing the stress intensity factor at the crack tip. This
bridging effect of the viscous glassy phase was also considered as the primary contributor
to the increasing crack resistance curve behavior in an alumina at high temperatures.[94]
Evidence of the viscous glassy phase bridging the crack surfaces has been shown in the
previous sections (Figures 36 and 40). In the following discussion, we will consider this
bridging effect under static loading and various cyclic loading wave forms.

In a recent study reported by Thouless,[103] the treatment of coplanar damage at a
crack tip as a damage zone or as a bridging zone was carefully discussed. Either approach,
a damage zone or a bridging zone, would essentially generate similar results for crack

growth rate. For the case of bridging by a single viscous ligament behind the crack tip of
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an elastic matrix in plane stress conditions, the effective stress intensity factor, K, at the
crack tip can be derived as a function of time by[103]

K =K.[I —exp(~nE,t/81,)] (1)

where K, is the applied stress intensity factor (assumed to be constant), Ep, is Young's
modulus of the matrix, t is the time from when the ligament begins to grow, and 1 is the
viscosity of the ligament with a value of three times the conventional (shear) viscosity. A
characteristic time, #. , for the rate-sensitivity of deformation of the viscous ligament can be
defined as 7, = 8ny/nk,,.

Microscopic examination of the alumina grains by TEM after failure gave little
evidence of dislocation activity within the grains, and only small localized creep damage
was detected in the low stress regime for static loading and trapezoid Il loading tests.
Consequently, we may assume that an elastic stress field dominates around the tip of a
growing crack for all of the given stress-temperature conditions in the present work. Thus,
the swess intensiry factor can be assumed 1o characterize the crack growth rate. Because of
the existence of isolated zones of glassy phase in this selected alumina, the formation of a
bridging zone comprising viscous glassy islands behind the crack tip is antieipated and
supported by the microstructural analysis of the failed specimens noted earlier. According
to the author's knowledge, there is no existence of such model which can generate
quantitative prediction of cyclic crack growth rate in ceramics under various loading wave
forms with the consideration of the effects of crack bridging by the viscous glassy phase
and the size and shape of the bridging zone. Thus, we will extend the derivation in
acquisition of Eqn. (11) to various cyclic loading wave forms, and use the obtained results
in Eqn. (11} as the case of static loading to examine the general trends of the influence of
the bridging effect on high temperature static and cyclic fatigue behavior of ceramics with

viscous glassy phases. The details of this simplified model, the procedures of extending
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this model to the various cyclic wave forms employed in the present work, and the
calculation methods are given in the Appendix.

As the true viscosity of the glassy phase in the selected alumina is not available, a
particular value of 1.25 second for ¢, is selected in order to obtain trends consistent with the
stress-life data. With 1, = 1.25 s and E,, = 260 GPa {(estimated for this alumina at
1200°C), the viscosity is then given approximately as 7;/3 ~ 4 x 10'! P which is
comparable to the available values of most silica glasses at this temperature range.[104]
Comparison of ¢ = 1.25 s with the loading parameters shown in Figure 4 indicates that the
loading time in a cycle for the applied sine, square, and trapezoid I wave forms is 0.2 #,
,while the corresponding value for the applied trapezoid I wave form is 2 t.. These cyclic
wave forms are then applied into the governing equations in Thouless's model[103] with
the consideration of K, as a periodic function of time. Results of the calculated effective
stress intensity factor at the crack tip under the applied cyclic loading wave forms compared
to those in static loading with the same maximum applied stress intensity factor, K, are
plotted versus time in Figures 45 and 46.

As shown in Figure 45 of the comparison between static loading and various cyclic
loading wave forms with R = 0.1, it is apparent that the bridging effect of the glassy phase
behind the crack tip is frequency or cycle shape dependent. For a symmetrical wave form
with a short period compared to the characteristic time, ¢, , such as the applied sine and
square wave forms, the reduction of the stress intensity factor range at the crack tip is truly
enhanced (reduced from AK = 0.9 10 0.1 K5, in the current example) even though the
mean stress intensity factor (0.55 K,y at the steady state (t > 4 1, in Figure 45) is identical
to the applied mean stress intensity factor. The effective stress intensity factors of the sine
and square (R = (.1) wave forms are not significantly different, and both are much smaller
than those in trapezoid I, trapezoid II, and static loading. This is consistent with the stress-
life data that the lifetime in the applied sine and square (R = 0.1) wave forms is comparable

and larger than that in the other three loading cases. In the case of the trapezoid wave with
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a limited time of unloading and a short hold time at maximum stress (such as the applied
trapezoid | wave form), the stress intensity factor range at crack tip is profoundly reduced,
but the mean stress intensity factor is much higher than that in either sine or square (R =
0.1) wave form. However, the effective stress intensity factor at the crack tip in trapezoid 1
is still lower than those in trapezoid I and static loading. This agrees with the stress-life
data that the lifetime of trapezoid I loading is less than (by a factor of 2 in cycles or by a
factor of 4 in time) that in sine or square (R = 0.1) wave form, and suggests that the length
of unloading time in a fatigue cycle would also affect the bridging effect and the lifetime.
The specimens under trapezoid I loading were also found to take a longer time to fail than
did wrapezoid II and static loading specimens at similar maximum applied loads. If the hold
time in the trapezoid wave increases to the order of the characteristic time (e.g., 2 t.) with
the time for unloading in a cycle kept unchanged, the effective stress intensity factor at the
crack tip is increased to the level equivalent to that in static loading, as shown by the curve
of trapezoid II which almost overlaps the static loading curve in Figurc 45. This is
consistent with the stress-life data that the lifetime of trapezoid II wave and static loading is
comparable 1o each other, and much less than that in sine, square (R =0.1), and trapezoid I
wave forms.

The effect of the externally applied stress ratio, R, on this bridging mechanism is
also cxamined by comparing the calculated crack-tip effective suess intensity factor in static
loading to those under the applied square wave forms with two distinct R values, R = 0.1
and 0.5, as shown in Figure 46. With the same cyclic frequency and maximum applied
stress intensity factor, the calculated effective stress intensity factor at the crack tip for the
square wave with a high applied stress ratio (R = 0.5) is larger than that with a low R value
(R = 0.1), but it is still much lower than that in static loading. This is also in agreement
with the lifetime results, as the specimens under square loading wave form with R = 0.5
took a shorter time to failure (approximately by a factor of 2 in both cycles and time) than

those under square loading wave form with R = 0.1, It is noted that the stress-life data also
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indicated square wave form with R = 0.5 would generate longer lifetime than did static
loading with the same maximum applied stress. Moreover, the calculated effective crack-
tip stress intensity factors for square wave form with R =~ 0.5 are still lower than the
calculated results for trapezoid I wave form (R = 0.1) in Figure 45. This is consistent with
the lifetime data that the failure time in trapezoid 1 loading wave form is slightly less than
that in square wave form with R = 0.5.

Although only a single viscous ligament behind the crack tip in plane stress is
considered in this simplified model, it still demonstrates the general trends. These include:
(1) static loading would generate the largest effective stress intensity factor at the crack tip
compared to various cyclic loading wave forms; (2) the effective crack-tip stress intensity
factor in cyclic loading is frequency or cycle shape dependent; (3) the cyclic loading results
would get closer to the static loading results when the hold time at the maximum stress is
increased to the order of the characteristic time, ¢, for the trapezoid wave forms; (4) the
effective stress intensity factor at the crack tip increases with the externally applied stress
ratio. As noted above, these general trends are in agreement with those in the stress-life
data, and support the postulation that crack propagation might be the dominant controller in
the failure time and the viscous glassy phases might play an important role in the improved
fatigue resistance for the cyclic loading with a short duration of maximum stress at high
temperatures.

The current study has identified the possible high temperature failure mechanisms in
both static and various cyclic 1oading:for an alumina with a small amount of glassy phase
under the given stress-temperature conditions. These observed mechanisms in combination
of a simplified model of crack bridging by a viscous ligament behind the crack tip can make
a reasonable qualitative explanation of the stress-life data. However, a more rigorously
quantitative lifetime prediction or crack growth rate modelling for ceramic materials at
elevated temperatures under various cyclic loading paths will require further consideration

of the effects of size and shape of the bridging (or damage) zone, amount of viscous
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ligaments, other mechanisms behind the crack tip, geometry of the crack front, and
existence of processing pores and other microstructural factors. In addition, whether the
high temperature cyclic crack growth rate in ceramics is controlled by the power law in
terms of stress intensity factor range or maximum stress intensity factor at the crack tip, or

by other forms needs more work with mechanistic and microstructural analysis.
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7. CONCLUSIONS

(1) Fatigue behavior of a polycrystalline alumina was studicd at room temperature
and 1200°C in both static and cyclic loading. Cyclic fatigue effects at both temperatures
could not be explained only by accumulation of the static fatigue damage through an
integration over the cyclic loading history. Cyclic loading at room temperature was found
to degrade more strength than static loading at the same maximum applied load. In
contrast, it was not merc detrimental than static loading at high temperatures

(2) Cyclic lifetime was cycle dependent at room temperature. At high
temperatures, it became cycle shape or time dependent, and cyclic loading with a short
duration of maximum stress took a larger number of cycles to fail than did cyclic loading
with a longer hold time at maximum stress.

(3) At high temperatures, cyclic loading with a short duration of maximum stress
provided a beneficial effect on fatigue lifetime in comparison to static loading at the same
maximum stress, while lifetime of the cyclic case with a longer hold time at maximum
stress was very close to the static loading lifetime under a similar maximum applied load.

{4) Cyclic fatigue mechanisms at both room and high temperatures might be
attributed to the events behind the crack tip. The deleterious cyclic loading effect at room
temperature was likely associated with the behind-crack-tip activities such as interlocking
grains, frictional interlocking of asperities, and trapped grains between the crack surfaces.
The beneficial cyclic loading effect (cdhpamd to static loading) at high temperatures may be
due to the rate-sensitivity of deformation of the viscous glassy phases bridging the crack
surfoces behind the crack tip.

(5) Slow crack growth of a single dominant crack from the most damaging
preexistent flaw was the major failure mechanism for all room temperature static and cyclic
fatigue specimens as well as for the high temperature specimens under cyclic loading with a

short duration of maximum stress at the given stress-temperature conditions.
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(6} At high levels of applied load, fracture of the high temperature specimens
under trapezoid II wave form (a longer hold time at maximum stress) and static loading also
occurred by the formation and growth of a single dominant crack. However, at low
applied stresses, failure in these two loading paths might occur by nucleation, growth
and/or coalescence of multiple cracks, and creep process was more operative than it was at
other high temperature loading conditions. Preexistent flaws were still the févorablc sites
for crack nucleation in both loading regimes under these two high temperature loading
paths.

(7) Crack bridging by the viscous glassy phases behind the crack tip was detected
and a simplified model was used to calculate the effective stress intensity factor at the crack
tip taking the bridging effect into account. The qualitative agreement between the calculated
rends and the actual high temperature stress-life data indicated that the failure time in all
applied static and cyclic loading conditions at high temperatures was likely controlled by
crack propagation. The loading paths generating the longest failure time, such as the
applied sine and square wave forms, correspond to the lowest levels of the effective crack-

tip stress intensity factor, and vice versa for the static loading and trapezoid II wave form.
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TABLES

Table 1 Results of cyclic fatigue at room temperature under triangular loading wave form
with R =0.073

Maximum Stress, Cycles to Failure Time to Failure,
{MPa) (Hours)
320.3 1° N/A
308.9* 1° N/A
273.9* 1 N/A
271.2*% 42 (0.3 Hz) 0.02
238.8% 9179 (0.5 Hz) 5.10
2344 4374 (0.1 Hz) 12.15
234.4° 800 (2.0 Hz) 0.11
228.2% 2035 (0.5 Hz) 1.63
220.6 33243 (0.1 Hz) 92.34
220.6 9630 (2.0Hz) 1.34
220.6 67250 (5.0 Hz) 3.74
207.2° | 115418 (2.0 Hz) 16.03
203.7° 72020 (2.0 Hz) 10.00
203.7% 300861 (2.0 Hz) 55.54
203.7 103800 (5.0 Hz) 5.77

From Liu and Brinkman[38]
PErom Mayer[59]
“Tensile Strength Test
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Table 2 Results of static fatigue at room temperature under constant loading

Maximum Stress. Time to Failure,
(MPa) (Hours)
251.7 0.15
243.0 8.10
234.4 50.05
220.6 >351.00

203.7 >358.00
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Table 3 Results of cyclic fatigue at 12009C under sine wave form with R =0.1 and f=2
Hz

Maximum Suess, Cycles 10 Failure Time to Failure,
(MPa) (Hours)
2006.0 12 N/A
103.4 1970 0.27

86.2 8170 i.14
75.8 6410 0.89
62.0 174420 24.22
55.2 >1000000 >138.89

*Tensile Suength Test
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Table 4 Results of cyclic fatigue at 1200°C under square wave form with R = 0.1 and f
=2Hz

Maximum Stress, Cycles to Failure Time to Failure,
(MPa) {Hours)
103.4 ' 690 0.10

86.2 6820 0.95
77.6 4040 0.56
69.0 133170 18.50
58.6 505950 70.27

48.3 >1000000 >138.89




Table 5 Results of cyclic fatigue at 1200°C under trapezoid [ wave form with R = 0.1, t,
=0.25s,and t, =0.02 5

Maximum Stress, Cycles to Failure Time to Failure,
{MPa) {Hours)
86.2 2760 0.21
17.6 2820 0.21
69.0 52600 3.94
48.3 411010 30.83
41.4 799430 59.96

34.5 >1000000 >75.00
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Table 6 Results of cyclic fatigue at 1200°C under trapezoid II wave form with R = 0.1,
th=25s,and t, =0.02 5

Maximum Stress, Cycles to Failure Time to Failure,
(MPa) (Hours)
69.0 336 0.24
58.6 635 0.44
48.3 40970 28.68
41.4 10860 7.60
41.4 57680 40.38
34.5 130220 91.15

27.6 >1146600 >802.62




Table 7 Results of cyclic fatigue at 1200°C under square wave form with R =0.5 and f

=2Hz

66

Maximum Stress,

Cycles to Failure

Time o Failure,

(MPa) (Hours)
86.2 2510 0.35
69.0 71410 9.92
58.6 94380 13.11
48.3 306640 42.59
34.5 >3000000 >416.67
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Table 8 Results of static fatigue at 1200°C under constant loading

Maximum Suess, Time to Failure,
(MPa) (Hours)
86.2 0.07
86.2 0.08
55.2 0.09
48.3 2.00
414 51.00
345 81.60

27.6 >700.00
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Table 9 Calculated r factors for various kinds of loading wave forms

Temperature Wave Form

Duration of a Cycle, 1, (sec)

Room Triangular 79.43 0.2 ~10.0 (0.1 ~5.0 Hz; R = 0.075)
12000C Sine 4.90 0.50 R =0.1)
Square 2.00 0.50 (R =0.1)
Square 1.99 0.50 (R =0.5)
Trapezoid I 1.07 0.27 (t,=0.25, 1, = 0.02; R =0.1)
Trapezoid II 1.01 2.52 (t,=2.50,t, =0.02; R =0.1)
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FIGURES
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Figure 1 Geometry of tested specimens. (All dimensions in millimeters)
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Figure 2 Complete view of test system.
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Figure 3 Schematic drawing of loading paths for fatigue tests at room temperature. {A)
static loading, (B) riangular wave form (0.1 to 5 Hz. R = 0.075).
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Figure 4 Schematic drawing of loading paths for fatigue tests at 1200°C. (A) static
loading, (B) sine wave form (2 Hz, R = 0.1), (C) square wave form (2 Hz, R = 0.1 and

0.5), and (D) trapezoid wave form (trapezoid I: t, = 0.25 s, trapezoid II: t, =2.50 s, tu =
0.02 s and R = (.1 for both cases).
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Figure 5§ Cyclic fatigue lifetime under different cycle frequencies at room temperature.
(Some of the data points of 0.5 and 2 Hz are from Refs. 38 and 59; see Table 1 for
details.)
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Figure 6 Comparison of static and cyclic fatigue lifetime at room temperature. (Arrow
indicates that failure of specimen did not occur when the test was terminated.) (Some of
the data points of 0.5 and 2 Hz are from Refs. 38 and 59; see Table 1 for details.)
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(A)

(B)

Figure 17 SEM micrographs of the as-received microstructure for the AD-998 alumina

showing the residual porosity. (A) low magnification view and (B) high magnification
view.
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(A)

(B)

Figure 18 Diffuse dark-field TEM micrographs of the as-received alumina illustrating the
isolated 2ones of glassy phase (A) at triple-point junctions, (B) at a two-grain "channel”,
and (C) along a two-grain interface and connected triple-point junctions. The glassy phase
appears bright in the diffuse dark-field image.



Figure 18 (Continued)
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(A)

Figure 19 SEM micrographs demonstrating the typical fracture surface in cyclic fatigue
specimens failed at room temperature. (A) macroscopic view, (B) high magnification view
in the slow crack growth region, (C) high magnification view in the fast fracture zone.
(Cmax = 220.6 MPa, 2 Hz)
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Figure 19 (Continued)
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(A)

(B)

Figure 20 SEM micrographs of some typical features of transgranular failure mode
observed in the fracture surface of room temperature specimens. (A) general view, (B and
C) higher magnification view of the cleavage facets associated with the grain-boundary
pores or within-grain pores, and (D) a transverse crack through the grain facet.
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(C)

Figure 20 (Continued)
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(A)

Figure 21 SEM micrographs demonstrating the typical fracture surface in static fatigue
specimens failed at room temperature. (A) macroscopic view, (B) high magnification view
in the slow crack growth region, and (C) high magnification view in the fast fracture zone.
(Omax = 234.4 MPa)
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Figure 21 (Continued)
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(A)

Figure 22 Debris formation observed around the macrocrack branching areas on the
fracture surface in both (A) static fatigue and {B) cyclic fatigue specimens failed at room
temperature.
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: (B)

Figure 23 SEM micrographs of the axially sectioned view in fractured specimens under
different loading conditions at room temperature. (A) static loading (Gpmax = 234.4 MPa)

and (B) cyclic loading (Opmax = 220.6 MPa, 2 Hz). (Arrows indicate the loading direction.)
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(B)

Figure 24 Some typical features observed along the crack paths in room temperature
cyclic fatigue specimens. (A) crack deflection, (B) interlocking grains, (C) contact of
fracture surface asperities, (D) an unbroken ligament, and (E) trapped grains within the
closed crack.
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D)
Figure 24 (Continued)
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(E)

Figure 24 (Continued)
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(A)

Figure 25 SEM micrographs demonstrating the typical fracture surface in sine wave form
specimens failed at 1200°C. (A) macroscopic view, (B) high magnification view in the
slow crack growth region, and (C) high magnification view in the fast fracture zone. (Omax

= 86.2 MPa)
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Figure 25 (Continued)



101

Figure 26 Macroscopic SEM view of the typical fracture surface in square wave form
specimens (R = 0.1) failed at 1200°C. (Gmax = 86.2 MPa)
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Figure 27 Macroscopic SEM view of the typical fracture surface in square wave form
specimens (R = 0.5) failed at 12000C. (Omax = 48.3 MPa)
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Figure 28 Macroscopic SEM view of the typical fracture surface in trapezoid I wave
form specimens failed at 12000C. (Gpax = 86.2 MPa)
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Figure 29 Macroscopic SEM view of the typical fracture surface in trapezoid II wave
form specimens failed at 12000C. (Omax = 34.5 MPa)
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(A)

Figure 30 SEM micrographs demonstrating the typical fracture surface in static loading
specimens failed at 1200°C. (A) macroscopic view, (B) high magnification view in the

stow crack growth region, and (C) high magnification view in the fast fracture zone. (Gpax
= 34.5 MPa)
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(B)
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Figure 30 (Continucd)
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(A)

(B)

Figure 31 Typical failure origins at all applied loading conditions at 1200°C. (A) a large
void near the edge of the fracture surface (square, R = 0.1, Oy = 58.6 MPa), (B) a large
surface flaw (sine, Gy = 86.2 MPa), and (C) a large-grained agglomerate (static loading,
Omax = 34.5 MPa).
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Figure 31 {Continued)
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(A)

(B)

Figure 32 Typical profiles of the glassy phase on fracture surface in different loading
conditions at 1200°C. (A) sinc wave form (Onpax = 86.2 MPa), (B) trapezoid Il wave form

(Omax = 34.5 MPa), and (C) static loading, (Gmax = 34.5 MPa).
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Figure 32 (Continued)
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(A)

(B)

Figure 33 Comparison of the SEM micrographs of the grain facets in the areas without
glassy phase on the fracture surface in the (A) room and (B) high temperature specimens.
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Figure 34 Evidence of grain-boundary sliding from the SEM micrograph of a trapezoid
IT wave form specimen failed with Gpax = 34.5 MPa at 1200°C.
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(A)

(B)

Figure 35 SEM micrographs of the axially sectioned view in fractured specimens under
different loading conditions at 1200°C. (A) sine wave form (Gpax = 62 MPa), (B) static
loading {Omax = 34.5 MPa), (C) high magnification view of the non-failure-induced

macrocracks in (B), and (D) the area around the crack tip of a non-failure-induced
macrocrack in (C). (Arrows indicate the loading direction.)
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Figure 35 (Continued)
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(A)

Figure 36 Iligh magnification SEM view of the crack profile in an axially-cut section of a

static loading specimen (Opmax = 34.5 MPa) failed at 1200°C. (A) typical crack path, (B

and C) enlarged views showing the viscous glassy phases bridging the crack surfaces at
marked segments, G1 and G2, respectively, in (A).
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Figure 36 (Continued)
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(A)

(B)

Figore 37 TEM micrographs of the general structure after failure in room temperature (A)
static and (B) cyclic fatigue specimens.
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(B)

Figure 38 TEM micrographs demonstrating (A) growth and linkage of pores in a static
loading specimen (O, = 34.5 MPa) and (B) isolated pores (no linkage of pores was

observed) in a sine wave form specimen (Gnmax = 62 MPa).
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Figure 39 Evidence of grain-boundary sliding in the TEM micrograph of a static loading
specimen failed with Gpax = 34.5 MPa at 1200°C.
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Figure 40 TEM micrograph showing a side view of the finger-like meniscus of the
viscous glassy phase between two alumina grains.
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Figure 41 A damage zone of distributed microcracking ahead of a long fatigne crack in
an A03-33 vol.% SiC whisker composite subjected to cyclic tensile loads (in four-point
flexure) in 1500°C air environment. (From Ref. 62)
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Figure 42 Microcrack coalescence through shear band formation on the tensile surface of

a bend bar of AVCO aiumina deformed at 100 MPa and 1150°C. Bars = 0.1 mm. (From
Ref. 82)
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Figure 43 Extensive microcracking is visible on the side of a tensile specimen of
ARCO alumina deformed at 100 MPa and 1250°C. Bar = 1 mm. (From Ref. 82)
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Figure 44 Microcracking and crack-tip blunting on an internal section of a tensile

specimen of ARCO alumina deformed at 55 MPa and 1250°C. Bars = 10 um. (From Ref.
32)
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Figure 45 Comparison of the calculated effective stress intensity factors at the crack tip in

static loading and various cyclic loading wave forms at 1200°C under the same maximum
applied stress intensity factor, Ky,
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APPENDIX: Calculation of the Effcctive Stress Intensity Factor at the Crack Tip under
Different Loading Conditions with the Bridging Effect of the Viscous Glassy Phase behind
the Crack Tip.

In order to examine the bridging effect by the viscous glassy phase on the crack-tip
stress intensity factor, a simplified model derived by Thouless[103] was employed and
extended to cyclic loading conditions. This simplified model as well as the procedures for
its application to cyclic cases is outlined below.

In the following, the effective stress intensity factor at the crack tip with bridging by
a single viscoelastic ligament behind the crack tip of a viscoelastic matrix (Figure A1) is
caiculated. Both ligament and marrix are assumed to he Maxwell materials in plane siress
conditions. The force acting on the ligament, P (per unit thickness), can be expressed by a

function of time, 1, as follows:[103]

P{r} . P{r}
7

= = §{1}

{ : (Al)

where E; is Young's modulus of the ligament, 7); is the viscosity (three times the
conventional (shear) viscosity), and §is twice the crack-opening displacement at a distance
df2 from the crack tip. At this position, the crack-opening displacement for an elastic

matrix is approximately given by[103]

S0e} = 41§{t} /%

(A2)

where E,, is Young's modulus of the matrix, and X is the effective stress intensity factor
acting at the crack tip. The analogous expression for a Maxwell material may be obtained

by superposition as{103]
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K{:}  K{:} _8{1} [=
E,, * M 4 d (A3)

where 1, is the viscosity of the matrix. K is given by
K{t} =K. - AK{r} (Ad)

where K, is the applied stress intensity factor (assumed to be constant), and AK is the

reduction in the stress intensity factor due to the bridging effect and is associated with the

load in the ligament by[103]

2P{r}

V 7d {AS5)

AK {1} =

The analytical solution for K can now be determined by the combination of Egs. (A1-5)

and expressed as[103]

Kol 17,

K{r} =m{1 +CI X exp(—Cz t)}

(A6)

where tis the time from when the ligament begins to grow. Cy and C; are constants and

given by

C, =(8/m) x [Epn,/E Ny —1]/(EnlE, + 8Im)
C, =(EnMy) x(Nu/n, +8/m)I(E,IE, +8Ir)
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In the case that the mauix is elastic and the ligament is viscous, the solution for K
may be obtained by repeating the derivation and neglecting the terms associated with E;or
Nm in Eqs. (A1) and (A3), or by considering the limits of Eq. (A6). The solution for K in
this case then becomes

K =K1l -exp(~nE,t/8n)] (A7)

The results obtained in Eq. (A7) may be treated as the consequences of the bridging
effect by a single viscous ligament behind the tip of a crack in an elastic matrix under static
loading conditions. The procedures of the above derivation can be extended to the case of
varying or cyclic loading with the consideration that the applied stress intensity factor, K,

, is a function of time instead of a constant. Thus, for cyclic loading case, Eq. (A4)

becomes

K{t} = K _{t} - AK {1} (AB)

As the viscous ligament in an elastic matrix is the proper case for the selected alumina under
the given stress-temperature conditions in the present work, we only consider the relevant
terms in Egs. (A1) and (A3) in conjuction with Egs. (A2), (A5), and (A8) to obtain the
solution for the effective crack-tip stress intensity factor, K, under cyclic loading

conditions. The governing equation for K in this case is then expressed as

K{r} K.}
L. - I (A9)

K{t} +

where a characteristic time constant, #. , for the rate-sensitivity of deformation of the

viscous ligament can be defined as ¢ = 87/zE,,. The solution of X in the above ordinary
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differential equation may be obtained analytically or numerically by applying the known
function of K. into the right hand side of Eq. (A9).

The effective stress intensity factor at the crack tip under the applied various cyclic
loading wave forms in the present work can now be obtained by §ubstituting the respective
cyclic wave form into Eq. (A9). A numerical analysis called Runge-Kutta method[Al] is

then applied to gain the solution of K. These numerical results have been plotted in Figures

45 and 46.
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Figure Al Geometry of the crack and ligament assumed for the bridging-zone model.
(From Ref. 103)




