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ABSTRACT

AFOSR project 891-0126 was undertaken to develop a design approach for

improving the high-temperature structural reliability (e.g., resistance to creep,
fracture and grain growth) and room temperature mechanical reliability (e.g., flaw
tolerance) of structural ceramics. Some of the major accomplishments of this

work are highlighted beiow:

1. Engineering of the grain boundary chemistry in alumina resulted in a
lowering of the creep rate by over two orders of magnitude by the addition of
1000ppm of Y O,. Itis conjectured that the presence of a highly segregated
oversized (SImllarly charged) ion at the grain boundaries is responsible for
inhibiting grain boundary difffusion and lowering the creep rate.

2. Duplex microstructures of Al,O4:YAG and Al,04:Zr0, exhibited lower
creep rates and higher fracture toughness values than thelr single phase
constituents. The creep data was well described by a composite creep equation
developed for isostrain behavior (i.e. the strain rates are the same for each
phase). The higher fracture toughness was attributed to the contribution of low
energy interphase boundaries to the overall composite toughness.

3. It has been found that "nanocomposites’ of hot pressed Al,O4
containing 5 vol% of 0.15um SiC have exceptionally high strength (>1GPa),
confirming the findings of Japanese researchers (Niihara et al.). The
strengthening was attributed to a combination of apparent toughening arising
from machining-induced residual compressive stress and flaw size reduction via

crack healing.

4. Dramatic improvements in flaw tolerance have been achieved by the
designed incorporation of spray-dried agglomerates into two-phase ceramic
matrices (such as Al,O5 agglomerates in an Al, 505 mullite matrix). The primary
mechanism appears to be localized grain bridging, although stress induced
microcracking has also been observed.

5. Ceramics with high strength and toughness over a wide range of flaw
sizes have been produced using a novel laminar (trilaminate) design. The
mechanical properties were modelled using a micro-mechanics model that

incorporates R-curve behavior.
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Direct Observation of Y and La Distributions in Polycrystalline Al,O4

A. Mark Thompson, Helen M. Chan, Martin P. Harmer, and David B. Williams
Depr. of Materials Science and Materials Research Cenzer,
Lehigh University

Kamal K. Soni, Jan M. Chabala, and Riccardo Levi-Setti
Enrico Fermi Institute and Dept. of Physics
University of Chicago

For the first time the distribution of yttrium and lanthanum dopants is mapped in a polycrystalline
alumina. Using a novel scanning ion microprobe (SIM) in combination with a secondary ion
mass spectrometer (SIMS), the dopants are found to segregate to grain boundaries and pore
surfaces. In 1000 ppm Y-doped AlyO;, an abundance of YAG precipitates are also observed,
shedding new light on yitrium’s role in r@dﬁcmg the creep rate of Al,O,. The similarity in the

segregation behavior of Y and La, highlights the potential of La-doped Al,O, for improved creep

properties.

I, Imtroduction

Yttrium can enhance the properties of both metals and ceramics. When added to NiCr
or FeCrTiAl alloys, yttrium reduces the oxidation rate of the alloy'?. At dopant levels of 500-
1500 ppm in Al O,, yttrium lowers the compressive and tensile creep rate of alurrlina3'5, in one
study by greater than 2 orders of magnitude’. In both cases, the yttrium’s beneficial role is
attributed to its segregation to 0-Al,O; grain boundaries. Current theories have proposed that
either (i) yttrium reduces the rate of ion transport along the grain boundaries'> (possibly through
the formation of a continuous two-dimensional second phascﬁ), or (i) yttrium inhibits the
interface reaction believed to be controlling the rate of ion transport along the grain boundaries.’

In support of these hypotheses, numerous investigators have examined the distribution of



yttrium in polycrystalline ALO,. A variety of techniques have been employed including, X-ray
Energy Dispersive Spectroscopy (EDS),"*° Extended X-ray Absorption Fine Structure (EXAFS),’
Auger Electron Spectroscopy (AES),'™!" and Secondary Ton Mass Spectrometry (SIMS).2 All
studies found yttrium segregating as an Y-rich, grain-boundary monolayer. A few also detected
fine precipitates of YAG (3Y,0,.5AL,0;) scattered throughout the microstructure, 6910 The
degree of grain boundary enrichment depended on the dopant level, Al O; grain size, impurity
content of Al,0,, and the spatial resolution of the analytical technique. For example, techniques
with inadequate resolution that sampled large areas, failed to identify the YAG precipitates and
generally overestimated the enrichment factors.

The primary objective of this work was to examine the Y-distribution within an 1000 ppm
Y-doped polycrystalline AlL,O, that had previously exhibited favorable creep properties.? In
addition, a 1000 ppm La-doped sample was examined, primarily, to compare the segregation
behavior of the two isovalent rare earth elements, and partly to assess the potential of La-doped
Al O, for improved creep properties..

Imaging microanalysis of doped - polycrystalline Al,O; was performed with the SIM
developed at The University of Chicago (UC).!? The UC SIM uses a finely-focused scanning Ga*
beam to sputter atoms and molecules from the uppefmost layers of the specimen surface. In the
process, a fraction of the particles become ionized, creating "secondary ions". The yield of
secondary ions is dependent on the atomic or molecular species, the bombardment conditions and,
most importantly, the electronic character of the surface. Secondary ions are collected, energy-
filtered and mass analyzed. The mass-resolved SIMS signal is recorded along with the associated
scan coordinates, thereby, allowing two-dimensional SIMS maps to be constructed. This
technique provides both the high spatial resolution and the analytical sensitivity necessary to

characterize the distribution of trace dopants in ceramics.!3

II. Experimental Procedure

Samples were prepared using an ultra-high purity (>99.995%) monosized ai-alumina
powder (Sumitomo AKP-53). The powder was wet-mixed with a suitable aliquot of either yttrium

or lanthanum nitrate solution to yield a doping level of 1000 ppm (cation/aluminum ion). After
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drying, the powders were crushed and calcined in air at 600°C for 10 h to remove carbon and
sulphur contaminants. All powder processing was carried out using precleaned Teflon ware under
clean-room conditions to minimize powder contamination.

Fully-dense samples were fabricated by hot-pressing calcined powder in a 3" diameter
graphite die under vacuum for 30 mins at 50 MPa. The hot pressing temperature was 1475°C for
the 1000 ppm Y-doped alumina, and 1450°C for the 1000 ppm La-doped alumina. After hot-
pressing, the materials were typically >99% theoretical density. Two pieces of each sample were
polished down to 1 pum diamond finish; one was thermally etched in air at 1400°C for 1 hour and
imaged using a scanning electron microscope (SEM), the other was analyzed in the as-polished
condition using the SIM/SIMS at U. Chicago. ’

In the UC SIM, the primary ion beam is extracted from a liquid Ga source, accelerated
at 40 keV and focused to a spot approximately 50 nm in diameter. The probe is scanned over
the surface using a 512x512 raster, spanning areas ranging from 10x10 to 80x80 pmz. Secondary
ions are collected normal to the specimen surface (to minimize edge effects) and are mass
analyzed in a magnetic sector mass spectrometer. It is also possible to obtain topographic images
of the scanned area by collecting the total ion-induced secondary ion (ISI) signal via a
channeltron overlooking the target at a glancing angle. The ISI images are useful in locating areas
of interest and identifying microstructural features such as pores. SIMS maps are acquired, stored
and processed using a Kontron IBAS image processing work station. Typically a SIMS map can
be acquired in 1-9 minutes, depending on the signal statistics. In order to enhance this signal,
the secondary ion transport optics was recently redesigned. It is only through this continuous

development, that the capabilities of UC SIM have improved to the stage at which trace elements

can now be analyzed.

IIT. Results

The microstructure of the 1000 ppm Y-doped Al,O; is shown in Fig. 1. A few isolated
pores are observed in the SEM micrograph (Fig 1(A)) confirming that the sample was near
theoretical density. Grains were equiaxed with an average size of 2.6 + 0.5 pum.®> The SIMS

maps shown in Fig. 1(B) and 1(C) were taken from the same area of the unetched sample; (B)
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represents the unresolved ISI signal displaying topographic contrast, and (C) the mass-resolved
Y™ signal. The polishing procedure left little surface topography and thus the only features visible
in the ISI map (Fig. 1(B)) are residual pores and occasional polishing scratches. In the
corresponding Y* map a bright network of yttrium is observed, clearly demonstrating the
segregation of Y to the Al,O; grain boundaries. The thickness of this grain-boundary layer is
determined to be approximately 0.1 um. The uniformity of the signal intensity along each
boundary indicates that the yttrium segregated isotropically. Comparison of the ISI and the Y+
maps reveals that the surfaces of the isolated pores were also enriched with yttrium, as indicated
in Fig 1(B),(C).

From the series of images shown in Fig. 1, it could be concluded that yttrium was
accommodated only as a grain-boundary and surface segregant. However, Y* maps taken from
different areas of the polished section (see Fig. 2) reveal an abundance of discrete Y-rich second
phases, presumably YAG, located predominantly at the grain boundaries. In the regions
containing a high density of YAG precipitates, the AlL,O, grain size was refined. A striking
example of this is shown in Fig. 3; The Al,O; grain size increases as the density of precipitates
decreases, resulting in a "cobweb" structure. _

The 1000 ppm La-doped Al,O; sample was nearly fully-dense with a grain structure that
was more elongated than that of the Y-doped sample (see Fig. 4(A)). The La* map in Fig 4(C)
reveals a strong segregation of La to the AL O grain boundaries. Similar to the Y-doped Al,O,,
the dopant appears to be distributed uniformly along the grain boundaries. In addition, pore

surfaces are enriched with the lanthanum, and La-rich precipitates are observed.
IV. Discussion

This work represents the first time that the distribution of Y and La have been mapped
in a polycrystalline Al,O,. Both dopants are found to segregate to grain boundaries and pore
surfaces, consistent with previous work on Y-doped ALO;.!26!! In contrast to other dopants
such as Ca, which segregate anisotropically in AIZO3,14 the Y and La appear to be distributed
uniformly along the grain boundaries. Excess dopant that is not accommodated within the Al O,

grains, or at the grain boundaries, is concentrated in discrete second phases. The ability to
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distinguish between dopant segregation at the grain boundaries, pore surfaces, and precipitates
within a single map underscores the useful capabilities of this imaging-SIMS technique.

In the light of these observations, it is appropriate to reconsider the role of yttrium in
lowering the tensile creep rate of alumina. In a previous creep study it was determined that the
principal effect of yttrium was to reduce the interface reaction believed to be governing the rate
of grain boundary transport.3 This hypothesis was based on microstructural observations which
indicated an absence of second phases. Certainly, there exists regions of the Y-doped Al,O, in
which the YAG precipitates are sparse. However, the present analysis has also revealed areas
of the material that contain an abundance of YAG precipitates. It is quite possible that these
precipitates may be controlling the creep behavior. For example, YAG precipitates at the grain
boundaries could inhibit the grain-boundary sliding that must accompany deformation. Resolution
of these two contrasting hypotheses will require further creep work.

The non-uniform distribution YAG precipitates across the sample section is attributed to
incomplete mixing of the Y-doped powder. It is interesting to note, however, that this artefact
did not appear to diminish either the beneficial effect of yttrium doping on the tensile creep
behavior, or the reproducibility of creep results. Two possible explanations for this favorable
result are: (i) the creep behavior was dominated by the Y-rich grain boundary layer, and
insensitive to the YAG precipitates, or (i) the scale of the non-uniform distribution of
precipitates was sufficiently small to yield an average and reproducible creep behavior across the
sample section. These observation have some interesting implications: If the precipitates play no
role in the creep behavior, then a similar creep behavior can be achieved at lower doping levels.
Conversely, if the precipitates play a significant role, then increasing the volume fraction of
precipitates should further improve the tensile creep properties. Further creep studies in this topic
should therefore prove fruitful.

The similarity in the segregation behavior of Y and La indicates the potential of La-
doping for reducing the creep rate of Al,O,. If the creep behavior arises from an inherent
property of the dopant-rich boundaries or the grain-boundary precipitates, then La-doped Al,O,4
could also have improved creep properties. Indeed, preliminary work has shown that lanthanum

also reduces the creep rate of alumina, although not to the same extent.!’




V. Conclusions

(1) Yttrium and lanthanum segregate to the grain boundaries and pore surfaces of polycrystalline

alumina. Excess dopant is incorporated as discrete dopant-rich precipitates located predominantly

at the grain boundaries.
(2) The role of yttrium in the reduction of the creep rate of Al,O; should be reconsidered to

include the effects of YAG precipitates.
(3) Lanthanum doping shows great potential for improving the creep properties of Al,O;.

(4) The imaging-SIMS technique is a powerful tool in the microanalysis of doped ceramics.
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Figure 1: 1000 ppm Y-doped Al,0s; (A) SEM micrograph of a thermally etched polished
section, (B) ISI SIMS map of an unetched polished section, (C) Y* SIMS map of same area
clearly showing segregation of Y to pore surfaces and grain boundaries.
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Figure 4: 1000 ppm La-doped Al,O5; (A) SEM micrograph of a thermally etched polished
section, (B) ISI SIMS map of an unetched polished section, (C) La* SIMS map of same area
clearly showing segregation of La to grain boundaries.
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TOUGHENING MECHANISMS IN FLAW TOLERANT ALUMINA-
MULLITE CERAMICS

A. Khan, H.M. Chan and M.P. Harmer

1. Introduction

In this study flaw tolerance is defined as an invariance in mechanical strength with flaw

size. If obtainable, thisisa desirable property in structural ceramics. Flaw tolerance of ceramics

is known to improve if they display R-curve behavior during fracture [1], i.e. if resistance to crack

propagation rises with increasing crack length. R-curve behavior is a consequence of crack tip
shielding mechanisms that act to decrease the stress intensity at the crack tip as the crack grows.
One type of shielding mechanism is known as the bridged-interface, in which the crack is bridged
behind the crack tip, e.g. grain bridging, fiber bridging etc. [2]. This mechanism is now generally
accepted as being responsible for R-curve behavior that is seen in nontransforming ceramics such
as alumina and alumina-based ceramics, with grains acting as the bridges in the crack wake [1].

The most important variables affecting the amount of toughening achievable via this mechanism

are, the internal stresses and the grain size [3,4,5,6]. The former variable controls the magnitude

of frictional stresses between a bridging grain and the walls of the "sockets " in which it is situated,

thus governing the amount of energy dissipated by a bridge during pull out and therefore its
toughening contribution. The latter variable governs the critical crack opening displacement above
which bridges disengage, thus affecting the area of bridging zone and therefore the toughening
contribution.

Duplex alumina-mullite (AM) ceramics were chosen for study based on the "internal
stresses” variable in mind. Significant internal stresses are expected to form in AM ceramics by

virtue of a substantial mismatch in thermal expansion coefficient (0t = 9 x 106 K-1, o= 5 x 106

K-1) which should lead to R-curve and hence flaw tolerant behavior. Other reasons for studying

AM ceramics include the thermodynamic and morphological stability of AM mixtures, and the




potential for AM ceramics to exhibit attractive high temperature structural properties. The final

reason derives from mullite's outstanding high temperature srength [7] and creep resistance [8].

Earlier work by Stuart [9] demonstrated that R-curve response is achievable in AM
ceramics if the microstructure is coarsened to a grain size of about 7 um; however the

improvement in flaw tolerance was not significant. Moreover, the heat treatment time required to
increase grain size further (and hence improve flaw tolerance) was too lon g to be practical. This
led to the idea of deliberately introducing coarse-grained agglomerates of either alumina or mullite
into the duplex AM marrix as potential bridging sites (the bridges being either, individual
agglomerates or the large grains within them). This two-phase structure with a bimodal grain size
distribution is termed a duplex-bimodal struciure. A substantial improvement in flaw tolerance was
demonstrated in this type of structure, the duplex-bimodal structure with the alumina agglomerates
showing the best combination of strength and flaw tolerance. Although the alumina agglomerates
were added with the intent that they individually, or the grains within them, act as bridges in the

wake of a crack, this has not been substantiated. Also, other R-curve inducing mechanisms may

be operative as well.

2. Obiective

Firstly, the objective of this research was to elucidate the R-curve producing mechanisms
that are responsible for improving flaw tolerance of duplex-bimodal AM ceramics. Secondly,

variables affecting these mechanisms were to be manipulated with the intent of optimizing strength

and flaw tolerance.

3. Approach

A series of experiments were conducted to identify the mechanism(s) responsible for R-

curve behavior in duplex-bimodal AM ceramics. These included evaluating flaw tolerance as a




function of, (i) alumina agglomerate volume fraction (Vi) (agglomerate size fixed) and, (ii)

alumina agglomerate size (agglomerate V; fixed). These experiments combined with in-situ crack

propagation experiments should reveal useful information regarding the operative R-curve

mechanism(s). Once identified, variables affecting these mechanisms will be manipulated to

optimize flaw tolerance.

4. Experimental Details

Batches of alumina+ 50 vol.% mullite (AMS50) powder were mixed with ethanol and ball-
milled into homogeneous slurries. Appropriate amounts of “sized” spherical spray-dried soft
alumina agglomerates were gently stirred into these slurries to make the various duplex bimodal
compositions required. The powder slurry mixtures were then dried under a heat lamp, while still
stirring, to prevent settling of the agglomerates. In this manner a series of powder mixtures with
0, 0.15, 0.30 and 0.45 V¢ medium sized alumina agglomerates were made. Two additional

powder mixtures, one with 0.15 Vg small alumina agglomerates, and the other with 0.15 V¢ large

alumina agglomerates, were also made. The alumina agglomerate designations, “medium” and

“large” refer to starting mean diameters of =69 + 6 and 98 £ 7 um respectively. The “small”

designation corresponds to starting agglomerate diameters < 38 um. Compositions are designated
as AM50-x(Aqg)y Where AMS50 corresponds to the 50/50 vol.% alumina+mullite matrix, Aag
corresponds to the alumina agglomerates, X to the volume fraction of agglomerates and y to their
size designation (s=small, m=medium and L=large). Disc shaped samples for mechanical testing
were first uniaxially pressed (30 MPa) and then isopressed (350 MPa) to remove density
variations. The samples were then calcined in air at 1000°C for 4 hrs. to remove carbon and sulfur
impurities, and pressureless sintered in air at 1650°C for 25 hours.

Flaw tolerance was evaluated using the so called identation-strength-in-bending testing

technique. This is a method by which flaw tolerance and R-curve behavior can be qualitatively




assessed [10]. One can also extract quantitative R-curves from indentation-strength (P-o) data

using appropriate constitutive relations as done by Chantikul et al. for alumina [11], but this
procedure was not carried out in this work. First, the tensile surfaces of disc shaped samples were
indented with a Vickers indenter to introduce controlled flaws. Samples requiring the low-load
indents were polished to a fine finish prior to indentation. Fracture strengths of the “flawed”
samples were then measured in biaxial flexure. Fracture strength was measured for indentation
loads in the range of 10 to 300 N. During loading, failures typically originated from one of the
radial crack pairs emanating from an indent. Fractured sample surfaces were examined with an
optical microscope to ensure failure originated from the indentation flaws. Any samples which did
not fail from an indentation flaw were considered to have failed from an intrinsic flaw, therefore
giving an intrinsic strength.

It should be noted that the biaxial flexure test geometry used in this study has been
modified since previously reported work. Now thinner (2 mm thick vs. 3 mm), larger diameter
discs (25 mm vs. 20 mm) are being tested on a larger support circle diameter (22 mm vs. 16 mm)
and being loaded with a smaller loading flat diameter (3.2 mm vs 5.4 mm). With this geometry,
the thin plate formulas used for determining fracture strengths are more accurate. Also, the failure
yield from low load indent (small crack) samples is improved noticeably with this new testing
geometry. This small flaw size data is very valuable and was often "lost" with the old testing
geometry.

In-situ crack propagation experiments were conducted using a three point bending fixture
which allowed qualitative observation of crack/microstructure interaction with either optical
microscopy or SEM. Disc shaped samples with indentation cracks on a polished tensile surface
were placed into this fixture and loaded by turning a screw against the compressive surface. Then

the sample/fixture combination was placed under an optical microsope or into a SEM to image the

crack path morphology with the sample under load.




4. Results and Discussion

Microstructure:

Sintered samples were nearly fully dense, all compositions sintering to densities in excess
of 98.5 % theoretical. It is believed that the pressureless sintering processing route works in this
case because the alumina agglomerates are initially sof?, and sinter at a rate similar to the AM50

matrix, thereby preventing any differential sintering which would impede densification [12]. The

resulting microstructures of the various AM50-x(A,z)y compositions had an AMS50 grain size of =

2 pum (measured) and an alumina agglomerate grain size of = 10 um (estimated). Final alumina

agglomefate diameters were 78 % 6, 55 £5 and < 30 um for the “large”, “medium” and “small”
designations respectively. An example of a typiéal microstructure at low and high magnification is
shown in Figures 1a and 1b respectively (in this case that of an AM50-0.3(Aag)m sample). One
can clearly see that the simple mixing procedure used to process the duplex-bimodal AM ceramics
disperses the alumina agglomerates fairly well (Fig. 1a). At higher magnification it is apparent that

the agglomerate grain size is at least an order of magnitude greater than that of the AMS0 matrix

(Fig. 1b).

Indentation-Strength Response:

Indentation-strength (P-o) responses of the various duplex-bimodal AM compositions

evaluated in this study are shown in Figures 2, 3 and 4. The shaded boxes indicate the range of
intrinsic strength values of the various compositions, the majority of which are from 10 N indent
load samples. The intrinsic strengths are taken to correspond to a range of indentation loads below
the 10 N indentation load of those samples. Data points plotted with an error bar at a particular

indentation load represent the mean and standard deviation of at least eight individual strength data




points. For cases with less strength data, individual points are plotted. In Figure 2 the P-o
response of AMS50 is compared with AMS0-0.15(A4¢)m.  The addition of alumina agglomerates
flattens the P-o response indicating that the AM50-0.15(Az5)m composition is a more flaw tolerant

than AMS50. Further improvement in flaw tolerance is realized as alumina agglomerate volume
fraction is increased as shown in Figure 3. There is a substantial improvement in strengths at high

indent loads as V(A ,g)m is increased from (.15 to 0.3. This improvement appears to be saturated

at 0.3 (Aag)m, a minimal increase being seen from 0.3 to 0.45(Ag)m. Although the high
indentation load strengths increased with increasing Ve(Aag)m, the P-o response of all three

compositions plateau at approximately the same intrinsic strength level.

The P-c response of AMS50-0.15(Ap)s at 10 and 300 N is shown compared with that of

AMS50-0.15(A4)L in Figure 4. Since the alumina agglomerate volume fraction is kept constant,
varying agglomerate size changes the number density of agglomerates. The AMS50-0. 15(Aag)s
composition has approximately 17X more alumina agglomerates than the AM50-0.15 (AaglL
composition as calculated assuming all agglomerates as spherical with a “small” diameter of 30 um
and “large” diameter of 78 um. The 300 N srength of AM50-0.15(A )L is greater than that of
AMS0-0.15(Azg)s, 162 4 vs. 145 +6 MPa respectively. There doesn’t appear to be a strength
difference between the two compositions at the lower indentation load of 10 N. A difference may

become apparent with more AMS50-0.15(A,g)L 10 N data points, there currently being only four

points to compare against AM50-0. 15(A4g)s. To test the R-curve mechanism of bridging grains

within alumina agglomerates, assume that only one bridge per agglomerate forms (actvally an
overestimate based on what is observed). Variables that would affect toughening are, (i) the
alumina agglomerate grain size, (ii) the alumina agglomerate’s internal stress state, and (iii) the

number density of alumina agglomerates. Considering that the alumina agglomerate grain size of




both compositions is the same, and that the alumina agglomerate’s internal stress state is not a
function of agglomerate diameter [ 14] (assuming no debonding), the number density of

agglomerates is the only remaining variable that could potentially affect R-curve toughening. Since

there are = 17X more alumina agglomerates in AM50-0.15(Aag)s and hence that many more

potential bridges, one would expect greater toughening and consequently, a higher 300 N strength
for this composition than AMS50-0.15(A4g)L. This is the opposite of what is observed. It follows
that the origin of the 300 N indent strength difference may be from a different mechanism, i.e.-
either from the formation of elastic bridges or microcracking as described in the next section.
Another possible explanation for the 300 N indent strength increase with alumina agglomerate
diameter may be that the AMS50-0.15(Ag,)L composition is more susceptible to lateral cracking, a

phenomena that is known to increase strength of ceramics at high indent loads [13].

In-Situ Crack Propagation Experiments:

In-situ crack propagation experiments have identified several types of crack/microstructure
interactions in AMS50-0.15(Aag)m and AMS50-0.3(Aagm samples. From these observations various
possible R-curve producing mechanisms can be postulated. For example, fracture appears 10
proceed both around and through alumina agglomerates as shown in Figure 5 for an AM50-
0.15(Aqg)m specimen. Crack deflection around an alumina agglomerate can be explained in terms

of the local stress state that arises due to differential contraction from the sintering temperature.

Since o4 > Gamso, the local stress state is that of tangential compression and radial tension in the

AMS0 adjacent 1o an alumina agglomerate, a stress state that favors crack deflection [14].
Although crack deflection is a toughening process it does not give rise to R-curve behavior [15].
The case of fracture path preference through alumina agglomerates may be the result of

agglomerate/agglomerate stress field interactions or of a fairly strong agglomerate/marrix interface
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strength. Fracture through agglomerates is desirable in that it provides the potential for the coarser
alumina grains within them to set up as bridges, a mechanism known to produce R-curve behavior.
Occasionally cracks which grow into agglomerates lead to grain bridge formation as shown
in Figure 6 for an AM50-0.3(Ag)m sample. In this case a large alumina grain within an alumina
agglomerate is bridging the crack behind the crack tip. However, qualitative observation shows
this type of bridge formation not to occur very often. Another bridging mechanism which occurred
with some frequency is what is known as beam-like elastic bridge formation, examples of which
are shown in Figure 7. These types of bridges are characterized by a discontinuity in the crack as
observed in 2D, resulting in a nonfractured beam-like ligament behind the crack tip. This
nonfracrured ligament is effectively another type of bridge in the crack wake and can also

contribute to R-curve behavior.

In-situ crack growth experiments in an AMS50-0.3(A,)m specimen have also identified
microcracking as another type of fracture mechanism in duplex-bimodal AM ceramics as shown in
Figure 8. Microcracks have opened ahead of the crack tip in an orientation approximately
perpendicular to the loading direction. These microcracks appear to remain open along the wake of
the crack. Prior to loading very few microcracks were visible in this sample. This observation
along with the crack orientarion/stress direction observation indicate the microcracks formed as a
result of the applied stress. The locations of the microcracks seen in Figure 8 are consistent with
the microstress state associated with the agglomerates. As mentioned earlier the AMS0 matrix
adjacent to the alumina agglomerates is in a state of tan gential compression and radial tension, and
the agglomerates themselves in a state of hydrostatic tension. This type of microstress state
Supports the types of microcracking seen, i.e. (i) microcracking at the agglomerate/matrix interface
(almost circumferential in some cases), (i) microcracking of the matrix in-between agglomerates
and (iii) microcracking within agglomerates. Evans and Faber [16] have modeled crack growth
resistance for the case of a brittle material in which microcracks are formed ahead of a macro-crack

tip during loading and then remain open in the macro-crack's wake. In their model they showed

i Ao s W s e e e s st




theoretically that this type of mechanism can result in R-curve behavior. Since the microcracking

observations just described are consistent with what Evans and Faber modeled, microcracking in

the AMS50-x(A 5)y ceramics is also postulated as a potential R-curve producing mechanism.

5. Status

In-situ fracture experiments have identified several different fracture mechanisms that may
account for R-curve behavior in duplex-bimodal AM ceramics. These mechanisms are most likely

acting simultaneously to effect R-curve behavior in duplex-bimodal AM ceramics, thereby resulting
in the improved flaw tolerance as seen using the P-G technique. Currently the plan is to determine

the relative contributions of each mechanism and to see if one dominates. Based on these findings,

work will focus on optimizing R-curve toughening to further improve flaw tolerance.
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Figure la- Optical micrograph of AM50-0.3(Aag)m showing a typical duplex-bimodal AM
microstructure. Note that most of the alumina agglomerates maintain their spherical shape and are
fairly evenly dispersed within the AM50 matrix.

Figure 1b- SEM micrograph of AMS50-0.3(A,z)m showing coarse grains within alumina
agglomerates and a finer grained AM50 matrix. Sample thermally etched at 1575°C for 0.5 h.
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Abstract

The temperature dependence of the fracture toughness of ceramics exhibiting duplex
microstructures was studied relative to their single-phase constituents using two test methods:
bend testing of chevron-notched beams, and the indentation technique. The two materials
systems studied were Al,05:c-ZrO,(Y) and ALO;:Y,ALO,, (YAG), and the testing temperature
ranged from room temperature to 1200°C. The study showed that in both systems, the duplex
materials showed higher toughness values than their single-phase constituents above 800°C. This
result was attributed to the contribution of low energy interphase boundaries to the overall
composite toughness. Indentation crack length measurements gave comparable toughness values
and trends to those determined by the chevron-notched beam method. By comparing the results
of the two test methods it was possible to demonstrate that the indentation calibration constant
() shows no significant temperature or material dependence. For the zirconia containing
materials, however, indentation at elevated temperatures is accompanied by significant localized
plasticity, which suppressed the radial cracking. Under such conditions, some caution is

warranted, since this can lead to an overestimation of the fracture toughness.

1. Introduction

Recent studies have shown that duplex microstructures offer several unique advantages
for structural applications [1]. These include improved flaw tolerant behavior [2], and enhanced
microstructural stability at high temperatures [3]. In many respects, Al,O,:c-ZrO,(Y) and
AlL0,:Y;Al0,,(YAG) are ideal model duplex systems in that they form simple eutectics with no

intermediate compounds, and exhibit limited solid-solid solubility between the end member




composite system based on zirconia materials was investigated. For this trilayer system. a very
high strength zirconia + 20wt% alumina material was used for the surtace layer: and a high
toughness Ce-zirconia material was used for the interior. These composites exhibited excellent
indentation strength behavior. demonstrating that the trilayer design is indeed a viable processing
strategy for achieving the ideal of high strength together with high toughness.

A toughness-curve (T-curve) model based on strips of constant closure pressure acting in
the crack wake was developed to account for the observed strength behavior, in the AAT20
system. The main focus of this modeling effort was to predict the trilayer composite T-curve and
strength properties. based on the T-curves of the two base materials. The base material T-curves
were characterized by four adjustable parameters: (i) T, - the intrinsic material resistance to crack
growth: (ii) G, - a constant closure pressure acting in the crack wake: (iii) b - the distance from
the surface at which o, begins to act: and (iv) c* - a steady state crack size, at which the wake
closure zone has reached a maximum size, and beyond which the zone transiates with the
advancing crack front. The modeling consistea of incrementally adjusting these four parameters
through a computer program. until the T-curve was able to ‘predict’ the experimentally measured
strength data. The best fit T-curves produced good matches between the measured and calculated
strengths for the monolithic base materials. The best fit parameters characterizing the base
material T-curves were then used to define the trilayer composite T-curve. The resulting
composite T-curve was able to describe the experimentally measured trilayer strength behavior.

including the influence of surface layer thickness on the strength response.
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mechanically mixing powders of AlLO;'+c-ZrOx(Y)* and AlLO,+Y,0;* in the appropriate
proportions. This was followed by uniaxial and isostatic pressing of the green pellets, and
pressureless sintering to densities > 99% theoretical. In order to produce the corresponding
single phase materials with similar average grain sizes (~2 um) and sintered densities (>99% of
theoretical) to the composites, alumina, c-ZrO, and YAG specimens were vacuum hot-pressed
in graphite foil-lined graphite dies (3 in. ID).

Chevron-notched bend bars for mechanical testing were obtained by commercial
machining®; the chevron geometry used is illustrated in Figure 1 [13]. The tests were carried
out in air on a servo-hydraulic machine with attached high temperature furnace’. The specimens
were tested in four-point-bending (inner and outer spans of 20 and 40 mm, respectively), at a
crosshcad speed of 0.050 mm/min. Under these conditions, the duration of each test was
approximately 15 - 20 seconds. The test sei-up was such that many samples could be broken in
rapid succession. After fracture, the specimen halves dropped to the bottom of the furnace into
catch-trays, and were immediately removed to minimize thermal etching of the fracture surface.
Four or five valid tests were conducted at each temperature (R.T., 800°, 1000° and 1200°C). The
validity of each test was determined by ensuring that the load-deflection (P-9) curve bent over

prior to failure, indicating stable crack growth [14]. Note that creep is not likely to contribute

1AKP-53, Sumitomo Corp. ,

28 mol% Y,0,, Tosoh Inc.

*Molycorp

‘Bomas Machine Specialties, Inc and Insacb Inc.

SMTS, Inc.




to the nonlinear P-8 curve for these materials for the crosshead speed used, even at 1200°C [6].
The fracture toughness from the chevron-notch tests, Kicy, was calculated using the
following relation [15]:

Kicv = Yo [Paax(S1-S/BWY] M)
where W is the specimen height (6 mm), B is the width (3 mm), S, and S, are the outer and
inner spans, respectively, P, is the maximum load and Y, is a calibration factor. The
calibration constant was calculated using the Bluhm slice model [16,17] with the aid of a
computer program [13]; a value of 4.356 was obtained for the chevron geometry used. A review

of fracture toughness testing using chevron-notched specimens has been given by Newman [18].

1.2 Results

Fracture toughness, as a function of tét temperature is plotted in Figure 2 for both
composite systems. The room temperature values are within the range of values reported
previously for similar materials [5,8-10,12,19,20]. The study showed that the fracture toughness
decreased with increasing temperature for all materials except the YAG, in which it increased
slightly. Interestingly, at temperatures above ~400°C, the composites of both systems exhibited
higher fracture toughness values than their single phase constituents.

Fractography showed that the c-ZrO, and YAG materials experience a change in fracture
mode with increasing temperature. At room temperature c-ZrO, and YAG both fracture
transgranularly. At temperatures of 800°C and greater, however, these materials fracture
intergranularly; see Figure 3. Conversely, the failure mode in Al,O; was intergranular at all test

temperatures. For the composite materials, the fracture surfaces exhibited a mixture of trans- and



intergranular failure at room temperature, and all intergranular fracture at high temperatures. No

evidence of plasticity was observed on any of the fracture surfaces for any test temperature.

1.3 Discussion
a) Single phase materials
To rationalize the temperature dependence of the fracture toughness, consider the relation
Kic = (2vE)" @
where v, is the effective fracture surface energy, and E is Young’s modulus [21]. Clearly both
terms will vary with temperature, and contribute to the overall temperature dependence of the
fracture toughness. Taking into account the temperature dependence of the elastic modulus [22-

26]°, we can plot the effective fracture surface energies (2y.y) for the materials tested in this

study as a function of temperature (see Figure 4).

In the case of completely brittle fracture, since incfcased thermal vibration will facilitate
bond breakage, one would expect v, to decrease with increasing temperature, and this was indeed
the case for all the materials studied. In the fracture of single crystal materials, the temperature
dependence of Y. will be equivalent to that of the surface energy y, [7], however in
polycrystalline materials there is the added consideration of fracture mode.

For the case of intergranular fracture, the energy (per unit area) required to separate two

grains along the boundary is:

’

¢ In the case of c-ZrO,, due to lack of data, values of elastic modulus for temperatures >
700°C were obtained by extrapolation [32]. For YAG, all values from room temperature and
higher were obtained by extrapolation of data measured in the range 150 - 300 K [33]. For
AZS0 and AYS50, elastic moduli values were calculated using the averaging method by Hashin

and Shtrikman [36].
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where v, is the surface energy and y,, is the grain boundary energy [28]. If one considers a mode
I crack propagating perpendicular to the grain boundary, then in order for it to be deflected down
the boundary, the value of y,, must be sufficiently large to make this path energetically favorable.
A simple approximation for the criterion when this will occur is given by v,, > v, [28-30). A
more rigorous approach was adopted by He and Hutchinson [31], who obtained the criterion for
intergranular (or interfacial) fracture of y,, > 1.5¢,

The fact that the c-ZrQ, and YAG materials undergo a transition in fracture mode from
trans- to intergranular, clearly reflects a change in the relative temperature dependencies of the
surface and grain boundary cn@rgi@sa Specifically, the results indicate that the ratio of the grain
boundary energy to surface emergy is increasing with temperature such that (using the He and
Hutchinson criterion [31]), Y/Y, < 1.5 at low temperatures, and y,.fy, > 1.5 at high temperatures.
No such transition can be inferred for the single phase Al,O; material, since it intergranular

fracture occurs over the entire range of temperatures tested.

Finally, it is perhaps worth mentioning that Ingle et al. using single edged notched beams
observed a monotonic decrease in toughness up to 1000°C for c-ZrO, single-crystals, and a
brittle-to-ductile transition in the range of 1000 - 1200°C [8]. However, no such evidence of a
brittle-to-ductile transition was observed in the c-ZrO, (or AZ50) materials tested in the present

worky most likely due to their polycrystalline nature, and hence different fracture mode.

b) AZ50 and AY50 Composites

As mentioned previously, at room temperature both AZ50 and AY50 exhibit a mixture




of intergranular and transgranular fracture. Given that single phase alumina fractures

intergranularly at this temperature, and both c-ZrO, and YAG fracture transgranularly, the most
straightforward explanation for this behavior is that the composites are behaving as simple
mixtures of their constituent phases. Although attractive in its simplicity, it should be noted that
this argument neglects several factors which could influence the toughness behavior of the duplex
materials. Firstly, there is the possible role of residual stresses arising from thermal expansion
mismatch between the two phases. This effect, if any, would be expected to be more pronounced
in the case of AZ50 than AY50, due to the greater difference in thermal expansion coefficients
(ax = ~9.0x10%/°C [32], a, = ~10x10%/°C [33,34], ay,g = ~8.9x10%/°C [35,36]). Secondly, in
the duplex material there are added considerations due to the connectivity of the two phases,
since this determines the extent to which the crack can follow the path of least resistance. To
illustrate this point, consider for cxamplerthe extreme case of a laminar composite, where it
would be possible for the crack to propagate entirely within the weaker phase, or along the
interphase boundary if it were more energetically favorable. Finally, one might expect some
contribution of the interphase boundaries to the overall toughness behavior, but their influence
at room temperature, if any, is unclear. Interestingly, in a previous study involving indentation
cracks in AZS50 [5], fracture along AZ boundaries was rarely observed. The above considerations
notwithstanding, it is believed that at room temperature, the law of mixtures is a reasonable
approximation to the duplex behavior, given the toughness values of both AZ50 and AY50 fall
almost exactly half-way between the single phase values.

At elevated temperatures, the behavior is markedly different in that the duplex composites

exhibit toughness values which are higher than those of the single phase constituents. If we




consider first the case of AZ50, since the fracture path is purely intergranular (Figure 3), the
expression for the composite fracture surface energy takes the form:

Woem = (Wa - YandAn + 21z - YzdBz + (a + ¥z - YadPsz “)
where A is now the area fraction, y,, and y,; are the alumina and zirconia grain boundary
energies, and y,, is the interphase boundary energy. For the single phase materials, the
corresponding expressions are:

Ypem = 2Va - Yan (°2)

Wty = 2z = Yz (°b)
Clearly, the relative magnitude of the composite fracture surface energy compared to the single
phase values will depend on the values of the area fractions, together with the relative magnitude
of the interphase boundary term. As discussed previously, since a crack will invariably follow
the path of least resistance, the area fractions of each type of fracture are not simple functions
of the volume fraction. Instead, they will be dependent on the relative values of the interphase
and grain boundary energies, as well as the distribution of the phases. Considering the
microstructures of AZS0 and AY50, however, it would clearly be impossible for a crack
propagating intergranularly to completely avoid all the interphase boundaries. Accordingly, in
the case where the interphase boundary energy was higher than the grain boundary energies of
the component phases, the composite would have a Jower fracture surface energy than its single-
phase constituents, Conversely, if the interphase boundary energy were lower than the grain
boundary energies of either of the component phases, the fracture along the interfaces would add
a toughening increment to the composite, thus increasing the toughness relative (o the end-

members. It is believed that this latter case applies to the alumina/zirconia and alumina/YAG



composite systems at high temperatures. As additional evidénce to this, dihedral angle
measurements [37] and microstructural observations of the Al,0,:c-ZrO,(Y) system [3] indicate
that the interphase boundary energy, v,;, is indeed lower than either of the grain boundary
energies of alumina and zirconia, i.€., Y > Y2z > Yaz - Unfortunately, co&csponding data are
not available for the alumina/YAG interphase boundary energies, although the higher composite

fracture surface energy for AY50 relative to the single-phase components implies a similar trend

to the alumina/zirconia system.

II. Indentation Testing

2.1 Experimental

Specimens for indentation testing (5 x 5 x 10 mm) were cut from the same billets of
materials as used in the first part of the study. In each case, the prospective indentation surface
was polished to a 1 pm diamond finish. The indentation tests were performed under vacuum (2
x 10° Torr) in a high temperature microhardness testing machine’; 5 - 8 indentations were
measured for each temperature and indentation load condition. The range of temperatures tested
was the same as that for the chevron notch bend tests, i.e., R.T. - 1200°C. A range of
indentation loads (10, S, 3 and 2 N) was used to test whether the materials exhibited R-curve
behavior [19]. The crack lengths were measured as soon as possible after indentation (usually
within 10 - 15 seconds) to minimize the effects of subcritical crack growth. The above values

were then used to determine the temperature dependence of the fracture toughness K, (see next

section).
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2.2 Results
a) Effect of temperature on radial crack length and toughness

The temperature dependence of the radial crack length (5 N indentation load) for all the
materials tested is shown in Figure 5. It can be seen that the different materials show markedly
different behavior. For single phase Al,O,, the crack length increased linearly with increasing
temperature; whereas in the case of YAG and AYS50, the crack length was approximately
invariant with temperature. For the zirconia containing materials AZ50 and c-ZrO,, the radial
crack size increased initially with increasing temperature, with a maximum at ~660°C. At even
higher temperatures, however, cracking was no longer observed. Specifically, in AZ50, no cracks
were seen above 700°C for 10 N loads, 600°C for 5 N loads, and 400°C for 3 and 2 N loads.
In single-phase c-ZrO,, radial cracking was not observed above 900°C for 10 N loads, 800°C for
5 N loads and 600°C for 3 and 2 N loads. In all cases, the decrease in radial crack length with
increasing temperature above 600°C was accompanied by local plasticity around the indentation

site in the form of material pile-up.

The fracture toughness corresponding to a given indentation temperature (8) was
calculated from the following expression:

K(O)c: = & [E(BYH(8)]" [P/c(8)*] ©
where E is the indentation calibration constant, E is Young’s modulus, H is the hardness, c is the
radial crack length, and P is the indentation load [19]. The temperature dependence of Young’s
modulus for the materials tested was determined from literature values as described previously
(see Figure 6). The hardness values for the different indentation temperatures was determined

experimentally from measurements of the impression size. The calculated modulus to hardness

10



ratio for all the materials studied was found to increase monotonically with increasing
temperature, see Figure 7. The crack length data was analyzed in two ways. Firstly, a value of
E taken from the literature was used to calculate fracture toughness values according to Eqn. (6),
and the results are plotted in Figure 8. In the second case, the variation in E was investigated
by calculating the following ratio,
€ = K(B)cv / {[E(B)/H(8)]"* [P/c(6)**]} )

where K(6),y is the fracture toughness value obtained previously by chevron notch tésting.

Note that particularly at the higher indentation loads (5, 10 N), there was a tendency for
pronounced lateral cracking in the c-ZrO,, YAG and AY50 composite materials. In such cases,

the value of radial crack length was not used in the calculation of fracture toughness, as these

would tend to give artificially high values [38].
b) Effect of load on indentation behavior

Aside from the afore-mentioned lateral cracking atvthc higher loads, no significant effect
of indentation load on the measured fracture toughness was observed. Spwiﬁdlly, at any given
test temperature, the value (P/c*’) was relatively constant over the range of indentation loads
tested. This result indicates that the materials’ crack resistance behavior can be characterized by
a single value of fracture toughness. The absence of room temperature R-curve behavior is in
agreement with the results of a previous study, where the indentation strength in bending method

[39] was used to study the mechanical behavior of Al,0,:c-ZrO, composites [5].

23 Discussion

a) Temperature Dependence of Indentation Crack Length

11



For Vickers indentation, the extent of radial cracking is determined by both the toughness,
and the magnitude of the residual stress intensity resulting from the material’s elastic
accommodation of the plastically deformed impression zone. The explicit dependence of crack
length on the above factors can be seen by rearranging Eqn. 6 to give:

«®® o [EE@VHE)Z. 1/K®) ®

The crack driving force term scales with the ratio of elastic modulus to hardness, both of which
decrease with increasing temperature. Overall, however, the ratio E(8)/H(8) increases (see Figure
7), since the hardness values fall off more rapidly. Thus the tendency will be for the radial crack
length to increase with increasing temperature, unless there is a sufficiently large compensating
increase in toughness. With this in mind, the invariance of crack length with temperature for the
YAG and AYS0 materials can be attributed to their relatively flat (B/H)'? and toughness
functions. In the case of alumina, c-ZrO, and AZS0, the sharply increasing crack driving force
term, together with the decreasing toughness values give rise to the strong increase in crack
length with increasing températurc.

At elevated indentation temperatures, the zirconia containing materials no longer exhibit
radial cracking. Since this behavior is associated with substantial pile-up of material around the
indentation site, it is postulated that at temperatures > 600°C, the permanent deformation can be
accommodated by plastic flow up and around the indenter. Clearly this will result in a reduction
of the residual stress intensity at the indentation site. The apparent increase in the measured
indentation fracture toughness of AZ50 and c-ZrO, above 400 and 600°C (respectively) is an
indication of this effect. Interestingly, our study also showed that the value of the transition

temperature was load dependent. Thus for low indentation loads, the radial cracking behavior
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did not extend to as high indentation temperatures as for high loads. This trend is consistent with
the plastic flow model, since at lower loads, because the impression is smaller and more shallow,
the displacement of a relatively Smaller volume of material to the surface is facilitated.

The observation of suppressed radial cracking with increasing indentation temperature has
been reported previously for single crystal c-ZrO, [12] and MgO [40], however the interpretation
of such behavior is slightly different. Unlike in the polycrystalline materials where brittle
intergranular fracture takes place, the single crystal materials are sufficiently ductile that the

increased ease of dislocation movement at elevated temperatures gives rise to increased resistance

to cracking and hence toughness.

b) Comparison Between Measurement Techniques

Figure 8 shows the temperature dépendencc of indentation fracture toughness values
calculated from Eqn. 7, and using a value of E = 0.016 taken from the literature [19].
Comparison with the fracture toughness values measured by the chevron-notched beam (Figure
2) show that the general trends of the data with increasing temperature are in reasonable
agreement between the two methods (aside from the data points in the zirconia-containing
materials where the bulk plasticity led to erroneously high values).

An alternative method of analyzing the crack length rmuits, is to calculate the value of
the indentation calibration constant using the values of fracture toughness determined previously
by chevron notch bend testing. Taking the average of the individual & values calculated for each
material at each temperature, we obtain E ~ 0.024 = 0.004, which compares vcfy favorably with

the value of 0.016 + 0.004 obtained by Anstis et al. [19]. The present results thus support the
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contention that the calibration constant is material-independent. Further, the absence of any
temperature dependence gives added confidence to the applicability of the indentation technique
at high temperatures, at least to within the uncertainty of the measurement (~30%). The results
of this study show, therefore, that provided the temperature dependence of the modulus and
hardness are taken into account, in the absence of significant bulk plastic flow around the
indenter, the indentation technique gives comparable toughness data to that of chevron notch

beam at elevated temperatures for materials with flat Rcurves.

Summary

i) The fracmx@ mode and toughness behavior of Al,O,, c-ZrO, YAG, AZS0 and AY50 were
studied using chevron notch bend testing and indentation. At room temperature, the fracture
toughness of AZ50 and AY50 follows a simple rule of mixtures behavior with respect to their
single phase constituents. At elevated temperatures, however, both duplex composites exhibit

superior toughness; behavior which is attributed to the toughening contribution of the interphase

boundaries.

if) For the materials studied, both chevron notch bend testing and indentation gave comparable
resulis for the temperature dependence of fracture toughness. The toughness decreases with
increasing temperature for ALQ;, c-Zr0O, and AZ50, whereas it is approximately constant for
AY50. [n the case of single phase YAG, the toughness first decreases with increasing
temperature, and then increases very slightly.

iify Calculated values of the indentation calibration constant (§) were essentially material and

temperature invariant, and gave good agreement with previously reported values.
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Figure Captions
Figure 1. Chevron geometry used. The beam length was 55 mm.

Figure 2. Fracture toughness, measured by chevron-notched beam, as a function of temperature
for the ALO,:c-ZrO, (top) and Al,O;:YAG (bottom) systems.

Figure 3. Fracture surfaces of AL,O,, AZ50, c-ZrO, AY50 and YAG at room temperature and
1200°C. Note the change in behavior to intergranular fracture at high temperatures in the c-ZrO2
and YAG containing materials. c-ZrO, specimen fractured at 1000°C.

Figure 4. Effective fracture surface energy, 2.y for the Al,O;:c-Zr0, (top) and ALO;YAG

(bottom) systems. Values are calculated from the chevron-notched beam resulis.
Figure §. Indentation radial crack length as a function of temperature for the Al,O5:c-ZrO, (top)

and ALO,;:YAG (bottom) systems (5 N load). Error bars are left off the AY50 and YAG data

for clarity, the uncertainty is comparable to the AlO, data.

Figure 6. Temperature dependence of Young’s modulus for both systems. The YAG data are

extrapolated above room temperature from low temperature data, and the c-ZrO, data are

extrapolated above 700°C.

Figure 7. Temperature dependence of the indentation crack driving force, (E/H)"? for both

systems.

Figure 8. Indentation fracture toughness, K, as a function of temperature for the Al,O5:c-ZrO,

(top) and AL,O,:YAG (bottom) systems.
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ABSTRACT

This research has been directed toward the development of laminated ceramic composites
for improved strength and toughness properties. The low toughness of ceramics is possibly the
single most important problem limiting their use as structural materials. Over the last fifteen years
or so. significant improvements in the toughness of ceramics have been achieved, primarily
through the exploitation of T-curve phenomena, such as transformation toughening and grain
bridging. A serious problem with T-curve toughening mechanisms. however, has been the
reduction in strength which often accompanies the improvement in toughness. A goal is therefore
to achieve both high strength and high toughness in the same body. The fesearch presented here
has been directed primarily toward this goal.

A trilayer composite design was conceived as a means to overcome the tradeotf between
- strength and toughness. The design calls for a high strength surface layer of controlled thickness
to be combined with a high toughness bulk material. This trilayer concept was thoroughly tested
on a model system of alumina + 20 vol% aluminum titanate (AAT20). The surface material was
a homogeneous. fine-grained mixiure of the two phases: while the bulk was an inhomogeneous
mixture having a bimodal grain structure. When the surface layer was 100 thick. the trilayer
composite behaved in the same manner as the surface material alone: and when the surface was
too thin. the composite displayed the monolithic body material response. With an optimal surface
layer thickness of 104 pm. this composite system exhibited the best strength properties of the
surface material. together with the best toughness and flaw tolerance properties of the underlying
bulk material. A simple approach for estimating the optimal surface layer thickness was shown
to be applicable for this AAT20 system.

In order to determine whether the trilayer concept could be applied to materials of greater

practical interest (that is, better strength and toughness than the AAT20 materials), a second
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composite system based on zirconia materials was investigated. For this trilayer system. a very
high strength zirconia + 20wt% alumina material was used for the surface layer; and a high
toughness Ce-zirconia material was used for the interior. These composites exhibited excellent
indentation strength behavior. demonstrating that the trilayer design is indeed a viable processing
strategy tor achieving the ideal of high strength together with high toughness.

A toughness-curve (T-curve) model based on strips of constant closure pressure acting in
thé crack wake was developed to account for the observed strength behavior, in the AAT20
system. The main focus of this modeling effort was to predict the trilayer composite T-curve and
strength properties. based on the T-curves of the two base materials. The base material T-curves
were characterized by four adjustable parameters: (i) Ty - the intrinsic material resistance to crack
growth; (ii) o, - a constant closure pressure acting in the crack wake: (iii) b - the distance from
the surtace at which o, begins to act; and (iv) c* - a steady state crack size, at which the wake
closure zone has reached a maximum size, and beyond which the zone translates with the
advancing crack front. The modeling consisted of incrementally adjusting these four parameters
through a computer program. until the T-curve was able to 'predict’ the experimentally measured
strength data. The best fit T-curves produced good matches between the measured and calculated
strengths for the monolithic base materials. The best fit parameters characterizing the base
material T-curves were then used to define the trilayer composite T-curve. The resulting
composite T-curve was able to describe the experimentally measured trilayer strength behavior.

including the influence of surface layer thickness on the strength response.
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[. INTRODUCTION

This sccrion presents background information which will allow the subsequent discussion
of this research to proceed from a finn foundation. Since the work presented here deals primarily
with the strength and toughness of ceramics. various strengthening strategies and toughening
mechanisms relevant to ceramic materials are introduced. This is followed by a description of the
testing technique employed to characterize the materials of this study. the indentation - strength -

in - bending test (ISB). The fracture mechanics analysis of the ISB technique is described. along
with rypical sirength and cracking behaviors. This leads inio a discussion of flaw tolerance and
toughness curve (T-curve) behavior. the tradeoffs between strength and toughness properties. and
the methods which have been used to model T-curve behavior based on the ISB test. Then, a
selection of research from the literature. having particular relevance to the present work, will be
-reviewed. Finally. in order to better undersmnd the processing of the materials of this work, a
brief discussion of tape casting is provided.

A. Strategies for the Strengthening of Ceramics

Discussion of the strength of ceramics appropriately begins with the work of A. A.
Griffith (19200 Griffith described a body containing a crack as a thermodynamic system. whose
toral energy, U. was simply given by the sum of the mechanical energy (the elastic energy in the
body minus the energy of the loading system) and the surface energy required to create the crack:

U(c) = (-rc°67/E) + dey (1)
where ¢ is crack size. o is applied stress. E is Young's modulus, and ¥ is surface energy, (and U
is in energy per unii widih of crack). At equilibrium, dU(c)/dc = (). or

dU(c)/dc = (-2rcG/E) + 4y = () (2)
This rclation may be solved for o to obtain the stress level associated with the equilibrium. Any

applicd stress below this value will not affect the crack: but an infinitessimal increase beyond this



stress will result in crack extension. Since the equilibrium is unstable (d°U/dc” = -2n6/E < 0), the
crack will extend unstably, and run completely across the body. Therctore. this critical stress leve]
defines the fracture strength, as given by

O¢ = (2yE/mc)'” (3)

It may be readily seen that the fracture strength is dependent on the crack size. When the
pre-existing crack is small. the strength is high: but when the initial crack size is large, the
strength is reduced. This illustrates two significant. and related, problems with ceramics. First
of all. unless a ceramic is processed such that it contains small flaws. irs strength will be low.
Second. a single ccramic body may be produced with the necessary small flaw size, but for the
industrial production of large quantities of ceramic bodies. it is of course not good enough to
produce an occasional body possessing the desired strength level. Unless the ceramics are
processed with a narrow tlaw size distribution, from piece to piece. they will display widely
varying strength values. Historically, such wide variation in strength values has been a
contributing tactor in the poor reliability of ceramics, limiting their use as structural materials,
Unreliable strength values require a designer to introduce excessive factors of safety, by either
designing with larger cross-sections (more material). or reducing the allowable stress ranges.
Neither is a very satisfactory solution.

To overcome the vanability in strength, many researchers have sought ways to eliminate
the source of variability, namely the flaws. Strength variability is caused by differences in the
tlaw population from batch to batch. or piece to piece.  Since the {laws in a ceramic are often
related to microstructural features like the grain size. or 1o processing defects such as large voids
from binder bumout, processing refinements could help reduce the strength  variability.
Furthermore. as shown in Eq. 3 above. if the flaws could be eliminated. or reduced in size, then

the fracture strength could be increased as well. Efforts to achieve fully dense. very fine-grained,
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uniform microstructures were vigorously pursued. and resulted in considerable success (Lange. et.
al. 1983 Alford. ct. al.. 1987; Lange. 1989; Kendall. et. al.. 1989). Flaw elimination strategies included cold
isostatic pressing of powder compacts (Richerson. 1982): hot pressing: hot isostatic pressing (Lange.
et al.. 1983; Tsukuma & Shimada. 1985); control of grain size and grain size distribution using sintering
additives; improvements in raw materials (finer, more unifonn particle sizes (Coble & Cannon. 1978;
Aksay. et. al.. 1983; Velazquez & Danforth. 1984), and higher purities): cleaner processing; use of colloidal
methods (Aksay. et. al.. 1983; Aksay. 1984; Alford. et. al.. 1987; Lange. 1989), and surface treatments (Gruszka,
et. al. 1970; Kirchner. et al.. 1971). These strategies of strength improvement (that is. increasing the
strength level. as well as reducing the strength variabiliry) through flaw elimination dominated the
ceramies field for many years.

Gradually. researchers began to realize that eliminating the inirial flaws was only a partial
solution 1o the strength problem. Just because a ceramic piece heginy its life in a tlaw-free
condition does not mcan that it will remain in such good condition. An important strategy was
developed for sirengthening ceramics. which was capable of inhibiting both the initiation of flaws,
as well as their subsequent propagation. This strategy was to introduce residual compression in
the surface region. Residual compression counteracts an applied tension. effectively reducing the
applied stress felt by the surface tlaws (Marshall and Lawn. 1977; Lawn & Fuller. 1984; Tandon. et. al, 1990),
and thereby increasing the stress required to extend a flaw of given size. There are many ways
to produce macroscopic residual stresses. Thenmal tempering of glass is a well-known example
(Lee. et al. 1965: Kingery. 1976), and similar thermal treatments have been applied to crystalline
ceramics (Richerson. 1982). Residual compression has also been introduced into glass surfaces by
ion exchange rcactions, whereby smaller ions in the glass material are exchanged for larger ions
by rcaction with a surrounding bath solution (Kistler. 1962; Olcott. 1963: Kingery. 1976).  Another well-

known example is the use of glaze materials having different thermal cxpansion than the substrate




undermneath (Kirchner.et.al. 1968. 1979: Kingery, 1976: Richerson. 1982). This technique of exploiting

differences in thermat expansion properties has been applied to many different ceramic systems,

induced in the surtace region, residual compression may result (Green. 1983; Virkar, et. al.. 1987; Cutler,
¢t al. [987; Hansen. e1. al.. 1988). Zirconia materials having surtace compression have been produced
in this manner,

With the residual compression strategy described above, material microstructures are

unchanged. so the toughness. considered as a material property, is also not changed. However.

-

1980; Lawn and Marshall, 1977 Gruninger. et. al.. 1987; Lawn and Fuller. 1984). In the following section.
methods of imiproving the actual toughness ot'q material will be discussed.
B. Toughening Mechanisms

Following Griffith, Irwin useqd the solutions of Westergaard and Muskhelishvili, 1o
describe the stress field surrounding a crack tip in a homogeneous. clastic body subjected to an
applied. cxternal stress (Atkins & Mai. 1985; Lawn. 1993). For a2 Mode | crack (opening, tension), the

local stress in the vicinity of the crack tip, acting in a direction normal to the crack plane is given
by

8 .8 . 38
g, = os— [ I = sin— 4)
°2[+m2m2]

K
Y vinr

where r and © specity the radial and angular distance between the crack tip and the point of

intercst, For © = (), thig reduces to

O, = K/(2nr)'~ (5)




The K term is defined as the stress intensity. For uniforn tension. dimensional analysis reveals
the form of K 10 be

K = yo,c'”? (6)
where v is a geometrical constant. and o, is the remote applied stress (Paris. 1961: Paris and Sih. 1965).
K in Eq. 6 is thus the stress intensity felt by a crack of size. ¢. caused by the applied stress. G,.
It may be seen (Eq. 5) that the local stress is magnified to large multiples of the remote applied
stress. as r decreases toward the crack tip itself.

This stress intensity factor provides an alternative description to Griffith’s thermodynamic
energy balance. as it also represents a driving force ftor crack growth. The main appeal of using
stress iniensity factors is that K tenns arising from superposed loadings are additive (for a given
mode of loading). Consequently, when more than one source of loading is active, the various
stress intensity factors associated with each may be added together to define a net driving force
for crack growth. This feature of stress intensity factors is particularly useful in modeling the T-
curve. as will be discussed in considerable detail in part D of this section, and in section V.

The stress intensity description leads to a new material property, the toughness. Fracture
of a material may be explained to occur at a critical value of stress intensity, K. This i$ a
characteristic property of the material, describing its resistance to crack growth. Griftith defined
a material’s resistance to crack growth in terms of its fracture surtace energy. Comparing
Griffith's cquation (3), with Eq. (6). it may be seen that K. is simply cqual to (2YE)'?. Griffith's
equation (Eq. 3) was derived for homogeneous. isotropic. elastic materials (he used glass in his
experiments). In such materals. the only means of dissipating the energy of fracture (or, of
relieving the applied stress intensity) is through creation of new surfaces. so associating K. with
In tougher sysiems. however, there will exist other dissipative

the surface cncrgy is valid.

mechanisms (c.g. plastic deformation. phase transfonnations. crack face bridging, etc.), so it is
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important to realize that the material toughness s genw-azzy associated with more than just the
surtace energy (Lawn. 1993: Hertzberg, 19R9),

The concept of a material toughness suggests 3 different approach to improving fracture
strengths than the flaw elimination strategy described in the previous section. Referring to
Griffith's equation, modified to include toughness rather than surface energy,

or = K,o/yc'? )]
it may readily be seen that fracture strength can be increased by increasing the toughness. The
remainder of this scction will discuss ways to improve the toughness of ceramics.

Crack Deflection.

The simplest way 10 increase toughness is to add second phase particles to the ceramic.
This can give rise 10 loughening in a number of ways, depending on particle shape. thermal
expansion mismatch, clastic mismatch, and interfacial toughness. The particles may force a crack

to deflect away from its original plane. which was norma to the applied tension. This can have

(1983) determined a rod-like particle shape to be most etfective in deflecting a crack. Thermal
expansion mismaich can either draw a crack into a particle (o, < o, hoop tension), or deflect it
away (o, > o, radial tension), depending on the nature of the residual stress fields in and around
the particles (Seising. 1961). If the crack is attracted to the particle, toughening may result if the
particle is inherently tougher (e.g. has greater surface ¢nergy) than the matrix, or if the particle
is able to pin the crack. causing crack-bowing between neighboring particles. An example of
toughening via second phase additions was reported by M. D. Stuant (1991). for the mullite +
alumina system. As the volume fraction of the tougher alumina phase was increased. the

toughness and fracture strength of the composite increased.  Similar results were reported by




French. et. al. (1992), for the cubic zirconia + alumina system.

The examples described above result in only minor improvements in toughness. all
brought about by one-time interactions occurring at the crack tip. After the crack front has passed
the particles. they no longer influence crack propagation (a particle can only deflect a crack once).
More substantial improvements in toughness can be achieved through mechanisms which continue
to operate and exert their influence even afier the crack tip has passed by. It is these long-range.
cumulative toughening mechanisms which give rise to so-called "T-curve behavior’. in which a
materials resistance 10 crack growth (its Toughness) increases with crack extension (Mai &
Lawn.1986). The notion of a T-curve clearly implies that the material toughness is not constant,
contrary to the above discussion of K. in the context of the Griffith equarion. For a material of
non-unique toughness. the concept of a critical stress intensity factor. K., as a material property
is confusing at best. Therefore. this term will be dropped. in favor of T, the toughness, which
may or may not be constant (Mai and Law.n. 1986; Lawn. 1993. Coole. et. ul. 1987). Several toughening
mechanisms which give rise to T-curve behavior will now be discussed.

Transformation Toughening,

Transtormation toughening is one of the most well-studied and effective toughening
mechanisms in ceramics {Science and Technology of Zircomsa. Vul.'s I - [V; Garvie. 1975; McMeeking & Evans.
1982 Green. et al.. 1989]. Nearly all transfonmation toughening research (in ceramics) has been
conducted on zirconia materials. In pure form. zirconia is tetragonal above ~1000° C, and
transforms (o a monoclinic structure below that temperature (Subarao. 1981). The transformation is
martensitic. and is accompanied by a volume expansion of about 4%. and shear strain of about
7%. By adding sulficient amounts of a suitable dopant oxide (such as MgO, Y.0,, or Ce0,), the
tetragonal phase may be retained in metastable t'ohn at low remperatures. It is then possible to

force the transtormation to occur under the intluence of an applied stress. especially in the highly

9
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and Evans. 1982). The toughening increment provided by the transformation zone depends on the
volume fraction of transtorming phase, the transtformation strain, the width of the transformation
zone, and the critical stress required for transformation,

Two classes of transformation toughening materialg may be identitied. The first, 'partially
stabilized zirconia® (PSZ), consists of cubic grains of zirconia, which contain tetragonal zirconia
precipitates. It is the precipitates which transtorm under applied stress. The most common
example of PSZ useg MgO as the stabilizer. The second class, ‘tetragonal zirconia polycrystals’
(TZP). consists cntirely (or nearly so) of tetmg(_)nal grains, and whole grains transform to
monoclinic. In TZp materials. typical stabilizers are Y,0, or Ce0,. A common variation of TZp
is the incorporation of tetragonal zirconia particles into a matrix of different material, such as
alumina (this material is often called ‘zirconia toughened alumina’. or ZTA).

Microcrack Toughening.

A different toughening mechanigm which operates in essentially analogous manner to
transformation loughening is stress-induceq microcracking. Microcrack toughening may arise in
single phase maierialg having thermal expansion anisotropy, or in multiphase materialg possessing
thermal expansion mismatch between the constituent phases. The pre-existing, localized thermal
expansion stresses act in concert with an applied stress to produce microcracks in the frontal zone
of a crack tip. As the main crack grows through the frontal zone. the 'microcrack cloud’ extends

along the walls of (he crack, similar 1o g transtormation zone. [ the microcracked material
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experiences a dilational strain (and the microcracks remain open). a residual compression acts
along the crack wake. providing a closure stress to the crack tip. The increment of toughening
depends on the microcrack density. the width of the microcracked zone. the residual strain in the
wake zone. and the critical stress required for microcrack initiation. Little evidence exists for
microcrack toughening in single phase ceramics (Swanson. et. al.. 1987; Lawn. 1991): but this mechanism
has been reporied 0 operate in several two-phase materals, such as alumina containing
unstabilized or metastable zirconia (Ruhle, et. al.. 1986), other zirconia - alumina COMposites (Lutz. et.

al.. 1991), a borosilicatc glass - alumina material (Faber. et. al.. 1988), and in SiC-TiB, composites

(Magley & Faber. 1989),

Grain Bridging.

T-curve behavior can be induced through the restraining influence of intact grains bridging

| the crack walls. Two different explanations may be oftered to account for grain bridging. One

was offered by Swain (1986), Vekinis. et. al. (1990), and by Roedel, et. al. (1992). These researchers
observed bridging ligaments, spanning the crack faces behind the crack tip, and explained the
restraining forcc associated with these bridges on the basis of elastic defonnation. The bridges
deformed clastically, and were able to continue suppomring a portion of the applied load.
cttecrively reducing the crack tip loading. The second explanation describes the trictional sliding
of bridging grains being cither pulled out of their sockets in the surrounding matrix. or being
simply interlocked mechanically across the crack faces. and sliding against the mating surface as
the crack opens up (Swanson. et. al.. 1987; Cook. el.‘al.. 1987; Bennison & Lawn. 1989). This frictional sliding
produces a closure siress. opposing the crack-opening applied stress ficld at the crack tip. The
mechanics of frictional grain bridging will be considered in part D of this section.

Grain bridging was firmly established as the primary toughening phenomenon occurring

in alumina matcrials by Knehans and Steinbrech (1982), and Swanson. ¢r. al. (1987). Knehans and
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Steinbrech devised an cxperiment which clearly demonstrated that the T-curve of dumina wag
denived from processes occurring in the crack wake. They grew a stable crack. monitored 3
portion of the T-curve. and then haited the test. Then. they sawed through the crack wake, taking
care not to cut through the crack tip itself. Upon reloading, the T-curve immediately reverted
back to its initial level. and rose again with the same shape as before, rather than simply
continuing from where i left off, Although this proved the importance of the crack wake. it did
not establish the operariv¢ toughening mechanism, ag microcracking is also a wake-dominated
toughening phenomenon. Microcracking remained as 3 possibility until the in situy crack path
observations of Swanson. er. al.. (1987 who monitored the crack-microstructure interactions
occurring in the wake during slow. stable crack growth in alumina. Subsequent in siry work
conducted by the NIST group, headed by B. R. Lawn, and by the Dortmund group, headed by R.
Steinbrech. on various aluminas and composites of alumina plus aluminum titanate, has established
unambiguously that the mechanism responsible for the toughness in these materials is grain
bridging. and not microcracking.

The essential feature of grain bridging is frictional sliding.  Similar bridging behavior
occurs with second phase particles. such as whiskers, platelets, or short fibers. Continuous tiber
reinforced materials also exhibit the same basic behavior. with fibers pulling out of the matrix in
the crack wake and thereby providing closure stresses t0 counteract the applied tension (Marshal

& Evans. 1985; Lawn. [993),
C . T-Curve Modeling.

The essential fcature of the T-curve mechanisms described above is the presence of
closure stresses acting in the crack wake. If these closure stresses can be quantitied. then a stress
intensity factor description of the driving force for crack growth may be defined. In this manner,

itis possible to mode! or define the crack growth resistance properties of the material. its T-curve.
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A stress intensity description for crack growth may be developed in analogous fashion to
Griffith’s energy balance. At equilibrium. the driving forces for crack growth are equal to the
torces resisting crack growth. that is

ZX(c) = ZT(c) (8)
The crack driving forces will generally be known, as they derive from external loading (and from
internal loading. in the case of an indentation crack). The T-curve function. T(c). consists of the
material's infrinsic resistance to crack growth, T,, which is independent of crack size. and any
other miicrostructure-associated toughening mechanisms. T, represents the resistance to the
material separation process occurring at the tip of the crack. and is therefore related to the surface
cnergy. Other toughening mechanisms. such as grain bridging or transfonmnation foughening, are
seen as contributing a crack-growth-resisting stress intensity factor to T(c). rather than as
im()difying T, (Mai & Lawn. 1986; Maj & Lawn. 1987; Cuok. et. al.. 1987;Lawn. 1993). Any such resistance
terms are labeled T,(c). and the equﬁlibn‘um condition may be redefined as

K(c) = T, + T,(c) = T(c) ©)
Modeling of the T-curve thus consists of specifying T,(c). It should be noted that T, = -K,. s0
that in order to obtain an increasing T-curve function. K,(c) must be either positive and
decreasing, or ncgative and increasing. The mechanisms considered above are all examples of
negative increasing K, functions, as they consist of residual closure (compressive) stresses acting
in the crack wake.

The T-curve modeling of grain bridging in aluminas will now be considered in some
detail. The weight of cxperimental evidence indicates that bridging grains are distributed more
or less randomly throughout the wake zone, and that they provide closure stresses (0 0ppose crack
growth. The crack wake thus contains a distribution ol discrele closure stresses. It should be

possible 10 simply sum up the closure stress intensity contributions from the individual bridges.
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and thereby obtain T,(c). The solution becomes unmanageable. however. as the number ot bridges
increases. Therefore. the discrete bridging torces arc replaced by a continuous closure stress
distribution. acting over the crack wake. The Stress intensity factor solution for a (penny-shaped)

crack containing such a wake zone is given by (Tada. et. al.. 1985; Cook. et. al.. 1987

dr (10)
(CZ_’.Z)I/Z

T, = -K - (CJ’IE) [otr

Thus. specification of T,(c) requires knowledge of the closure stress distribution function, o(r).
Such knowledge does not exist. However, the experimental observations of Swanson provide
insight into the general form of a closure stress - crack opening displacement function. o(u). The
developers ot the bridging theories (Mai and Lawn (1987). Cuuk. et. al. (1987). Benntson and Lawn (1989
therefore clected to describe T, using a o(u) function instead. and (assuming an unperturbed crack

opening displacement profile) made appropriate substitutions into Eq. 10 to give
T, - -k - & [ owdu (11)
[ [ ]‘;

The o(u) function for bridging processes generally rises from zero at u=() (i.e.. at the crack tip),
increases o a maximum, 6*. at some point behind the crack tip, and then gradually decreases to
zero as the bridges slide toward disengagement at a critical half crack-opening displacement, u*.
The in situ work (Swanson. et. al.. 1987 Swain, 1986) indicated that grain bridges remained active over
large distances behind the crack tip, and it was therefore assumed that ihe stress-separation
function was tail-dominated. The o(u) function could therefore be described by a relation of the
lollowing form:

o(u) = o*(1 - u/u*™ (12)
tor O<usu*. Several values for the exponent m were considered, and eventually m = | was

chosen. The value for m influences the shape of the decreasing tail of o(u), with m = |
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representing a linear decrease in ¢ with u: m = 2, 4 parabolic decline: and m = (., a constant

valued closure stress. The fits provided by the bridging theory were not very sensitive to the
value of m. however (Mai and Lawn 1987; Cook. et. al. 1987).
This model was ornginally used (Mai and Lawn. 1987) 10 describe the directly measured
(DCB) T-curve of approximately 20 um grain size alumina, reported by Swain (1986). Unknown
parameters in the above equations were treated as adjustable variables in computer fitting of
Swain’s experimental toughness curve. Reasonable fits to Swain’s data were obtained. Shortly
afterwards. Cook. et. al (1987), extended the model to allow for the description of indentation
strength behavior. In so doing, it became possible to extract the T-curve from the experimentally
measured indentation strength data. This was accomplished by incorporating the residual stress
intensity field. K., associated with the indentation zone (Lawn. Evans & Marshall. 1980) into the applied
,. stress intensity factor ol Eq. 9. The equilibrivm condition then becomes
K,(c) = wo,c'® + XPc® =T, + T,(¢) = T(c) (13)
This cquation is rearranged and solved to obtain &,(c), using calculated values for T,(c) from Eq.s
Il and 12. and with T, as an adjustable parameter. The instability condition. dK/dc > dT/dc.
corresponds to the maximum in mé ©,(c) tunction. Thus, the T-curve used in calculating the o,(c)
function predicts the strength for any given indent load as the maximum in o,(c). After the
indentation strengihs arc calculated by the T-curve model. they are compared to the experimentally
measured values. Then. the adjustable parameters characterizing the T-curve are incremented. and
new strengths arc calculated until a good match between predicted and measured strengths are
obtained. The T-curve which produced the best fit to the strength data is then identified as the
T-curve for the material. Using this procedure. Cook, et. al.. obtained good fits to the indentation
strength data for a range of alumina, glass ceramic. and barium titanatc materials.

The successtul application of these initial bridging models was cncouraging, but could
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be viewed as a starting point for turther refinements. The model was able 1o produce reasonable
values for the maximum closure stress. 6*. the crack opening displacement corresponding to
bridge disengagement. u*. the intrinsic toughness. T,, and the peak. stcady state toughness, T._.
However, a strong element of empiricism remained. as the factors conrrolling 6* and u* were left
unknown. Without such knowledge. materials processors wouid be lcft with no guidelines for
producing optimally toughened ceramics. This issue was addressed in the next modification of
the T-curve model. by Bennison and Lawn (1989),

Bennison and Lawn explained the origin and development of the bridging stresses, based
on frictional pullout of the bridging grains from their sockets in the surrounding matrix. Bridging
grains were considered to be clamped into the matrix by localized. residual. thermal expansion
mismatch stresses.  When u crack intersects a potential bridge, the bridge matrix interface
debonds. and as the crack continues to grow (crack opening displacement increases), the debonded
bridge begins 1o pull out of the matrix. The clamping stresses lead to considerable sliding friction
accompanying this pull-out. which gives rise 10 a closure stress. The Bennison-Lawn model
employed the same basic form for the o(u) function as the previous models: the key difference
was that their model went one step further by assuming the Jorm of o*, the maximum closure
sSLress.

O* = (UOgAu*/d)(2d*/P-1) (14)
where p is a friction coefficient. Or is the localized residual clamping stress. A is the
circumferential distance around the bridge at the debonding interface. d is the bridge spacing, and
[ is the grain size. In the earlier models. o= was treated as a simple adjustable parameter in
computer fitting of the experimental data. The Bennison-Lawn model accounted for the
microstructural variables which control the closure stress term. Thus. in theory, once they

determined the values of the controlling microstructural variables. p, Og, and u*. then the T-curve
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(and strength) could be determined as a function of grain size. grain shape. sccond phase
additions. ctc. These microstructural differences manifest themselves as changes in the bridging
peak closure stress term. 6*, and/or in the critical crack opening for bridge disengagement. u*.
In the previous model. these terms would have 10 be evaluated anew whenever the microstructure
was altered.

Some observations on the influence of microstructure on the closure stress are in order.
Close examination of Eg.s 12 and 14 indicates that the peak closure stress does not change with
grain size (A = 4/ for idealized grain of square cross-section: and u* o< /. see Bennison and Lawn,
1989). The critical crack opening required for bridge disengagement. u*, doés change. Thus, for
increasing grain sizes. the bridging closure field is seen to operate over larger distances behind
the crack tip. resulting in enhanced toughness for larger grain sizes. The peak closure stress does
éhzmge with grain shape. however, increasing in magnitude as the grain aspect ratio increases.
The o* also increases with fricion coefﬁéiem, . and with the residual clamping stress, Og. This
last term is controlled by thermal expansion mismatch. and can thercfore be altered through
processing. For example. by adding appropriate second phase additions. the internal residual
thenmal expansion mismatch stresses can be controlled. This explains the rationale behind adding
aluminum titanate (Runvan & Bennison. 1991; Padwre. 1991 Russo. et. al.. 1992), mullite (Stwast. 1991; Khan.
unpublished), Or various grain boundary glass phases (Padwge. 1992) 10 alumina. Clearly, the model

of Bennison and Lawn provides the processing engineer with valuable guidelines for improving

strength and toughness.
D. The Indentation-Strength-in-Bending Test (ISB).

There arc many ways to characterize strength and toughness. The indentation strength test
provides a means 1o characterize both. has many advantages over other techniques. and was

consequently used to cvaluate the materials of this work. With the ISB test. the location, size and
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shape of the l'raclure-producing flaw are controlled. by indenting the center of the prospective
tensile surtace with a Vickers diamond indenter. By varying the indentation load. a wide range
of starting crack sizes can be produced. Subsequent bend testing - 3 or 4 point bend bars. or
biaxial flexure disks - provides strength data as a function of the indent load ‘(or. inidal crack
size). By essentially providing strength as a function of crack size. the two main variables
required to describe stress intensity, the ISB test may be used to determine T-curve properties.

First consider the cracking behavior produced by the Vickers indenter. The possible
cracking pattems which may evolve during or after indentation are illustrated in Figure .1 (from
Cook and Pharr, 1990), Although it is usually assumed that the Vickers flaw has half-penny shape
(i.e.. semi-circular), Fig I. | indicates that the true crack shape is not always so simple. The actual
shape. and the sequence of crack growth during the indentation loading-uhloading cycle varies
trom material 1o material, and are largely dependent on the ratip of Young's modulus to hardness,
E/H. Nevertheless. the half-penny shape has been assumed for this research, and the mechanics
of this flaw system will now be discussed.

The driving force for half-penny crack growth arises from the elastic-plastic mismatch
strain between the plastic deformation zone under the indent impression and the surrounding bulk
of clastic material.  The volume of material displaced by the hardness impression is
accommodated by plastic deformation in a zone undemeath the impression. which is resisted by
the elastic bulk. The indentation system may therefore be modelled as an expanding cavity,
having as the key fcature a residual tensile stress field surrounding the indent. distributed as 4
hoop stress which decreases in magnitude with (distance from the indent)™, Half-penny cracks
nucleated in this residual stress field are driven by the residual stress intensity factor, given by

K, = xPc*? | (15)

where y is a constant (=E(E/H)"?). p g indentation load. and ¢ is the initial crack size produced
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Figure I.I. The various types of cracks which may be observed at a Vickers indentation site
(from Cook & Pharr. 1990).
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by the indent of load P. Under extemal loading, as in g strength test. the residual field is
augmented by the applied field. producing a net applied stress Intensity factor for crack growth,
K..

Ki=K + K = yo ' + xPc? (16)
As mentioned in the previous section. the crack is in equilibrium when K,=T(). Fora material
of constant toughness. T, (i.c.. T, =0), instability (tracture) occurs when dK,/dc > dT(c)/dc = (),
This instability rclation may be solved for ¢ to obtain the crack size at fracture, by substituting
the applied stress at equilibrium for o, (j.e.. set Eq. 16 equal to T, solve for G,). This operation
demonstrates that the crack size ar fracture is ~2.52 times ag large as the initial crack size,
indicating that the residual field of the indentation exers a Stabilizing influence on crack growth
(positive decreasing). That final crack size may then be substituted for ¢ in the equilibrium
equation (sct K, = T,). to solve for the fracture stress:

Or = (3/4y)(T,)*"(4y Py (17)
This gives the often statcd p*3 dependence of strength for materials having a constant toughness.
Typically, indentation strength data are plotted in terms of log o, vs. log P. such that a constant
toughness material will cxhibit 3 linearly decreasing strength response. with slope -1/3. for
increasing indent loads,

There arc two commonly observed departures from the linear -1/3 strength response. The
first appears as a llattening out of the curve at small P, tending toward an upper plateau of nearly
constant strength. This is termed ‘flaw tolerance’, as the strength in this region is independent
of the starting indentation flaw size. Flaw tolerance is indicative of a non-unique toughness. i.e.
T-curve behavior. The stronger the T-curve, the flatter the strength response becomes. This
behavior will be explored in greater detail in the T-curve modeling section (Section V). For now,

it should simply be noted thar the indentation strength test provides a means of qualitatively
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assessing T-curve behavior.

The second deviation from the P"” strength response occurs in the large P region, and is
caused by lateral cracking (Fig. 1.1). Lateral cracking reduces the driving force for half-penny
crack growth during indentation. resulting in smaller indentation crack sizes. and ultimately
leading to inflated strength values (compared to what would be expected in the absence of lateral
cracking). Cook has described the effect of lateral cracking as a reduction in the ¥ term of Eq.
15, as follows:

¥ = XS/ (1+P/P) (18)
where ¥, is the unmoditied y tern (obrained in absence of lateral cracking), and P, is the indent
load “characterizing the onser of the reduction in the residual field by the lateral crack influence’
(Cook. er. al. 1990). Latcral crack development. Ly, may be evaluated empirically using the relation,

Ly = QV+RY/12 (19)
where V is the number of Vickers indent quadrants containing lateral cracks. and R is the number
of lateral crack chips removed. Thus, an indent containing lateral cracks in each quadrant, but
no chips removed. has an L, = 0.67. Cook. et. al.. estimated that the lateral crack influence
becomes significant when Ly, ) ~67%. and when P/P, =0.01. and therefore suggested that P. may
be estimated by P_ = 100xP(at which Ly = 0.67). Their data may actually suggest a relation
closer to Py= 10 or 20 times the load for Ly = 0.67, however. The P, term may altemnately be
estimated by fitting the indentation crack length data to the relations (Cook. et. al.. 1990)

co = (PPN 1+P/P) P (20)

¢, = (XoPYTo)™ @n

The primary significance of lateral cracking is that it produces arificially inflated
strengths. and may thercfore lcad to inflated toughness values. If T-curve modeling is to be

atempted based on indentation strength data, the lateral cracking influence must be assessed and




incorporated into the fracture mechanics formulation, via Eqg. 18 above.
E. Literature Review: Laminated Composites and Other Layered Microstructures,

In the late 1960°s. Pay) Gutshall and Gordon Gross (1968. 1969) of Midwest Research
Institute observed that the fracture energy of alumina incregsed with increasing grain size, and
noted that such an observation fan counter to conventional wisdom. It had generally been

accepted that the strength of alumina. indeed all brittle ceramics, decreased as the grain size

relation could be explained in either of two ways: (1) the strength wag greater for fine-grained

materials because they had inherently smaller tlaws: or (2) the strength of the fine-grained materiaj

transgranular fracture increased with the grain size. To Gutshall and Gross. the Coarse-grained
alumina was rougher simply because it forced the crack to Propagate through the grains rather than
along the grain boundaries, which were inherently weaker duye to the inevitable presence of grain
boundary impurities used as sintering aids. Although their accounting of the reasons behind the
observed toughness-grain size relation talls clearly short of today's generally aceepted view (grain
bridging, with crack wake cttects and T-curve behavior), these researchers nevertheless understood
that their discovery could be exploited through intelligent microstructural design. They suggested

that a fine/coarse structure might result in ‘optimum strength’. A fine-grained surface region




would reduce the critical flaw size in the highly stressed surface. which would provide increased
resistance to initiation of crack growth: and the coarser interior would then provide increased
resistance o propagation of the crack.

It should be noted that Gutshall and Gross made no mention of crack wake effects or T-
curve behavior, nor did they discuss the possible effects of stable vs. unstable crack growth.
Importantly, they also did not discuss any need to control the thickness of the fine-grained surtace
region.

Following Guishall and Gross. Mistler (1973) produced tape-cast. trilayer aluming materials
having a fine-grained surtace layer and a coarser interior. The grain sizes were controlled by
addition of impurities. The surface material employed any one of several grain growth inhibitors
(e.g.. talc. or MgQ). while the interior material contained a grain growth enhancer (e.g., MnO. or
Ti0,). Composites processed in this manner possessed a surface region having about one half the
grain size of the interior material. but Ame actual grain sizes were very small. Average surface
grain sizes were 0.78 pum, and average interior grain sizes were 1.48 pm. The strength of these
composites (~119 ksi) were compared to the monolithic base materials, and the composites were
found 10 have strengths ~20% greater than the surface materiad (100 ksi), and ~65% greater than
the interior material (72 ksi). Mistler conciuded that he had successtully exploited the "Gutshall-
Gross mechanism’, and received a patent for his efforts (1972).

There are threc important points that should be made concerning Mistler's work. First, like
Gutshall and Gross. Mistler did not address the question of the necessary thickness of the surface
material. The surface layer thickness in his composites was about 127pm. but no rationale for that
value was provided. Second. he explained the improvement in the composite sirength on the basis
of the grain sizc diffcrence between surtace and bulk. As mentioned above. that grain size

differcnce was rather small.  Although he did mention the possibility that the improved strength
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could have been caused by a difference in thermal €xpansion between surface and bulk (resulting
in residual compression in the surtace). this explanation wag clearly given less credence than the
grain size difference. However., thermal expansion mismatch stresses (caused by the conceniration

differences between surface ang interior materials) seemn much more likely to explain Mistler’s

for aluminas of different grain sizes, but they tested a much wider range of grain sizes (10 pm,
30 pm. and 45 pm). Mistler noted that there "did nor ppear to be a good explanation for the
increase in sirength” of the composite. compared to the monolithic surtace material. This was
true; there was no reason to expect the strength of his composite to be greater than that of its base
materials. unless residual stresses were present. If it may be assumed that the strength of

Mistler’s fine-grained materials was controlled by natural flaws. which would be of about the

composite in any way.
Mister's work should more properly be classified as g residual surface strengthening
technique. There arc many ways to impart a layer of compressive residual stress to a material’s
surtace. which would then tbunteract an applied tensile stress, thereby im proving the strength and
damage resistance of the material. Throughout the 1960°s and 1970°s, Kirchner. er. al., examined
Wdys 1o produce alumina materials having a layer of residual surface compression. They
successtully improved the flexural strength of alumina by allowing solid solution dopants (notably
Cr0.) 10 diffuse into the surface during a high temperature anney|. When a solid solution has

& lower thermal expansion than the unmodified interior, the surface region will be left in 2 state
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of residual compression upon cooling. (Observe that this technique 1s quite similar. in etfect. to
Mistler’s. although the procesing routes were different. )

In similar fashion, Kirchner. er. al. (1971, modified the surface region of alumina through
high temperature reactions with packing powders. to form second phase particles of lower thermal
expansion (such as mullite. or various calcium aluminates). In addition to the lower thermal
expansion. these second phases experienced substantial volume expansion upon formation. which
could have further enhanced the residual compression. provided those stresses were not relaxed
by plastic deformation before cooling. Both techniques were able to increase the strength of the
alumina. anywhere from 14% to about 65%.

Kirchner and Mistler both measured the flexure strengths of unindented bars. and therefore
their knowledge of the strength response was liminted 10 a narrow range of (small) flaw sizes.
' This made it more difficult for them to assess the etfect of the surface layer on strength and
toughness. Indentation strength Kestmg provides a means for separating the effects of residual
surface stresses from the ‘Gutshall-Gross mechanism'. Of course. the indentation strength method
had not yet been developed. but the main point is that their incomplete knowledge of strength
properties prevented them from fimly establishing a mechanism for the observed behaviors, and
, from detenmining an optimum thickness for the surface layer. Kirchner recognized this, stating,

a rational basis for determining the optimum thickness of compressive surface layers is
not available at present. It is clear however that the compressive surface layers should
be thicker than the flaws expected from abrasion.... On the other hand. the compressive
surface layers should not be so thick that they result in substantial tensile stresses in the

core.
This statement represcnied the extent of concern over surface layer thickness. and it indicates that
they were not considering the possibility of stable crack growth. assuming instead that all fractures
were of the classical Griffith characier - unstable. with cracks failing spontaneously from their

initial configurations. It is now recognized that an abrasion flaw only represents an inizial size.



In recent years, Virkar & Cutler, er. qf., (Virkar, et. al.. 1987; Cutler. er. al. 1987; Hansen, et. al., 1988) have
developed trilayer composites which take advantage of zirconia transformations in the surtace.

The transtormations are achieved in g different manner than was described above, and this allows

AZI5 surface layer.

Using thig technique. Virkar, ¢r, al.. fabricated trilayers having surface layer thicknesses
of 375 um. 75() im. and 1500 pm.  Since the total thickness was Kept constant. the Surface
residual stresses decrcased as layer thickness increased. Residual compression values were
determincd 10 be 596, 477. and 238 MPa. respectively. Composite strengths were consistently and

substantially higher than thar of the base materialg (up to a 70% increase). However, the strength
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behavior as a function of thickness showed an unexpected trend. Strengths increased with
increasing surface layer thickness. Since residual compression decreased with increasing
thickness. the resulis were unexpected and surprising.  This was explained on the basis of the
bending stress profile. Fractography revealed the presence of gross voids in the bulk material.
from processing. Fracture was seen to originate from these flaws. which were located far enough
away from the surface so that the measured strength was etfectively increased over that of the
monolithic bulk material. As surface layer thickness increased, these flaws were pushed further
in toward the neutral axis, resulting in further increases in the measured strengths. In subsequent
work. they were able to improve the processing to produce surface material - controlled fractures.
which lead to the expected strength-thickness trends (i.e.. composite strength increasing as layer
thickness decrcased. and residual compression increased).

Virkar's group also examined the indentation strength response of these materials. The
composites maintained their strength ixﬁpmvemem compared to the base materials all the way out
to P = 1000 N. which was the largest load tested. In addition. the composite displayed a relatively
flat indentation strength response. indicative of significant flaw tolerance. This flaw rolerance was
a direct result of the compressive stress. which caused the indentation crack sizes to be much
smaller than they would have been in the absence of the residual stress. The residual compression
also counteracied the applied stress. resulting in an increase in apparent toughness. A compressive
surtace layer imparts flaw tolerance by providing a stabilizing influence on crack growth.

Virkar, er. al.. also measured the strength as a function of temperature, and found that the
composites maintained their strength advantage at temperatures as high as 750°C. (Beyond that,
the sirength rapidly decreased. due 1o reverse transformation of the monoclinic zirconia back to
tetragonal.) This was scen as an encouraging result, and they proposed their composite strategy

as a high temperature strengthening mechanism. Residual compression introduced by their
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technique is morc thermally stable than compression resulting from thenmal expansion mismatch
(as in Kirchner's work), because the mismatch stresses decrease as lemperature increases,
Similarly, grinding-induced residual compression can be relieved at high temperature.

F. Tape Casting

Tape casting is a processing method in which a wet slurry is cast onto a flat sheet and
made to pass undemeath a doctor blade in order to control the thickness. Through tape casting,
it is possible to create large areas of thin ceramic sheets. having well controlled thickness and
surface roughness. The slurry consists of the ceramic powder. suspended in a solution of solvents,
polymer binders. plasticizers. and dispersants. After casting. the solvents evaporate, leaving
behind a powder compact which is held together by the polymer binder. What follows is a brief
cxplanation of the roles of the various slurry constituents. and a discussion of casting variables .
or problems having panicular relevance to this research.

The solvents may be either organic or aqueous. although use of organic solvents is more
common. The solvent simply provides a vehicle for mixing and dispersing the other constituents.
Thus. the binder. plasticizer. and dispersant must be soluble in the solvent. but the solvent should
not react with the powder (Roosen. 1988).

The binder is used 10 hold the dried tape together. and must provide enough strength and
llexibility to allow casy handling of the green tape. In addition. the binder should have a low
glass transition temperature, to allow ease of lamination. The amount of binder is important; as
little as possible should be used. In the tape casting literature (or. the paints literature) the concept
of a critical powder volume concentration, CPVC is described (Patton. 1979: Rovsen. 1988: Castells. et
al. 1983; Bierwagen. 1972; Hegedus & Eng. 1988). The CPVC i the powder volume fraction (volume of
powder/ total volume of non-volatiles) at which the binder just fills the voids between the packed

powder particles. If the tape contains less powder (or. more binder) than the CPVC, there will
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be excess binder between the powder particles. That excess binder bumns out upon firing, leaving
behind void space and resulting in a decreased green density. If. however. the tape coniains more
powder (or. less binder) than the CPVC. there will not be enough binder to fill the voids between
the particles. and the green strength will decrease.

The plasticizer increases the flexibility of the binder. and thereby. of the green tape as
well. It may also aid in dispersion of the powders. The dispersants prevent the powder particles
from agglomerating in the slurry. and are therefore of critical importance in producing a
homogeneous. well mixed slurry.

Three of the many potential problems which can occur in tape casting have special
relevance to this research: Benard cells. preferential setting. and agglomeration. Benard cells are
a pattemn of circular or hexagonal cells which may form on the surface of a drying tape (Patwon.
1979; Nylen & Sunderland. 1965; Van Lou. 1956). The cell structure arises from vortex flow of the solvent
during evaporation, caused by !oczm'zed variations in surface tension. Since the ceramic particles
are swept along in the vorex currents, this vortex flow changes the distribution of the ceramic
particles during drying, leading to inhomogeneities in the dried tape. These cells remain after
sintering. and thercfore may affect the final microstructure of the body. Figure 1.2 shows Benard
cells in some of the initial tapes produced for this project. In the fired microstructure, the
inhomogeneity associated with Benard cells may show up as pockets of partially sintered powder
aligned along the original layer interfaces, as seen in Figure 1.2, If the condition of these
interfaces is poor cnough, substantial amounts of delamination may occur during fracture,
potentially giving risc 10 incrcased toughness (Clegg. 1990) or. more likely, leading to reduced
strength (M. D. Stuart. unpublished work).

Pretereniial scutling is a phenomenon which may occur in drying tapes containing more

than one kind of powder. If there are size or density differences between the powders, one species
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(@) (b)

(© (d)

Figure 1.2. Benard cells (general pattemn of mottled contrast in (a)) in the green tape may lead
to pockets of incompletely sintered powder aligned along the original layer interfaces (b) and (c).

These, in turn, may result in weak interfaces, causing delaminations to occur during fracture, as
shown in (d).
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Figure L3. Fraciure surface showing the full cross-section of ALO. : ALO, + _12 vol.% Zr0,
laminated composite. This composite consisted of four layers of the AZ12 sandwiched berween
three layers of undoped alumina on either side. Al center. (he four AZ12 layers are shown 10 be
generally brighter than the undoped alumina layers to the left and right.  Within the central AZIIZ
;cm’on, x.hcrc‘;u'c four narrow bands ot much greater brightness. These bright stripes arc zirw_ma:
;m?l they tormed as a result of preterential settling of the zirconia particles during drying of the

ds-cast tape.




may scitlc more toward the bottom of the tape. Figure 1.3 shows preferential settling of zirconia
in an ALO, + 12 vol% Zr0, muitilayered body. Such ross macroscopic inhomogeneity is
generally avoided (although it could conceivably be expioited to produce unusual microstructures).

Agglomeration is simply the clumping together of particles in the slurry. If uniform.
homogeneous microstructures are desired. agglomerates must be eliminated. According 1o
Tonney. dispersion of a powder in liquid occurs in three stages. First. the liquid wets the particle
surtaces. Second. in order to achieve complete wetting, mechanical breakdown of agglomerates
is required (usually accomplished by ball milling). Finally, continued. stable dispersion of the
powder requires rcpuisive forces between the particles. otherwise they will constantly re-
agglomerate. Providing those repuisive forces is the function of the dispersant. and the forces may
anse from cither of two mechanisms. In polar solvents. the dispersant normally works by
clectrostatic repulsion. involving charged layers of adsorbed ions (Lewis. 1961; Mysels, 1959; Tadros.
[984; Sato & Ruch. 1980: Reed. 1988). A different mechanism is required for nonpolar solvents.
however, and dispersion in these systems is achieved through 'steric hindrance’ (Lewis. 1961; Tormey,
1984 Napper. 1977; Sato & Ruch. 1980; Tadros. 1984). This requires the adsorption of long chain polymers
onto the powder sur.t'zlccs. which prevent the particles from approaching too closely. When two
particles do approach cach other. interpenetration and compression of the adsorbed polymer chains
can oceur. resulting in "a loss of configurational cniropy per adsorbed molecule. and a
corresponding incrcase in the free energy of the system, which leads 10 a steric (entropic)
repulsion’ (Tormey. 1984). If, however. a non-uniform, heterogeneous microstructure is desired, then
the tape casting operation is made much easier, simply by allowing the particles to agglomerate.
Producing heterogencous microstructures in this manner has some advanrages over the method of
Padture (1991), Stuart (1991, and Claussen. No pre-mixing of powders is required. and there is

no nced 1o use spray-dricd agglomerates,




[I. STATEMENT OF PURPOSE

The previous section described various strategies for improving sirength and toughness
properties. In ceramics, high strength is not uncommonly observed (Lange. 1982: Richerson. 1982, 1992;
Tsukuma. et. al.. 1985; Chantikul, et. al. 1990. Science and Technology of Zirconia. Vol.'s [-IV: Cook & Pharr, 1992:
Lawn, 1993), provided the inherent flaws are not too large. The main problem to be overcome in
order for ceramics to be used in structural applications is low toughness. Some improvements in
toughness have been reported for ceramics. most notably in the areas of transformation toughening
(Science and Technology of Zirconia, Vol.'s I-IV; Ready, et. al. 1988; Heuer, et. al.. 1988; Yu & Sherty, 1989) and
tiber-reinforced composites (Prewe & Brennan. 1982; Zok. et. al. 1991). In non-tibrous ceramics. the most
significant gains in toughness have been produced by T-curve mechanisms. which usually have
the unfortunate. :_zccompanymg side-effect of a reduction in strength (Swain and Rose. 1986; Cook. et.
al. 1987; Heussner & Claussen. 1989; Chantikul, et. al. 1990). This frequently encountered trade-off between
strength and toughness properties (Swa;'m. 1985; Marshall. 1986; Swain and Rose, 1986) is a serious problem
in ceramics. and is the primary motivation behind this research. If the strength reduction
associated with the T-curve approaches or falls below the required design stress for a potential
application, then any improvement in toughness has been negated. Thus, 2 goal in ceramics
processing has been to produce a body possessing both high toughness and high strength. The
usual strategy involves an optimized processing procedure. designed to compromise a little on
both the strength and the toughness. resulting in acceptable levels for each. This secdon will
describe a laminated composite design. which has the potential of achieving both highest strength
and highest toughness. withour compromising either.

The design concept is illustrated in Figure IL.1. Curve A depicts the indentation strength
response for a typical low toughness ceramic. For small flaw sizes. the material exhibits a high

strength, Without a T-curve, however. this material is flaw-sensitive. and its strength falls of
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dramatically as the flaw size increases. If a T-curve mechanism can be activated, the material
becomes flaw tolerant. displaying a nearly invariant strength, as shown by material B. This tlaw
lolerance usually means an}improved strength for large tlaw sizes. but a much loWer strength for
small flaws. compared 1o material A. By placing a layer of A-type material on the top and bottom
surfaces of a B-type material. a laminated composite is produced which may possess the toughness
and flaw tolerance properties associated with the T-curve of material B. without sacrificing the
small flaw strength displayed by material A. With an optimal surface layer thickness, the trilayer
composite exhibits the best strength behavior of the two materials. as shown by curve C.

A simpie technigque may be used to estimate the optimum surtace layer thickness. The
strength curves of the two base materials intersect at a certain indent load. P. The crack size
produced in the surface material by an indent of load P, is given by Eqy. 15 -

c= (P, / T, )*?

where ¥ is a constant. equal to 0.016(E/H)'”; and T, is the constant toughness of the surtace
material. For example. using E/H = 22, T, = 2.1 MPaVm, and P, = 30N. a calculated crack size
of 105 pm is obtained. The trilayer composite would then be made such that the final fired
thickness of the surfacc layer was about 105 pm. This calculation is somewhat sensitive to the
values of E. H. and T, but if these values are not known. then the crack size resulting from P,
could simply be measured. and the surface layer thickness set to this measured crack length. It
must be emphasized. however, that this estimation of the optimum thickness provides only an
approximate guide. The flaw produced by P, is simply the largest possible flaw which (prior to
loading) is completely contained within the surface laycr. Clearly. this technique ignores crack
shape effects. and the possibility of stable crack growth.

The goals of this rescarch were the following:

(1) To produce ALO, + 20 vol.% ALTiOs materials ("AAT20") having the highest possible
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strength throughiout the entire range of tlaw sizes. using a model trilayer laminated composite
design;

(2) To evaluate the effect of surface layer thickness on the strength response of the trilayer
composifes:

(3) To model the strength. flaw tolerance. and T-curve properties of the AAT20 trilayer
composites. based on the individual T-cusves of the two base materials:

(4) To demonstrate the trilayer design concept using zirconia-based marerials of higher strength

and toughness than the AAT20 system.
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ITII. EXPERIMENTAL PROCEDURES

A. Material Details.

The main part of this work was carried out using high purnity alumina and aluminum
titanate powders. The alumina was made by Sumitomo. grade AKP-HP. with a punty ot 99.995%
and mean particle size of 0.45 uym. The aluminum titanate was custom made for this project by
Trans-Tech. with a purity of 99+%. and mean particle size of ~lum. All materials for this
research were made by tape casting. A commercial binder - solvent solution was used to make
the tape casting sturries. This solution contained the solvents. binders. plasticizers. and dispersants,
already mixed together. and was made by Metoramic Sciences. Inc. (grade B73181). The solvent
system consisted of acetone and naphtha: the binder was an acrylic polymer: and the plasticizer
was dioctyl phthalatc. Additional surfactant was obtained from MSI for use as plasticizer and
:disperszmt (grade M1114), but no information about this surtactant was available (proprietary).

Zirconia composites were also produced. All zirconia powders were made by Tosoh.
Powder grades used were‘TZ-3Y20A and TZ-12CE. The 3Y20A is a spray dried powder.
consisting of 3 mol% Y.0, - doped ZrO, + 20 wt% Al,O, as second phase reinforcement. This
powder had a high specific surface area. 17.2 m*/g. The 12CE is 12 mol% CeO, - doped ZrO..
which is a transformation toughening grade.

Additional information about equipment and suppliers may bc found in Appendix IIL
B. Slurry Processing.

Tape casting slurries were prepared inside a clean room. The slurries were mixed by ball
milling, inside high density polyethylene bottles. The milling media were 99.5% alumina rods.
(.5 in. x 0.5 in. (U.S. Stoneware Corp.. Mahwah. NJ). Both bottles and milling rods were acid washed
before using, to remove any impurities. Acid washing consisted of rinsing with trichloroethylene,

then acctone, then ethanol. then deionized water. Next. the labware was soaked in aqua regia (3:1
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HCLI:HNO.) for one hour. rinsed with deionized water. soaked in HF for one hour, rinsed again
with deionized water and dried in an oven. Slurries were cast using a laboratory scale batch-type
tape caster and drying table (TAM). on top of Mylar sheet (DuPont), which was lying on top of glass
plates. The Mylar was pretreated on the top surface with a silicone release agent.

Slurry ingredients were always added in the same order: first. the binder-solvent solution,
then the exira dispersant. then the powder. then any additional methylene chloride solvent (as
needed). Afier ball milling, a de-airing step was required in order to prevent formaton of air
bubbles in the green tape. De-airing was accomplished by transferring the slurry to a smaller
botile to remove the milling rods, and slow-rolling on the ball mill at as slow a speed as possible
lor at least 16 hours. The slurry was cast immediately following the de-airing step. It is worth
noting that no filiration step was used. The slurries produced for this research were considered
oo viscous and dried too rapidly. to allow any filtration. Important details relevant to the
processing of each kind of slurry follow.

1. AAT20) Maierials:

Homogeneous AAT20 was prepared by first ball miﬂing the aluminum titanate powder
in the full amount of binder solution for one day. Then the alumina powder was added, plus some
methylene chloride to decrease slip viscosity (to improve mixing), and the slurry was ball milled
for another two days. This resulted in an excellent dispersion of the two powders. as well as
breakdown of agglomerates. The inhomogeneous AAT20 was made by slightly increasing the
powder-10-binder loading ratio, decreasing the amount of extra dispersant added. and reducing the
milling time to a single step of six hours. This procedure resulted in poor mixing of powders and
a severely agglomerated green tape. These agglomerates were soft. and had a wide range of sizes
(occasionally as large as a few mm: such very large agglomerates were avoided in the stamping

operation).  When sintered. such a tape produced a fine-grained matrix of fairly well dispersed
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Figure IIL1. Sintered microstructures of the two kinds of AAT2(: (a) Homogeneous. as-
tired surtace: (h) Inhomogeneous. as-tired surtace: (¢) Homogeneous. fracture surtace: (d)
Inhomogeneous. tracture surtace.  All samples sintered 1600°C for 20 min.
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alumina + aluminum titanate. which contained coarse. polycrystalline islands of both alumina and
aluminum titanate. Figure [II.1 shows the microstructure of both types of AAT20.
The actual slurry recipes were as follows:
a.) Homogeneous AAT20.
50 wi% binder solution
50 wi% powdérs
Then, based on total combined weight of those, add
1.7 wt% additional surfactant
~5.0 wi% methylene chloride
So. the standard size batch used the following recipe -
: 500m! bottle, with 55 milling rods
197.4 g B73181 binder solution + 6.7 g M1114 surtaciant + 37.4 g ALTiOs
ball mill one day. then add 160.0 g ALO, powder + ~20.0 g methylene chloride;

ball mill 48 hours. transfer 10 a 250 mi bottle, and slow roll for at least 16 hours.

b.) Inhomogeneous AAT20.
47.5 wt% binder solution
52.5 wt% powdexS
Then. based on total combined weight of those,
0.4 wt% additional surfactant
So. the standard size batch used the following recipe:

178.6 g binder solution + 1.5 g surfactant + 37.4 g ALTIOg + 160.0 g ALO,

[*note - no extra methylene chloride was added)

This slurry was considerably more viscous than the homogeneous one. In fact. it

would not mill properly in the usual manner of lying the bottle on its side. These slurries were
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milled by rumbling end-over-end. at slightly lower speed than used for the homogeneous material.
It is interesting to note the reproducibility of these slurries. They were very consistently
reproducible. For this research. hundreds of samples were made from at least eight homogeneous
tapes and at least 14 inhomogeneous tapes. using three different batches of binder solution. and
two different batches of surfactant, over a period of 2 - 3 years. Green tape and slurry
appearances were very consistent, as were sintered microstructures and measured strengths.

2. Zirconia Materials:

The zirconia materials were made using the same binder solution and dispersant as the
AAT20. The relative amounts of powder. binder solution. and dispersant had to be altered.
however. The first slurries were made using the exact same recipe as for the homogeneous
AAT20. There was a considerable amount of damage evident in these samples after firing. The
damage was in the form of cracking and chipping: severe delaminations (occasionally running
completely across the sample), radial cracks originating at the edges, and randomly distributed.
finer - scale surtace cracking. Varying the binder bunout and the sintering schedules, especially
heating and cooling rates. established that these cracking problems were probably nor caused by
the firing cycle. Furthermore, observation of the sampies after bihder burnout. before sintering,
confirmed that all forms of qmcking were present, regardless of heating schedules. Thus, it
appearcd that these problems were a result of defective green microstructures.

Because both the 3Y20A and 12Ce zirconias have higher density than AAT20, using the
AAT20 recipe resulted in tapes with relatively lower powder loadings. Equal powder masses of
3Y20A and AAT20 occupy different volumes: the higher density powders (the zirconias) occupy
less volume and therefore their green tapes had relatively more binder than the AAT20 tapes did.
This cxcess binder bumed out to leave excess void space in the green body, resulting in lower

green density.  Using alumina as a reference standard, the 3Y20A oceupies 27.5% less volume,
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and the [2Ce occupies 35.7% less volume. New slurry recipes were developed, with powder
loading ratios adjusted to retlect these volume differences. Thus, the new 3Y20A slurry used
27.5% less binder solution than the original recipe: and the 12Ce used 35.7% less. These changes
were intended to retum the green density of tapes back to the level of the successtul AAT20 tapes.

The amount of surfactant was also changed. These powders were not only denser than
alumina, but they also had much higher specific surface areas (SSA). Dispersion is determined
by surface properties. so it seemed reasonable to increase the surfactant by an amount based on
the difference in SSA between alumina and these powders. The alumina had SSA = 5.7 m*/g; the
3Y20A. 17.2 m¥/g; and the 12Ce. 12.3 m*/g (numbers supplied by the manufacturers). Thus,
surfactant was increased by a factor of 3 for the 3Y20A. and by 60% for the 12Ce. These
changes greatly improved the 12Ce material, almost completely eliminating instances of
delamination. The trilayers were also much improved, but still contained occasional radial cracks,
and some delaminations between surface and bulk material. The 3Y20A material remained in bad
condition. however, with delaminations, radial cracks, and random surface cracking,

Examination of green tape, calcined. and sintered body microstructures in the SEM
revealed that the slurry processing was apparently not breaking down the spray dried agglomerate
structures in the 3Y20A. Microstructures at all three stages of processing contained roundish
agglomerates of about 10 - 20 pm in diameter, separated by regions of binder (green tapes), or
void space (calcined and sintered bodies), as shown in Figures I11.2 - 4.

In order to produce good 3Y204 materials. without further refinements to the slurry
processing. all subsequent samples were isopressed at 57 ksi (393 MPu), for | minute, following
binder burout. This isopressing step resulted in tremendous improvement in the sintered bodies.
As a general rule, the calcined bodies contained some d@xllage - delaminations. radial cracking,

etc. After isopressing, all such damage was eliminated. To illustrate how etfective the isopressing
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Figure L2, qop felt) 12Ce green tape microstructure. with well-dispersed particles: (top right)
Y20 green tape microstructure, showing agglomerates separated by binder: (bottom) calcined
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slep was in removing crack damage, consider the following example. Occasionaily, a calcined
sample would contain a complete delamination, which separated the sample into two halves. One
of these samples was pieced back together in such a way that the two halves were slightly
displaced from each other, and isopressed. After isopressing, all evidence of the delamination was
gone, except for the two halves still being displaced from each other (by about Imm). This
sample was subsequently fired, and it exhibited the same strength level as the other undamaged
samples.

C. Green Tape Processing.

After allowing the tape to dry. usually for at least one day, the tape was transferred to the
clean room for stamping of disks. Disks (1.25 in. diameter) were stamped from the tape inside
a laminar flow hood. to minimize airborne contamination. Samples consisted of between nine and
twenty individual disk layers (typically ten). Handling of the dried tapes usually introduced
significant static charge. which could be quite bothersome, especially for the thinnest tapes. In
order to eliminate this siatic charge. an electronic static Charge removal device ("X-Static’) was
used during stamping and stacking of disk layers. Tapes having thickness greater than about 70
um were easily stripped from the Mylar film: but below this thickness. a special technique was
required. A U-shaped Myﬂaur smppmg tool was made. rounded on one end and ground thinner
at the leading edge (usmg & coarse diamond grinding wheel). This tool was caretully inserted
between the stamped disk and the Mylar casting film. and slowly pushed undemeath the disk.
Normally this would cause the stamped disk to adhere strongly to the Mylar tool by static charge.
So, the stamped disk was men passed in front of the X-Static device to eliminare the static charge.

Green samples were produced by stacking layers in.a stainless steel die, with one mylar
disk on top and bottom (m prevent sticking), silicone side facing the tapes, and warm pressing at

10 ksi (69 MPa) and 75°C for 15 minutes. Warm pressed samples were arranged in 99.8%
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alumina dishes with lids. surrounded on top and bottom with sacrificial powder (alumina for the
AAT20s. 3Y20A for the zirconia trilayers and 3Y20A monoliths. 12Ce for the 12Ce monoliths).
These were calcined in an L&L turnace (Appendix I11). using the following heating schedules:
I._AAT20s: 12 hours from room temp up to 550° C, dwell for 5 hours (binder burnout)
2.5 hours from 550 to 700° C. dwell for 8 hours (calcine residual carbon)
5 hours down to room temperature
2._Zirconias: 12 hours from room up to 550° C. dwell for 5.5 hours
4 hrs, 16 min from 550 to 800° C, dwell for 16 hours
12 hours down to room temperature
D. Sintering Schedules.

Sintering was performed in air. using a CM Rapid Temp tumace. as follows:

I._AATI0s: 9°C/min to 750°C. dwell for 5 minutes

18" C/min to 1300°C, dwell for I minute
9* C/min to 1600°C, dwell for 20 minutes
33 C/min down
The high heating rates between 750° and 1300¢ C were designed to avoid decomposition
of the aluminum titanate into alumina and titania (Kato. et. al.. 1980; Thomas & Stevens. 1989). Also. the
very high cooling rate was used in order to maximize the localized residual thermal expansion
mismatch stresses (Blendell & Coble. 1982).

2. Zirconias: 5%min to 800°C. dwell for 30 minutes

-

5%min to 1500°C. dwell for 2. or 3 hours

3%min 10 850°C. 5%min down to room temperature

E. Thickness Coutrol.

The final fired thickness of the surtace layer was determined by three primary factors:
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the original thickness of the dried. green tape, the wann pressing step, and the sintering shrinkage.
The second two were cventually maintained as invariant processing steps. having known and
reproducible amounts of shrinkage associated with them. Hence, the most important variable
atfecting the final layer thickness was the thickness of the green tape. This was roughly
controlled by the doctor blade opening, using an experience-based correlation between the
micrometer setting and the dried thickness. Tape thicknesses ranged from about 35 pm to 400
pm. Warm pressing resulted in about 11% shrinkage in thickness: and sintering resulted in an

additional 20% shrinkage in thickness. Thus. the final fired thickness was approximately 31% less
than the original green tape thickness.

F. Strength Testing.

Unpolished disk-shaped samples were indented on one surface with a Vickers diamond
indenter, and the indentation sites were immediately covered with a drop of silicone oil (Dow-
Coming 704 diffusion pump oil) to prevent moisture attack. Samples were tested in biaxial
flexure within 2 hours of indenting, Testing in biaxial flexure provided two benefits. First, this
geometry was able to accommodate the slight warpage of the samples which often arose during
handling of the wanm-pressed disks. Second. biaxial flexure testing prevented fractures from
spurious edge flaws. When testing could not be performed within 2 hours. samples were stored
in a vacuum dessicator, Specimens were tested in stroke control, using a cross-head speed of
about 200 mmy/s. Al fractures occurred in 20 ms or less, and load-time traces were recorded on
a digital storage oscilloscope. It should be noted tha for the AAT20 materials. the surface and
bulk materials had the same composition. so the elastic modulj were assumed to be equal. Thus,
the strengths were determined from the maximum bending stress. at the tensile surface. (For the
zirconia trilayers, (his assumption was not valid. Nevertheless. the modulus difference between

surface and bulk in those materials was nor accounted for.) The stress equation used was given
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by Roark (1954), with a modification by Westergaard tsee Roark. 1954; deWith and Wagemans. 1989):
o = -{3P/(4n) }(X-Y)
where X = (1+V)In(R/R)*+ {(1-v)/2}(R/R)* ;
Y = (1+v){ 1+In(RgR)*} + (1-v)(R¢/R)? ;
R, = Radius of the region of uniform Loading = (1.6z°+)'*-0.675t [z=contact
radius of the loading flat]
R : R = Radius of Support circle: and specimen. respectively:

P = load ar failure: v = Poisson’s ratio; and t = specimen thickness.

For AAT20 materials. the value used for Poissons ratio was (0.233 (i.e.. the value for pure
alumina): and for zirconias, 0.3. Reported strengths represent the average value from at leaét (and
typically more than) tour samples. All broken sampies were examined with an optical microscope
1o determine whether fracture proceeded from the indent. [f not. the samples were included in the
unindented group.

G. Indentation Measurements.

Indentation impression diagonals, radial crack lengths. and lateral crack development were
measured for the AAT2() materials. using an optical microscope with digital image analysis pad
(MicroPlan I1. DonSanto Corp.). At least four indents were measured for each reported indent load. and
all measurements were made within 3 hours of indenting (except for the lateral cracks). All
measurements were conducted on broken fragments [eft over trom strength testing, on the surtaces
which had been in tension. but far away from the area of maximum stress. and far away from any
other indent (i.c. several mm). The measuring procedures follow.

I._Impression diagonals. and radial crack length. Using the digitizing pad. the distance

between any (two points in the field of view was easily measured. For a given magnificaton, a
scaling factor-was entered into the computer. Then. the starting and ending points of the crack

or impression diagonal were marked with the cursor, and the computer calculated the distance
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between them. Best resulis were obtained under the following conditions. using a Nikon optical

microscope:
a. Dark-field imaging - i.c.. the field limiting aperture closed most of the way;
b. Light intensity tumed up all the way;

Light limiting aperture opened all the way;

o

d. Polarizer out

e. Magnification as high as possible. with a field of view that includes the entire
feature of interest. This feature was kept as close as possible to the boundary between the bright
and dark fields. It was sometimes helpful to be able 1o move the (bright) field of view, without
moving the sample. This was done by pushing or pulling the rod which selects lrue dark field
imaging or brighx»ﬁeld imaging. All reported crack lengths were measured from the center of the
indent to the tip of the radial crack. No'estimate of experimental measuring error was made, other
than the following qualitative observations. As indeng load decreased. it became more difficult
to see the cracks at all. and especially the crack tips. This is primarily because the decrease in

crack length required higher magnification to view the cracks. and as the magnification was

measurements were conducted on as-fired surfaces; polishing might have improved crack
visibility). Thus. the values reporied for the lower indent loads (esp. < I0N) are considered less

reliable than the values for the higher indent loads.

2. Lateral crack development. Lateral cracking was evaluared. not really measured. The

number of indent quadrants containing a lateral crack. and the number of lateral crack chips were
recorded. Once again, dark field imaging was much better for viewing lateral cracks. however

true dark ficld imaging was used here., together with the following conditions:

& Adjustable polarizer in
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Analyzer in
.. Field aperture open all the way
Light limiting aperture ~3/4 closed

. Focus just below surtace, i.e. focus down into impression
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Iv. EXPERIMENTAL RESULTS

There have been numerous studies conducied on layered microstructures (Mistler,
Kirchner, Green, Virkar, etc.), but the ‘Gutshall-Grosg’ mechanism discussed in section I-E has
never heen successtully exploited. The original goal of thig project was to produce simple fine-
grain/coarse- grain layered microstructures our of essentially pure alumina materials, in order o

determine the effect of 4 toughness difference between the surface and interior materials. on the

processing of such a composite is rather difficult.

The many problems encountered in producing the initjg) composites were largely
responsible for the change in focus toward a fully AAT20 System. This section describes the main
results from the indentation characterizations ang Strength testing of the AAT20 materials, In
addition, the strength results from g zirconia-based, trilayer demonstration System are presented,
lethough this systemims: ﬁm been fully characterized,

A. AAT20 Materials.

L. Indemiation Measurements

Several parameters Characterizing the indentations were measured in the AAT20 materialg:

crack length dependence upon indentation load wag evaluated. Thege crack lengths were ysed in
conjunciion with e lateral crack observations, 10 modity the  term in the residual stress intensity

field of the indentation (as discussed in section I-D).
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Figure IV.1. Top view of Vickers indentation. showing the parameters which were measured in
Figures IV.2 and IV.3 below.
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Figure IV.2 shows the impression half-diagonal. a, as a function of indent load. For a
material with constant hardness, the general relation between P and a is given by
a = (P/2H)'" (24)
As seen in Fig. 1V.2. both the homogeneous and inhomogeneous AAT2() materials obey this P'?
dependence (cmpirical power law fits through the data yielded slopes of 0.53 and 0.52,
respectively), and it is therefore concluded that they possess constant hardness. Hardness values
for each material were obrained from a best fit of the experimental data to the above equation.
(The FORTRAN code used in fitting the data is presented in Appendix II.) The hardness of the
homogeneous and inhomogeneous materials was 18.0 £ 0.7 GPa. and 15.8 + 0.6 GPa.
respectively. The two materials may seem o have significantly different hardness: however, Fig
V.2 shows that the best fit to Eq. 24 for the homogeneous data (constant hardness of 18.0 GPa)
also gives an excellent fit to the inhomogeneous data. even if it was not the bess fit. Thus, for
the purposes of this research. the two materials are considered to have the same hardness.
Figure V.3 shows the measured surface traces of radial cracks as a function of indent
load. All values represent the length from the tip of the crack to the center of the indentaton.
Since a half-penny flaw shape was assumed. these surface traces were taken 10 be equivalent in
length to the crack depth. Empirical power law fits to these crack length data yielded slopes of
0.656 and 0.589 for the homogeneous and inhomogeneous A AT20, respectively. Both slopes are
less than the theoretical 0.667 slope for half-penny indent flaws in a material of constant
toughness. which may be taken as an indication that both materials exhibit some T-curve behavior
(if it is still assumed that the crack is of half-penny shape). However, it should also be noted that
a line of 2/3 slope can be forced through the error bars of the crack length data for both materials.
Lateral crack development was evaluated. and the results are presented in Fig. IV4. It

may be seen that the lateral cracking behavior was similar for the two base materials. A value
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Figure IV.4. Lateral crack development in the two base AAT20 materials. Again. note the
similarity in lateral cracking behavior.
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for P,. the indent load at which lateral crack influence becomes significant. was determined by
litting the radial crack length data 10 Eq.s 20 and 21. from Section I-D. (The FORTRAN program
used in fitting the crack length data is given in Appendix II.) The value thus determined was
2445 N. for the homogeneous AAT20. Note that this P_ is about 20 times the indent load at
which the lateral crack development factor (Lp) reaches the 67% level (this is of similar order of
magnitude as the approximate correlation between Ly and P_ suggested by Cook. er. al. (1990), i.e.
PL = 100 x Py, . 70,). Finally, since the inhomogeneous AAT20 exhibited very similar hardness,
radial cracking, and lateral crack development behavior. the same 2445 N value for P, was
assumed for this material. and also for the trilayer composites (for use in subsequent T-curve
modeling).

2. Strength Results

The main experimental strength resulis are presenied in Figures IV.5-7. The indentation
strength response of the two base materials. tested in bulk form, is shown in Fig. IV.5. The
inhomogeneous AAT20 displays extensive flaw tolerance., having a nearly invariant strength level
throughout the entire range of indent loads tested. Ag discussed in section I, this flaw tolerance
is indicative of T-curve behavior. The homogeneous AAT20 exhibits a steady decrease in strength
with increasing indentation load (Fig. IV.5), although this is not quite the “ideal’ P relation
described carlier (an cmpirical power law fit yields a slope of -0.21. including only the data
between 3 N and 100 N). This material is therefore described. qualitatively, as exhibiting limited
T-curve behavior, and this will have significant consequences for the T-curve modeling of the
trilayer composites (1o be discussed in Section V).

The indentation strength response of AAT2() trilayers was evaluated for surtace layer

thicknesses of 33, 53. 66, 104. 142, 16Y. and 188 um. As a general rule. the strength was

measured at one low indent load (3 N), and at one high indent load (100 N), in order to determine
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whether composite strength behavior was produced for a given surface layer thickness. Some
typical strength responses are shown in figure IV.6. It may be seen that when the surface layer
was too thick. the composite behaved in the same manner as the surtace material alone. On the
other hand. when the surface layer was too thin. the composite essentially ignored the surface
material and displayed the monolithic body material response. There was an optimum thickness -

104 umm - for which the composite djsplayed the high strength ot the surface material for small
flaws, as well as the high strength of the body material for larger flaws (Fig. IV.7). For clarity,
these strength data were not plotted with error bars; however., the actual strength values are given
in Table L. together with an estimate of the experimental scatter.

It is interesting to note that the optimum thickness (104 pm) corresponded almost exactly
to the crack length produced by a 30 N indentation in the homogeneous AAT20 (108um). This
was in fact the load at which the base_mazenal strength curves intersected. as shown in Fig. IV.5.
Thus. it appears that the simple approach for estimating the optimum surface layer thickness
(section II) was fairly accurate for this ma[erialvsystem.

The strength trends may be partially explained in terms of the nawre of the material
sampled by a crack (Figure IV.8). When a growing crack experiences only surface layer material
throughout its entire evolution (prior to catastrophic, fast fracture), the strength (and toughness)
will be determined solely by surface material properties. Thus. for trilayers having the optimum
layer thickness or greater. the strengths for small indent loads (30 N) were the same as the
corresponding strengths of the monolithic surtace material. Furthermore. trilayers with the largest
layer thickness displayed surface material strength cven for higher indent loads (100N). For
trilayers having a layer thickness less than the optimal value. this same argument should have held
true for the smallest indent loads ((10 N): the crack lengths produced by these indents should

generally have been contained within the surface layer (see cruck lengths. in Fig. IV3). However,
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Table I. Strengths of the AAT20 Materials

Homogeneous Inhomogeneous 104 um Trilayers
P c + (std. dev.) o * (std. dev.) G *+ (std. dev.)
ON 3048 (17.0) MPa I91.7  (14.5) MPa 298.0 (33.7) MPa
3 227 me | L. 289.7 (25.2)
5 3595 133y 2706 (4.2)
10 228.1  (19.7) 1873 (2.2) 2343 (40.4)
20 2146 (158 | 182.6 (12.7)
30 188.5 (3.8) 1949 24.3) 175.2  (10.2)
50 1706 (18.8) 19205  (12.7) 1659 (9.4)
100 146.5 (11.6) 1770 (l6.3) 166.2 (7.6)
200 1422 (10.n 1787  (20.9) 168.2 (9.0
300 136.5 ' (7.4) 163.1 (3.1) 158.2 (5.7)
500 125.8  (1.9) 167.7 (3.6) 181.2 (25.5)
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Surface Material, Monolith Trilayer Composite
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(Q MEDIUM CRACKS)

Body Material, Monolith Trilayer Composite

@ Represents microstructural elements which act to stabilize a crack

(LARGE CRACKS )

(Effect of surface layer is negligible)

Figure I'V.8. Interaction of cracks of various sizes with the microstructure in monolithic AAT20
and trilayer composites. The smallest cracks are fully contained within the surface material:
intenmediate sized cracks sample a significant portion of both surtace layer and bulk materials:
and the largest cracks are interacting alimost exclusively with bulk material.
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it was impossible to produce fractures from these small indent tlaws. because the flaws in the
underlying bulk material were dominant. Note. for example that the 33 um trilayers did not
produce any legitimate indentation-controlled fractures at small P. Indeed. it may be turther noted
in Figs. 1V.5-7 that the inhomogeneous AAT20 monoliths produced no legitimate indent-controljeg
fractures at any loads below ION. although many attempts were made at both 3N ang SN. Thus.
the trilayers having the thinnest surtace layers behaved as if that layer of surtace materiai was not
there. even though the cracks produced by the lowest indent loads were contained within the

surface layer.

At the other extreme, for the largest flaw sizes (2300N), the amount of crack surface area
contained within the surface layer was reduced. and the surface material eventually exerted an
insignificant influence over crack growth. For the largest tlaws. therefore. the composites having
I < 104um behaved Just like monolithic body materia].

For a cemain intermediate range of indent loads, the crack should intersect a significant
fraction of both surtace and bulk material. It is the bulk material which contains microstructural
clements (e.g.. grain bridges) which act to stabilize a crack, by exerting closure stresses on the

crack tip. The presence of the surface layer effectively removes those stabilizing elements from

values for the two base materialg, Although this intermediate strength behavior was not observed
in these AAT20 materials. it should be noted that the relatively small differences in strengths over
this indent load range would make experimental detection of this effect very difficult.  When
experimental error is considereq (Table 1), the composite strengths are indistinguishable from the
monolithic body strengths. for all indents greater than 3()N.

B. Zirconia Materials.
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In order 10 demonstrate the trilayer concept in a system of greater practical interest. a
composite based upon zirconia materials was designed. For the surface material, a commercially
available mixture of 3 mol% Y,0,-doped ZrO, with 20 wt% alumina as second phase particulate
reinforcement was sclected ("3Y20A’). The strength of this material has been reported (Lutz. et
al.. 1991 among the highest known values for ceramics. (occasionally exceeding 2 GPa. under
optimum processing conditions- i.e.. HIP). The material selected for the bulk was a commercially
available 12 mol% CeO,-doped ZrO, (‘Ce-ZrQ,’), which is a transformation toughening grade.
This material has been reporied to have some of the highest toughness values known for non-
fibrous ceramics (as high as 17 MPa*m'?, see Tsukuma & Shimada. 1985: Swain & Rose. 1986). Trilayer
composites based on this combination were tabricated using two different sintering schedules.

The first set of trilayers was produced with a surface layer thickness of about 140 ym, and
Qas sintered for 2 hrs at 1500°C. The original intention was to test a small number of these
composites to derermine what processing problems might arise. If there were no major problems.
then more samples were o be made with a pre-estimated optimum surface layer thickness, based
on the inersection of the base material strength curves. This estimation depended on the
assumptions made for the various material parameters (T,, E/H. P,), and ranged from about 30 to
50 pm - considerably lower than the 140 pm layer thickness of the first trial group. However, this
first antempt scemed 10 produce optimal composite strength behavior. Figure IV.9 displays the
indentation strength response of zirconia trilayers (surface thickness of 140 pm) and base
materials, fired ar 1500°C for 2 hrs. It may be seen that the composites exhibited the high
strength of the surface matenial [or unindented samples. and that the trilayer strength exceeded that
of the bulk Ce-ZrO, for larger flaws.

While these trilayer strength results were encouraging, they brought attention to two

problems. First ol all. it became clear that the simple approach to estimating the optimal surface
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layer thickness was inappropriate for these zirconia marerials, Perhaps this was to be expected:
there are significant diffcrences berween the two composite systems. In the AAT20 system. there
were no thermal or clastic modulus differences between the surface and bulk. It was an ideally
simple system. In the zirconia system,. there are both elastic modulus ditferences. and differences
in average thermal expansion coefficients. Elastic modulus differences alter the applied stress
distribution. Thernmnat expansion mismatch (for this zirconia system) would result in residual
compression in the surface layer. Both effects would be expected to influence any considerations
of optimum surface layer thickness. In addition, the large differences between dopant levels and
dopant specics between the surface and bulk materials (3Y v, 12Ce). and the presence of alumina
in the surface layer. could well lead to differences in the intrinsic toughness (T,, see Section I-C).
Finally, the micm.sﬁmcmre-associawd toughening mechanism operating in zirconia (transformation
toughening, with phasc transfonnation occurring in a volume of material ahead of the crack tip)
is different from the mechanism operating in AAT20 (grain bridging, with bridging ligaments
distributed in the crack wake). Any one of these complicating factors could influence the
magnitude of the optimum surface layer thickness.

The second issue raised by the initial zirconia strength results was that the surface material
did not exhibit as high a strength level as was expected. Published strength values for this
material. using the same firing schedule. indicated that 1300 MPa may have been possible (Lutz
& Swain. 1991). - A probable explanation for the difference was found upon examining the 3Y20A
microstructure in the SEM. Considerable porosity remained after sintcring. The shape and
distribution of this porosity seemed to indicate that the spray-dried agglomerate structures, present
in the original powder. were not being broken down during slurry preparation (Fig. II1.2 - 4),
This was confinned by SEM observations of the green tapes and calcined disks. The spray dried

agglomerates were separaied by a significant amount of binder in the green tapes, which bumed
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off during firing 10 lcave void space. It was believed that if the density could be increased, the
strength of this 3Y20A materia] (and therefore, the trilayers) could be significantly improved.

With this in mind. a new ser of zirconia materials wag sintered for 3 hrs (one hour longer
than before) at 1500°C. The strength of the 3Y20A was indeed increased. by about 150 MPa, and
some individual samples exhibited strength in excess of | GPa. New trilayers were fabricated as
well, using the same 140 um layer thickness as before, The indentation strength response of these
materials is shown in Figure [V.]0, The 3Y20A materiaj displayed improved strength for small
tlaws. while the strength level of the Ce-ZrO, bulk material remained at about the same level as
before. It is clear that the trilayer composites did not benefit from the extra sintering time; rather,
they displayed the same strength behavior as the monolithic bulk material. These trilayers had
[the same surface layer thickness as the earlier batch which displayed composite strength behavior.,
However, the microstructures were different. Not only did the 3Y20A material achieve increased
density, as desired. bui the Ce-ZrO, bulk material displayed a larger grain size (see Fig. II1.4),
which lcads 10 a greater transformability (Becher & Swain, 1992). In highly transtormable zirconia
materials. such as MgO-PSZ ang the Ce-ZrO, material considered here. transformation of the
tetragonal grains begins at stresses well below the fracture SITESS (Swain. 1985 Marshall. 1986; Swain
& Rose. 1986: Becher & Swain, 1992). [t js possible, therefore. that the strength of the trilayers sintered
for three hours became transtormation-limited. and controlled by the bulk material, despite the
higher strength of the surface layer.

It is clear that the strength behavior in the zirconigq System is much more complicated than
in the AAT20 system. and that the design of trilayer composites using zirconia materials becomes
much more complicated as well. |t Seems possible. however, that if the green microstructure of
the 3Y20A material could be improved further, such that the sintering rime could be reduced back

to the original 1500° C/ 2 hrs schedule, then the trilayer composites may display the desired
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composite strength response. That original sintering schedule produced trilayers which seemed
to show composite strength behavior. In any event. if optimum trilayer composites are to be
produced in the zirconia system. turther processing work is required.

There is an alternative explanation for the observed strength behavior of the zirconia
trilayers. The samples fired for only two hours seemed to display composite strength response,
but the strengths might alternatively be explained on the basis of elastic modulus enhancement.
If the trilayers are considered as essentially a Ce-ZrO, body, the surface layer may be considered
to effectively increase the modulus of the material. at the surface. This would have the effect of
increasing the stress which the materia] could support. leading to improvement in the measured
trilayer fracture sirengths. It should be noted. however, that the same argument applied to the
trilayers sintercd for three hours, is incapable of accounting tor the ohserved strengths. The three
hour samples did not exhibit any increase in strength compared to the monolithic Ce-ZrO,
material. even though the modulus difference was likely even greater. due to the increased density
of the surface material. Thus, while the modulus argument should he retained as a possible
explanation. and should be addressed in a more rigorous fashion in any future work on this
system. it does not invalidate the earlier clai;n that the two-hour trilayers seemed to display

composite strength behavior,
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V. T-CURVE MODELING

In the previous section. some qualitative descriptions were oftered in explanation for the
trilayer composite indentation sirength results. This section will present a more detailed.
quantitative explanation for the observed strength behavior. First. the relation between toughness
and strength behavior will be discussed. Then, Lhe development and results of a new T-curve
model will be presenied. Finally, an altemative model will be described.

A. T-curves and Strength.

The strength response of any material can be explained on the basis of its toughness. As

described in Section I. a crack is in a state of equilibrium when the crack driving forces are

balanced by the crack resisting forces:

K, = T(c) @Y)

where K, is the net applied stress intensity, and T(c) is the sum of all material-associated crack

resistance terms (i.e. the toughness curve). If K, > T(c). the crack bwiLl grow. The crack may
grow stably for some time before fracture. or unstably, resulting in immediate. catastrophic
fracture. Whether the crack extends stably or unstably depends on the relative shapes of the K, (¢)
and T(c) functions. The condition required for unstable fracture is given by
dK,/dc > dT(c)/dc. (2)

These two criteria. equations (1) and (2), can be used to predict fracture. and hence strength. on
the basis of the loading configuration and the material toughness characteristics. Figure V.1
depicts the T-curve. T(c). of a hypothetical material. for which T(c) = constant. Superimposed
on this plot are several loading lines. representing states of increasing applied stress intensity (K,
= yo,c'®). A crack of size C1 will extend unstably as soon as K, exceeds the material toughness.
because the second condition (Ed. 2) is also met at the same time: and the material will exhibit

a fracture strength given by o, (Fig. V.1). The crack of size C2 will also extend unstably as soon
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as K, > T. but this fracture occurs at a much lower level of applied stress than for Cl. This
marterial is therefore described as flaw sensitive. with the strength falling as initial crack size
INCreases.

Figure V2 shows the T-curve for a different hypothetical material, one with a crack size
dependent toughness. This material exhibits increasing crack resistance with crack growth.
Superimposed on this plot are again several loading lines. This time. a crack of size Cl extends
stably when K, exceeds the material toughness. because dK,/dc < dT/dc. The slope of the T-
curve is greater than the slope of the loading curve. Stable crack growth continues with increasing
applied stress. until C2 is reached. At C2. the K, = T(c), and the crack driving force is increasing
faster than the material's resistance to fracture. Thus. C2 represents the crack size at instability.
and the applied stress. G, is the fracture strength. All flaw sizes from C1 to C2 will grow stably
until fracture occurs at C2. and all will have the same fracture strength. This material is therefore
described as ‘flaw tolerant’. with the strength being independent of flaw size. within the range of
CO to C2. Flaws bewteen CO and Cl1 will begin growing unstably (sometines called 'pop-in’).
but will arrest on the rising portion of the T-curve, and grow siably to C2.

From the preceeding discussion. it should be clear that knowledge of the T-curve allows
prediction of strength. However. for many ceramics the rising portion of the T-curve occurs
substantially in the domain of small flaw sizes. This makes direct. experimental measurement of
the T-curve very difficuli. Conventional toughness measurements (DCB. SENB, compact tension,
eic.) require starter cracks: and it is very difficult to produce starter cracks smaller than about 500
um. Thus, any portion of the T-curve which falls in the range of small flaw sizes cannot be
assessed by these conventional toughness techniques. This presents a dilemma. as all segments
of the T-curve represent valuable information.  Indeed. the danger of ignoring the small flaw

domain is significant, since predictions based upon extrapolations from the large flaw domain may
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overestimate the strength for smaller flaws.

The indentation strength test essentially provides strength data as a tunction of crack size.
and can theretore be used to indirectly evaluate the T-curve in the critical small flaw size domain.
This method involves computer fiiting of the experimental strength data. by guessing the T-curve
and determining how well that guess was able to 'predict’ the measured strengihs. The trial T-
curve is then incrementally adjusted. until the variance between the predicied and experimental
strengths no longer changes with further adjustments in the T-curve parameters.

There are significant limitations to this type of T-curve evaluation. The end result is
simply a T-curve which produced a good fit to a set of strength data. That T-curve is
characierized by a number of adjustable parameters. which may or may not have some relation
to microstructural variables. Ideally. the T-curve would be characterized by material properties.
so that knowledge of those properties ‘wou.ld allow a priori specification of the T-curve
parameters. This would minimize the nwnber of unknown. adjustable parameters used in
computer titting of subsequent T-curves for similar materials. The model would then be able to
account for alterations in the microstructure or processing, without requiring a completely new.
computer T-curve evaluation. Finally. it should be noted that whether the T-curve parameters bear
any relation to material properties or not. it is quite possible that an alternative T-curve model
characterized by a different set of adjustable parameters could produce as good a fit. Thus, it is
important to bear in mind that goodness of fit does not constitute proof of the particular model
used in calculating the T-curve.

B. General Approach to T-curve Modeling.

This section will explain in greater detail the approach taken in the T-curve modeling.

Consider a Vicker's indentation crack growing under the influence of an applied stress. The crack

experiences a net applicd stress intensity, K,, given by
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Ki =K, + K, = yoc'? + yPc? (3)
where K, is the stress intensity due to the applied. external load. and K, is the residual stress
intensity field of the indentation. W and y are constants characterizing the applied field and
residual field. respectively (y =().77, X = 0.076). The values selected for y and y are taken from
the results of Braun. ct. al., (1992) who calibrated these parameters for very similar alumina and
ALO, + ALTiO; materials: and the X value is also consistent with the original calibration of
Anstis. er. al. (1981), for a wide range of materials. At equilibrium, the net applied field is equal
to the intrinsic material resistance to crack growth, T, i.e.

K.=K +K =T, (4)
Any microstructure-associated stress intensity fields (e.g., a closure field giving rise to T-curve
behavior), K, ., further modity the equilibrium. and must be included in the analysis. Thus, in the
presence of such a field,

K=K +K +K =T, ()
When the microstructural field acts as a crack-resisting field. rather than a crack-driving field, it
is appropriate to group it together with Ty:

Ki=K +K=T,-K, (6)
The set of crack-resisting terms on the right side of Ey. (6) is called the T-curve. T(c). Itis by
manipulating the various terms of this equation that the T-curve may be extracted from the
experimentally measured strength data. The extraction is complete when a computer-generated
T-curve is able to predict the observed strengths.

The T-curve program predicts the observed strengths by solving Eq. (6) for the applied
stress as a function of crack size, for each indent load tested. Using appropriate substitutions from
Eq. (3) and (6),

G,(c) = [ T(c) - xPc™? | / ye'? -
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K,=7"0.c" [20o/c +dic)"” - 2b/c)™ - gl

With d=c-b,

K, =™ 1 - 200/0) %+ bre ]

Figure V.3. The smess intensity factor solution for an embedded penny-shaped
flaw, subjected to crack-face loading by a sirip of constant, normal Stress, G, -
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where T(c) = T, - K. Neither T, nor K, are known. In the computer fitting, T, is an adjustable
parameter. K, contains adjustable parameters. and is based on the solution (Lawn & Fuller. 1984: Tada.
Paris. & Lrwin. 1985) for an embedded. strip-loaded. penny-shaped crack (see Figure V3):

K, = -yo.c'” {1 - 2(b/c)'? + (b/c))} (8)
where y is the same geometrical constant as in the applied field. G, is a constant closure pressure
acting on the crack wike. and b is the distance from the surtace at which that closure stress begins
to act. Thus, the crack wake is assumed to contain a pressurized strip, acting over a distance
extending tfrom b. up to the crack tip. Both of these (o, and b) are adjustable parameters. Finally,
a steady state crack size. ¢*. was included in the model to allow the microstructural field, K, to
reach a saturation level. beyond which it remains constant (the closure wake zone translates with
- the crack tip). This ¢* is the fourth and final adjustable parameter. (An altemative K, solution
was also used to modcl the T-curves, and will be discussed in part D, below.)

Figure V4 illustrates the basic geometry of this model for a range of crack sizes. in a
monolithic material (for simplicity). From this figure, four different domains of crack growth may
be defined. When the crack is smaller than the closure pressure depth, b, the microstructural
stress field has not yet been activated. and the material toughness is constant (T,). After growing
beyond b. the microstructural elements in the crack wake begin to exen their closure stresses, and
the microstructural contribution to the toughness is given by Eq. (8). At the steady state crack
size. ¢*, the microstructural influence saturates out to its maximum value. Beyond c*, the K, term
maintains that same maximum value, as the most remote bridging ligaments either disengage or
rupturc. With ¢* defined in this way, the T-curve truncates abruptly at c*. rather than approaching
the steady state valuc in an assymptotic manner. This physicqlly unrealistic aspect of the model
is an unavoidable consequence of the /inear description of this inherently nonlinear crack system.

The closure zone defined for this stress intensity factor solution is shown in its proper form in Fig.
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V4, domains | - 3. Beyond the steady state crack size. however. this zone shape cannot be
maintained in a real material. The concept of a steady state wake zone translating with the
advancing crack tip simply cannot be accomodated by this K-factor solution. in a physically
realistic manner. The more realistic zone shape is illustrated in Fig. V4. domain 4. and the steady
state zone K-factor associated with this configuration is assumed to be reasonably approximated
by the maximum K,. at c*. The altematives, other than abandoning this stress intensity factor
solution, were to allow K, to increase without limit (no ¢* at all), or to allow a steady state zone
of constant width (c* - b) to translate with the advancing crack front. The first is clearly
inadequate. and the sccond would result in a steadily diminishing zone size (and hence. toughness
contribution), beyond ¢*, which is also unsatisfactory. These altematives are illustrated in Figure
V5.

Once the four adjustable parameters have been assigned a value within the T-curve
program. the toughness may be calculated for any crack size. The heart of the computer program
is a crack size loop. in which Eq. (7) is solved for each crack size. As the crack size increments
upward. the siress values are tracked by a simple IF test'. and the maximum stress is labeled the
strength. for each indent load. The calculated strengths are compared to the measured strengths,
and the quality of fit is determined with a variance calculation, summed over the entire set of
tested indent loads. with the calculation weighted toward the loads having the most experimental
data. The variance is continuously monitored. and the best fit values of the adjustable parameters
are redefined as necessary. Then the adjustables are incremented, and the cycle is repeated.

One of the primary means of assessing the T-curve models was the variance, which was

'An IF test is a FORTRAN programming tool which compares the values of two variables. What happens next in
the program depends on the results of that comparison. In the present cuse. the current value of the applied stress is
compared to the maximum value calculated up (o that point, and IF the current value is greater than the previous
maximum. the current stress is defined as the new maximum stress.
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caiculated according to the following relation:
Var = Z{(Oua. - G XN np - 1) ©)

where n was the number of samples broken at g given indent load: N was the total number of
samples broken: np was the total number of indent loads tested, and ¢, was the average swength
value for a given indent load. The number produced by this Calculation may be viewed ag the
average percentage difference between measured and calculated strengths, Squared. (Thus, a
variance of 16 would indicate an average of 4% difference between measured and calculated
strengths.) The FORTRAN codes for these T-curve programs are given in Appendix II.

An alternative modeling scheme will be discussed in part D. in which the microstructural
closure field is described by discrete arc-shaped line forces applied at a fixed distance behind the
crack tip.

C. Results From The Linear Strip 'f-curve Model.

There were two main methods by which this mnodel (Figures V3 and V4) was applied:
(1) In the simplest case. the trilayer composites were modeled as if the surface layer material
exhibited no T-curve behavior. The surface layer thickness was associated with the b term. The
second level of complexity. (2), allowed for 3 T-curve contribution from the surface material.
With this method, the surface and bulk materials shared the same T, value. but each possessed
their own b, o, and c* values. The homogeneous AAT20 surface material was evaluated first
(four adjustables). and then the inhomogeneous bulk material was evaluated using the T,
determined for the homogeneous materiaj (three adjustables). The best fit parameters for the two
AAT20 base materials were then used (as constants) to characterize the trilayer T-curve,

(1) Simplest case - surface material of constant toughness.

For this case. the adjustable parameters were varied within the tollowing limits:

LSsTy<45 (0.05 001) MPa#y'»
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50< 0, £450 (20. 1) MPa

10<b<250 (20, 10. 1) um

50 < ¢* <2600 (200. 100) pm
where the numbers in parentheses indicate the step sizes used to incrementally adjust the
parameters in the program. The strategy for determining the best fit parameters involved an initial
run using coarse step sizes. redefining the limits based on the results from the previous run, and
repeating the program with finer and finer step sizes. ('I;his was done to save computer time.)
These runs eventually produced the best fit values displayed in Table II. The variance was 16.38.
indicating an approximate average difference of 4% between measured and calculated trilayer
strengihs.

It is ol interest 1o note that the best fit value for b (67 pm) was not the same as the
surtace layer thickness (104 pm). The fact that the best b was /ess than the thickness indicates
that the surface matenal contributed to the T-curve, because the closure wake zone began before
the crack entered the flaw tolerant bulk material.

The value for T, (2.26 MPaVm) is in the low range of values reported for similar alumina
materials. using long crack toughness measurements (Swain, Steinbrech). It is very close.
however. to the T, values determined (by T-curve modeling) for similar alumina materials by
Bennison and Lawn (1989) - 2.75 MPavVm. and by Cook. et. al. (1987 - 1.49 to 3.1 MPavVm.

While this model provided a reasonably close fit to the experimental strength data, there
is at least one problem with it. It was incapable of predicu.ng the influence of surface layer
thickness on the trilayer strengths (using the closure pressure depth term. b. to simulate changes
in surface thickness). This was most likely a result of ignoring the surface material contribution
to the T-curve.  As discussed briefly in section IV, the surface material does provide indications

of T-curve behavior, both in the indentation strength response. and in the radial crack lengths.
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contain its own closure pressure strip. The homogeneous AAT20 strengths were run through the
pmérmn. with the adjustable parameters having the folowing limits:

LOST, <50 (o5, 0.05.0.01) MPa*m'?

10<0,2 170 (20.5. 1) MPa

5<bxg12s (10, 2. 1) um

50 < ¢c* <2450 (200, 50, .20) um
where. again. the numbers in parentheses Tepresent step sizes. The best fit values for the
parameters are shown in Table 1. The T, value (2.27 MPavm) was not much different from that
obtained above. l'or the simplest model. from the trilayer strengths. The variance for the
homogeneous AAT2() was 4.52. The indentation Strength response as calculated by this model
is compared to the experimentally measured data in Figure V.6. It may be seen that the fit is
quite good. After these best fit values were determined, the inhomogeneous AAT20 strengths
Were run through the program, forcing T, to be the same as for the homogeneous materjal. The
adjustable parameters had the following limits:

0<0,<330 (10, 2. 1) MPa

20 b <500 (10.5. 1) pm

800 < c* < 2000 (100. 20) pm
The best fir values are again displayed in Table II. It may be seen that the values for b and o,
are considerably larger in the more flaw toleran, inhomogeneous AAT20). The variance for this
material was 7.04, Figure v.7 displays the computed strength response fogether with the
experimentally measured values, and again the fit is good. The T-curves calculated by the model

for the two base materials are shown in Fig, v §.
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Figure V.6. Indentation strength behavior of the homogeneous AAT20 base material. Symbols
and error bars represcnt experimentally measured strengths: and the solid line represents the values
calculated by the linear strip T-curve model. using method 1(d). Best fit parameters were T, =
2.27 MPa*m'*; 6, = 95 MPa: b = 28 pm: and c* = 1180 pm.
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Figure V.7. Indentation strength behavior of the inhomogeneous AAT20 base material. Symbols
and error bars represent experimentally measured strengths; while the solid line represents strength

values calculated by the linear strip T-curve model, using method (2). Best fit parameters were
G.= 324 MPa: b = 228 pm; and c* = [220 pm.
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Figure V.8. T-curves calculated using the best fit parameters for the two base materials (see
Table II), using the linear strip model.
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These best fit parameters trom the base materials were then used ag constants to detine
the trilayer composite T-curve. Using this T-curve, the trilayer strengths were calculated. and the
variance between calculated and measured strengths was found to be 15.83. The calculated and
experimental trilayer strengths are plotted together in Figure V.9, for further comparison. This fit
is good. but is only a slight improvement over the fit obtained by the simpler model. The trilayer
composite T-curve is shown in Figure v.10.

The T-curve models can be evaluated on the basis of more than just strength predictions.
The model can predict crack sizes at fracture (simply, ﬁ]e crack size corresponding to the
maximum stress. i. c. the strength), and can assess the effect of the surtace layer thickness on
trilayer strengths.

The critical crack size predictions were compared to some known crack sizes at tailure
in similar materials. Braun, ct. al.. have conducted in situ crack growth observations during
biaxial flexure testing of indented alumina and (AL,O, + ALTiOs) materials. in order to directly
measure the applied stress as a function of crack size (which was calculated in the T-curve
models. using Eq. (7). The final crack sizes they reported for materials similar to the two AAT20
base materials compare quite well with the predictions from the T-curve model . as long as no c*
cutoff is used (sce Table IIT). The predictions from methods (1) and (2). described above, which
used a ¢* term. do not compare quite as well to the measured crack sizes, although they are still
reasonable. The T-curve model thus seems 1o produce satisfactory descriptions of both strength
and crack size behavior.

The simplificd T-curve model (no surface contribution) was unable to account for the
influence of surface layer thickness on trilayer strength response. whether a ¢* term was included
or not. The model which did allow for a surface influence on the T-curve was able to describe

vanations in the indentation strength behavior as a function of layer thickness. with moderate
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Figure V.9. Indentation strength behavior of the AAT?20 trilayer composites having layer
thickness of 104 um. Symbols and error bars represent experimentally measured strengths: solid
line represents strength values calculated by the linear strip T-curve model. using the best fit
parameters from the two base materials (see Figure V.8. and Table II).
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Figure V.10. Trilayer composite T-curve calculated by the linear strip model (method (2)), in
which both the surface layer and the bulk materiaj contain their own closure zone,
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Table II. Best Fit Parameters From T-Curve:Models:
Linear Strip Model
T‘) b G e’ Variance
Methods (MPaem'?) (hm) (MPa) (um)
1- Trilagers 2.26 67 156 2500 16.38
"2 Surface
Material 2.27 28 9§ 1180 4.52
. 2= Bullk 7.04
Material (2.27) 228 324 1220
:2- - Trilagers | —-=-—cmcfmrme e 15.83
Arc Forces Model
T, S (um) P (kN/m) Variance
Surface 2.32 155 26 9.55
Material
Bulkc 441 117 9.32
Material (2.32)
oo Mrileyers - = 32.42
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success. Strength predictions of the model are shown in Figure V.11 for a variety of surface layer
thicknesses. The rends in strength response were reasonably accounted for. but the actual
predicted strength values often fell outside the experimental scatter. The model was best able to
describe the thickness cffect for the extremes of very thin and very thick surface layers. Fora |
um surface layer. the calculated strengths were nearly the same as for the bulk inhomogeneous
AAT20: and for a 1000 pm layer. the computed trilayer strength curve fell essentially onto the
surface material strengths. For the thicknesses which were actually evaluated experimentally, the
model provided only a fair match, predicting (for example) ‘i'Uighcr large flaw strengths for the 169
pm samples than were actually measured. It would be interesting to garher more strength data for
these thicknesses. and for a few larger thicknesses (e.g. 500 um and 1000 ym) in order to more
completely evaluate the ability of the model to account for thickness effects. The most obvious
| shorrcoming illustrated by Fig. V.11 is the strength predictions of the model for small indent
loads, as surface layer thickness decreaées. The model predicts much higher small flaw strengths
than were observed. and this is a result of the dominance of larger flaws in the underlying bulk
material. The trilayer model is therefore seen as being incapable of accounting for the transition
between indentation flaw controlled strengths. and natural flaw controlled strengths. This point
will be disscussed in more detail. below.

The precceding discussion dealt with how well the model was able to account for
experimentally measured strength trends.  Useful models are able to not enly describe observed
behavior. but to predicr it before the fact. Furthennore. a model should be able to suggest
experimental stratcgics. [n particular. it would be of considerable benefit if the T-curve model
were ablc to predict the optimal surface layer thickness. based on the properties of the two
monolithic materials. belfore an extensive trial-and-error deyelopmem effort were undertaken. The

simple approach for predicting the optimal thickness was described in section I1. and it produced
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an excellent maich between the predicted and actual optimum thickness. However, the zirconia
system demonstrated that this prediction technique may not be generally applicable. A need
theretore exists for a better thickness prediction. Ideally, the T-curve program would be able to
provide this.

The predictive ability of the trilayer T-curve computer program was evaluated by
calculating indentation strength curves for a wide range of surface layer thicknesses, using the best
fit parameters from the two base materials. The resulting curves were then examined
(qualitatively) for evidence of optimum composite strength behavior. It quickly became clear that
the model was able to narrow the range of potential thicknesses. particularly by eliminating the
larger thicknesses from contention, but that obtaining a clearly optimum thickness in this manner
would be difficult. Below about 300 pm thickness. the strength curves were all similar. 50 um
changes in the thickness resulted in differences in the large flaw strengths of only a few MPa.
Further complicating the problem was the predicted strengths at small indent loads. for the
smallest layer thicknesses. Experience has shown that the dominance of large flaws in the
underlying bulk material prevents indent-controlled fracture at small P, when the surface layer is
thin. This is an effect which the model (as presently configured) cannot predict, and this has
significant consequences for the computed strength behavior. For example, the model predicts 3N
strengths of ovcr.3()() MPa, whether the surface layer thickness is 100 pm or 30 pm (see Fig.
V.11, even though a 30 um sample would never fail from a 3N indentation crack (i.e., a 30 pm
sample would have a much lower 3N strength. see Fig. IV.6). Thus. if the optimum thickness
were 10 be cstimated in this manner, a large degree of subjectivity would necessarily be
introduced. The small flaw region would have to be ignored. or assigned less importance than
the large tlaw region. Clearly. this is unsatistactory.

A more objective. quantitative approach yielded somewhat more acceptable results. If the
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Figure V.12. This plot shows the calculated strength response for the predicied optimum trilayer
composite (solid line). The linear strip model predicted an optimum surface layer thickness of
170um. by comparing the variance between the calculated strengths and the maximum ‘potential’
trilayer strengths (symbols). 170 pm produced the minimum variance. The ‘potential” strengths
are simply the greater of the two base material strengths. for each indent load (see Table 1. or

FigIV.5).
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base material strength responses are well characterized throughout the range o indentation loads,
then an optimum, potential trilayer composite strength response can be defined. The potential
strength curve would simply adopt the highest measured strength of the two base materials at each
indent load. If this sct of potential strength data were then input to the trilayer T-curve program.
using the best fit parameters of the two base materials. and allowing the layer thickness to vary,
then a variance calculation can be used to compare the predicted strengths to the potential trilayer
strengths. The thickness producing the minimum variance would be identified as the predicted
optimal surface layer thickness. This method predicted an optimal surface layer thickness of 170
pm for the AAT20 system. after comparing thicknesses between 30 and 1000 um. at 10 pm
intervals (variance was 17.25). Figure V.12 compares the strengths for the “potential’ trilayer (i.e..
using the highes! strength from the two base materials. for each P) with the strengths predicted
by the T-curve program (method (2)), for this "optimum" trilayer (surface layer thickness of 150
um). This is a significant improvement over the prediction technique described in the preceeding
paragraph. but is not an improvement over the simplest approach described in section II.
D. Alernative Model: Arc-Shaped Line Forces

An obvious extension of the modeling discussed above is to choose an altemnative stress
intensity factor solution 10 model the microstructural field, K,. In this altemative model, the crack
wake is subjected to loading by an arc-shaped closure force. The arc-shaped closure force is
thought to better represent the geometry of a growing, half-penny shaped. indent crack., especially

with respect to the stcady state crack size configurations discussed earlier (illustrated in Figures

V4 and V5). This K, was obtained from solution 24.4 of The Stress Analysis of Cracks
Handbook (Tada. Paris. trwin. 1983), which is shown in Figure V.13. Solution 24.4 provides the stress
intensity factor for an ecmbedded. penny-shaped tlaw containing an arc-shaped. constant line force

of magnitude P. The line force is applied to the crack face. normal to the crack plane, and is
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p,
Y

Z
2Pb .1, (a+ b)tan(oy/2)
K, = ' DVEn) ) )
n/masa - b a-b

Figure V.13. Alternative K, formulation is based on Solution 24.4 {rom The Stress Analysis of
Cracks Handbook (Tada. Paris, Irwin, 1983). The K-factor given above is for an embedded.
penny-shaped crack of radius. a. lying in the XY plane. and subjected to crack face loading by
the line force of magnitude P. This line force is applied normal to the crack plane. at a radial
distance. b. and is distributed over an arc of half-angle, o
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further defined by the arc half-angle. c. and the arc radius. b. The stress intensity (at A in Fig.

V.13) is given by

K = 2Pb n{Ztﬂm‘l((a+b;tf2(mlz))] (10)

nymaya-b?

where P is in N/m. and a is crack size. In this model, there are three adjustable parameters: T,

as before: P. the constant line force: and b, the radial distance from the center of the indentation.

at the surface. to the point where P begins to act. Rather than model the line force at a fixed b
position from the surtace, however. it is believed that the physics of the growing crack is better

represcnted by scuting the line force at a fixed distance. 8. behind the crack tip. so that the closure

force may translate forward with the advancing crack tront. Thus. the microstructural stress

intensity factor is redefined as

Y aglPgiP(2g-8)'" &

- 4P(a-8) [ m-l[m—ﬁm(g)] ] (11)

where 8 = a - b. With K, redefined in this way, 5 replaces b as an adjustable parameter in the
computer modeling. This K, is illustrated in Figure V.14, for cracks growing in monolithic and
composite materials. No arh?tmry imposition of a steady state crack size is required in this model:
for large crack sizes (a )) 8), this K, approaches a constant value. given by

K, = PN2/(nb)'? (12)
which corresponds 10 the steady state toughness (sometimes called "T..").

This model was applied following the same strategy as described for the linear strip model
(method 2 only). First. the T-curve characteristics of the two base materials were evaluated.
Then. these T-curve parameters were used (o define the trilayer T-curve. The homogeneous
AAT?20 strength data were run through the program. using the following ranges and step sizes for

the adjustable parameters:
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Figure V.16. T-curves corresponding to the best fit parameters (Table II) for the base materials.

calculated by the arc-forces model. The dashed lines represent the steady state toughness, T...
These T-curves produced the strength predictions shown in Figure V.14.
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20T, <30 (0.1, 0.01) MPavm

I0<sP<100 (10. 1) kN/m

10<86<510 (50.5) pm
The best fit values are shown in Table I, and the variance was 9.55. The variance indicates a
slightly worse fit to the strength data than was obtained using the linear strip model. These best
fit parameters give a steady state toughness, T., of 3.99 MPavm (calculated by adding the result
from Eq. (12) to T,). The inhomogeneous AAT20 strength_s were then run through the program,
using the same T,, with the following ranges and step sizes:

26 <P<200 (1) kN/m

150<86<650 (1) pm
Best fit values arc shown in Table [I. The variance was 9.32. which is again slightly worse than
the fit obtained from the linear strip model for this material. These parameters produced a T
value of 6.76 MPavm, an increase of about 300% over T,. The strengths predicted for the two
base materials are compared to the experimentally measured values in Figure V.15, and the fits
are seen to be quite good. The T-curves produced by this model are shown in Figure V.16.

The best fit parameters from the base materials were then used as constants to define the

trilayer composite T-curve. This T-curve produced strength predictions with a variance of 32.42
compared to the experimentally measured values (i. e., average differences of ~6%). While this
variance is a bit higher than that produced by the other model (differences of ~4%), the fit to the
strength data is still quite good. as shown by Figure V.17. The trilayer composite T-curve is
shown in Figurc V.18. The sharp peak in toughness at a crack size of 259 um corresponds to the
transition between having a semicircular line force in the surface layer. and two arc-shaped line
forces cxtending from the surtace down to the material interface. The significance of 259 um is

that it is the crack length equal to the layer thickness (104 um) plus the surface material’s closure
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Figure V.17. Strengths predicted by the arc-forces T-curve model (solid line) for the AAT20
trilayer composites (surtace thickness of 104 pm). compared to the experimentally measured
values (symbols and error bars). The hatched band at left shows the strengths measured for
natural flaws (i.e. unindented).
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Figure V.19. Strength predictions of the arc-forces T-curve model. for a range of surface layer
thicknesses. using the best fit parameters detennined for the two base materials. The trends are
reasonably well accounted for. and are very similar to the predictions of the linear strips model.
shown in Figure V.1L
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force lag distance. & (155 ym). Thus, for the trilayer composite. the surtace material closure force
is allowed to extend as a full half-penny shaped arc, until that line force has reached the interface.
Then. the semicircular line force pinches off into two separate. smaller arcs. symmetrically placed
within the surface layer on opposite sides of the indent (see Figure V.14).

There was no real difference between the two models in their ability to pridict the crack
sizes a failure. or in their ability to account for the intluence of surface layer thickness on the
composite strength response. The strength predictions of this model are shown in Figure V.19,
for a range of surface layer thicknesses. It may be seen that the thickness trends predicted by this
model are very similar to those from the linear strip model (Fig. V.11).

E. Summary

The main conclusion to be drawn from these modeling exercises is that the trilayer
composite strength and toughness can be described from the T-curves of its constituent materials.
Two different K-factor solutions were used to model the closure tractions exerted on the crack tip
by the microstructure. Each of these K-factors was able to provide an excellent fit to the
monolithic base material strength behavior: however. certain objections may be raised about the
physical significance of the linear strip model. especially regarding its description of steady state
crack size configurations. These objections are cemainly legitimate. making this model a
somewhat unsatisfactory description of the T-curve behavior of the monolithic materials (and. by
extension, of the trilayer composites). However, the primary focus of this research was not to
describe or investigarc the physical mechanisms controlling T-curve behavior in the monolithic
materials: but rather. to investigate what happens when two materials possessing different T-curve
characteristics are joined together to form a laminated composite. In this regard, it is not
particularly important to accurately account for the mechanisms controlling the individual material

T-curves. In fact. only cursory references were made to the probable mechanism operating in
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these materials (grain bridging), and these Were qualitative references. For the purposes of this
research. it was sufticient to observe that the effect of grain bridging is to supply a zone of closure

stress. acting in the crack wake. 10 Oppose the crack-opening stresses. This closure zone was then

modeled by a constant compressive SUress. and also by arc-shaped line forces.
That T-curves of the form presented here (e.g.. Fig. V8) will produce the observed

indentation strength behavior is indisputable - see Figures V6 and V7. The main result of this

modeling section is that these individual T-curves can be then be used to define the T-curve of

the trilayer composite: and the trilayer T-curve so defined is able to account for the observed

strength behavior of the trilayer composites. Further modeling of the toughening mechanism
responsible for the base material T-curves may result in 2 more acceptable description of the

factors controlling crack growth, but would not provide a much betier fit to the indentation

s&réngm pehavior. The admittedly unrealistic linear pressure strip T-curve model presented here
did nevertheless provide an excellent strength fit. This means that the true T-curve for these
materials must look similar to the ones shown in Figures V.8 and V.l6. If the wrilayer T-curve

is to be defined on the basis of the constituent material T-curves. then the issue of how those T-

curves were obtained is not as imporiant as their ability to describe the observed behavior.

Indeed. it is interesting to note that the linear strip model produced the beter fits to the strength

behavior than did the arc-shaped line force model. Those better strength fits translated directly
into better strength modeling of the trilayer composites. even though the linear strip model is
considered a less adequate description of the crack growth in these materials than the arc model
was. Eventuaily, the mechanisms controlling the T-curve behavior in these materials will be more
accurately modeled. The work by Cook. et. al.. Chantikul. et. al, Bennison and Lawn, and Padture
ontributions toward that goal. This section has demonstraied that those base material

are all solid ¢

T-curves can then be used to define the T-curve of a laminated composite.
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VI. CONCLUSIONS

1. This research has demonstrated that the trilayer design is capable of producing ceramic
materials which possess poth high toughness and high strength. This combination of propertes
was achieved without compronising on either one, in contrast to most other methods of producing
a high strength - high roughness body. For the AAT20 system, an optimal surtace layer thickness
of 104 pm produced the highest possible strength levels throughout the entire range of indentation
loads tested. Thinner surface layers resulted in composites displaying monolithic bulk material
properties. while thicker surface layers caused the composite to behave s monolithic surface
material.

2. The simplest method for estimating the optimum layer thickness was quite accurate in the
AAT20 system. but the results from the zirconia system indicated that it might not be generally
applicable. The zirconia system had several complicating factors. however. so it might be
reasonably concluded that the simple estimation is valid for simpler ceramic systems which do not
possess such complications (€.8.. elastic modulus zmd thermal expansion mismatch between surface
and bulk). The T-curve model (linear pressure strips) was no better at predicting the optimum
surface layer thickness than the simple approach outlined in Section I1.

3. A T-curve model. based on a crack wake containing strips of constant closure pressure. was
able to account for the observed indentation strength behavior in the monolithic base materials.
producing 4 good it between measured and calculated strengths. A typical difference between
the experimcmally measured strengths and those calculated by the T-curve model was on the order
of 2 - 3%.

4. An alicmative T-curve model. based on a crack wake containing arc-shaped line force
clements, was also able 10 account for the observed indentation strength behavior in the monoliths.

with typical ditferences between measured and calculated strengths on the order of 3%. This

107

o gt U, R
B g b S0 31,'-'{'\‘3"-"';'»?::""'-5-""' I s T It e TRt LA -




model was considered to be a more realistic representation of the microstructural stress intensity
field. especially in regard 10 its ability to describe the steady state toughness behavior.

5. The T-curve model employing pressure strips was applied to the trilayer composites in two
different ways, and both produced reasonable fits to the strength data. with average differences
of about 4% between measured and predicted strengths. The two methods were as follows: (1)
a simple model. assuming that the surface layer possessed constant toughness; and (2) a more
complex model. which allowed for a surface material contribution to the T-curve. In method (2),
the individual T-curves detenmined for the base materials were used to define the trilayer
composite T-curve. The results trom this method show that it is possible to model strength and
loughness properties of a trilayer composite, based on the T-curves of the individual base
materials. This model was able 10 account for the influence of surface layer thickness on the
strength response. but the simpler model was unable to account for the thickness etfect. This is
interpreted as evidence that the surface material did in fact possess T-curve behavior on its own,
and therefore contributed 1o the composite T-curve.

6. The T-curve model based on arc-shaped line forces was also able to provide reasonable fits
to the trilayer composite strength data, with average differences of about 6% between the
measured and predicted strengths. This further demonstrated the viability of defining the T-curve
of a laminated composite. based on the individual T-curves of its constituent materials.

7. The trilayer concept was demonstrated to show potential for application to a system of greater
strength and toughness than AAT20. based on zirconia materials, Trilayers having a surface layer
thickness of about 140 um scemed to exhibit composite strength response. when sintered for 2 hrs
at 1500° C. Sirength improvement for the monolithic 3Y20A surface material was achieved by
sintering for an additional hour. but the trilayer composites then exhibited body material strength

response. This was cxplained on the basis of increased transformability of the Ce-ZrO, bulk
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material.

8. The tape casting plus lamination processing route is a very efficient and reproducible method
for controlling the final layer thickness in laminated composites. Also. tape casting provides a

simple and reliable means of producing inhomogeneous microstructures based on agglomerates.
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VII. SUGGESTIONS FOR FUTURE WORK

(1) The zirconia trilayer system showed promise. In order 10 realize this system's potential.
substantial improvements in processing are needed. This is particularly true for the 3Y20A

material.  Eliminating the interagglomerate voids should result in significant strength

improvements. This may be accomplished in one of the following ways:

a.) Pre-milling of the 3Y20A powder (by ball-milling) to break down the spray dried
agglomerates. followed by drying and crushing, before adding the powder to the tape casting
slurry. |

b.) Further adjustments in the slurry chemistry to aid in dispersing the 3Y20A powder.
The dispersant and the binder-solvent system used in the 3Y20A slurries were the same as the
ones used in the alumina and AAT20 slurries. There is no reason 1o expect the same dispersant
{0 be eftective for different materials, or even the same binders and solvents. It might be helpful
to seek a (commercial) dispersan&-binderisokvent system which is known [0 pe effective in tape
casting of zirconia materials.

c.) Preparation of a stock solution of 3Y20A powder dispersed in the solvents used in
the slurry. The dispersion of powder in the stock solution could be achieved with an ultrasonic
probe. or by ball-milling. The binder-solvent solution could then be added to this stock solution.
and subsequently ball-mmilled to form the tape casting slurry.

d.) Further increases in the amount of excess solvent added to the slurry. This may
decreases slip viscosity to a level where the normal ball-milling to mix the slurry could break
down the spray dried agglomerates. The excess solvent would then be evaporated in a controlled
manner., prior to casting.

(2) The altemnative T-curve model described in Section V. based on an arc-shaped line force in

the crack wake, should be developed further. This model is clearly more physically realistic than
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the model based on linear closure strips used in this research. The model might be improved by
altering the manner in which the surface material's closure force switches over from a half-penny
geometry to the two separate, symmetrical arc segments. This could smooth out the sharp peak
in toughness occurring at the crack size of t + d,, and thereby improve the fit for the rilayer
composites.

(3) There is an inconsistency between the P, value determined from radial crack length
measurements. and from observations of lateral crack development. Crack length measurements
in the homogeneous AAT20 material yield a P, of 2445 N, while lateral crack observations give
a P, of 40 - 200 N. The values for P, should be similar. regardless of the method for its
determination. The proper means for determining P, should be investigated: or, perhaps, the exact
influence of P, on modifying the residual indentation stress intensity parameter, ¥, should be re-
evaluated. For example, Cook has suggested that a relation of the form X = Xo/(1 + (P/P)™) may
be appropriate (for this work, the exponent. m. was simply taken to be 1).

(4) A third altemative plotting scheme should-be investigated. It might be argued that the surface
material strength response is entirely caused by lateral cracking effects, and that the surface
material should be modeled solely on the Basis of P_ and T,. This possibility is difficult to rule
out. However. when the surface material strength response is modeled in this manner. the
predicted crack sizes at failure are impossibly small (that is, sialler than the known initial crack
sizes). This could be a resuit of using an improper Py, or P influence on y as mentioned above.
In any event. this possibility should be investigated further. Once the surface material parameters
have been determined (i.e., T, and P,), then the bulk material would be fitted using the T-curve
parameters (€.g.. b, 6.. and c*), and then the trilayer composite T-curve would be defined. This
modeling scheme is attractive for at least one reason: it employs fewer adjustable parameters.

(5) The effects on the trilayer T-curve of some of the complicating factors present in the zirconia
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sysitem should be investigated. Specifically. it shéuld not be too difficult to incorporate any
residual stresses arising from thennal expansion mismatch between the surface and interior
materials, into the fracture mechanics analysis. Incorporating elastic modulus mistmatch should
also be investigated. In addition. any differences in T, might be expected to play an important

role in determining the trilayer composite T-curve behavior.

112



APPENDIX 1: Trilaver Composite Development - Unsuccessful Attempts

This appendix will describe some of the early attempts at producing trilayer COmMpOSIIES.
In some of the systems. composites were successtully fabricated. but composite strength behavior
was not observed. In other systems. trilayer composiies Were never successtully processed. For
each case. a brief explanation of the problems encountered will be offered.

A. Coarse/Fine Alumina Composites

The original motivation for this project derived from work by B. R. Lawn. et. al. at NIST.
as well as work by earlier researchers such as Gutshall and Gross. which demonstrated the etfect
of grain size on the st rength, toughness. and flaw tolerance of alumina. Based on their work. it
was hypothesized that if a coarse-grained alumina body could be tabricated with a fine-grained
surface region. the best strength properties of the two materials might be transferred to the new,
composite body. Various strategies for producing such a coarse/tine alumina material were
pursued.

Since different grain sizes are produced in pure alumina by using different firing
schedules. it was necessary to introduce some impurity in order to control the grain size in the
surface layer. Previous experience at Lehigh had indicated that solid solution dopants often
simply diffuse throughout the body (resulting in unifonm grain structure): sO it was decided that
grain size would be controlled with the use of second phase particles. Cubic zirconia was
selected. Since cubic zirconia is not a reinforcing phase tor alumina. it was necessary [0 use ds
little as possible in order 0 maintain high strength in the surfacé material. Also. by using a small
amount. thermal and clastic mismatch between surface and bulk materials could be minimized.
An amount of 5 vol% was chosen.

Laminated composites. consisting of alternating -250 pm layers of undoped and 5 vol%

ZrO,-doped alumina (AZS5) were sintered at 1675°C for 30 hrs, in air. Resulting grain sizes were
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Figure AL Fracture surface of a laminated aluming composite. showing the interface between
the coarse-grained. undoped alumina layer (top). and the fine-grained. ALO, + Svol% ZrO, layer
(hottom). Sample was sintered in air at 1675° C. for 30 hrs.
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20 and 8 um. respectively. and interfaces between the two regions were well controlled (see Fig.
Al). Samples having the coarse grains on the surface exhibited the same indentation strength as
the monolithic coarse grained alumina: and the composites having the AZS on the surface
exhibited the same strengths as the monolithic alumina of the same grain size. No composite
strength behavior was observed. There are two reasons for this. First of all. the layer thickness
was most likely too large. Secondly, the grain size difference was not large enough. and therefore
the possible difference in strengths was not great enough to be experimentally detected in the
composites (see. for example. Chantikul. et. al. 1990). Even lt the grain size difference could be
increased. which is unlikely (considering the sintering trade-offs involved). the strength differences
in the large tlaw rcgion would still be smail, making experimental detection of composite strength
response difficult. In short, this was not a model laminated composite system.

B. Alumina/AAT20 Composites

padture and Bennison each showed that inhomogeneous alumina - aluminum titanate
materials displayed cven better flaw tolerance than pure. coarse-grained alumina. The focus of
the laminated composilc effort consequently changed to the production of a bulk AAT20 material
having a fine grained. high strength alumina surtace layer. Such a material was never successtully
produced. primarily because of interdiffusion problems. In order 10 obtain the tine grained
alumina layer. four diffcrent strategies were employed:

1. AZS5. The first attempts were made using AZS as the surface material. The typical
1600° C/ 1 hr sintering run needed to produce the best flaw tolerance in the AAT20 material.
resulted in an interfacial reaction between the surface and bulk. This reaction caused the zirconia
particles to disappear from a region within about 20 pm of the interface. This region was left in
a much more porous condition than the surrounding areas. The alumina grain size throughout the

surface layer. and especially in the reaction zone, was considerably larger than would be expected
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Figure A2, Sccondary  clectron ttopy and backscatiered clectron (botton ) micrographs from
ditterent arcas of the pohshed cross-section of i trifayer composte, showing the micrtacial region
between the AAT20 bulk cright), and the AZS surlace Laver dletty. The original. as-tired. froe
rliee s the dete edge of the mage. Note the reaction zone ol about 20 um width ar the
miertace, contuning ncreased porosity and a complete absence of zirconia particles. {The blob
in the center is o latex calibration sphere (103 um diamerer). |
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for that sintering schedule. Also. the zirconia particles were more likely to be tound within the
alumina grains. rather than at the grain boundaries. us desired. Figure A2 shows the polished
cross-section of the interfacial region. It was possible to prevent the reaction from occurring by
firing at reduced temperatures (e.g. 1500° C); however. the body material then lost its coarseness
and consequently its flaw tolerance. When longer sintering times at the lower temperature were
used in order to regain the flaw tolerance of the body material, then the surtace material reverted
back into its original. coarse and porous condition. AZS was abandoned as a surface material.

2. 500 ppm MgO-doped alumina. Work by van’oué researchers on MgO-doped alumina
has indicated thar MgO is sometimes able to counteract the effects of other impurities which
would otherwise producc coarsening or abnornal grain growth in alumina
_ It was thought that the reaction described above might possibly have been caused by diffusion
of iinpun‘tics from the AAT20 bulk. and that those impurities might have produced a liquid phase
at the sintering temperature. Titanium. calcium, and silicon were detected (by EDS) throughout
the AZS surface layers (the AlL,TiO; was only '09+%" pure). Thus, new composites were
fabricated with a 500 ppm MgO-doped alumina surface layer. This resulted in an even worse
surface material, after sintering at 1600° C for | hr. The surface layer was characterized by a
large number density of huge. elongated grains. distributed throughout. as shown in Figures A3
and A4. This microstructure was likely caused by diffusion of the various impurities into the
surface. from the AAT20 interior. Attempits to eliminate this problem followed a strategy similar
to the one outlined above for the AZS reaction problem. and met with similar resuits. 500 ppm
MgO-doped alumina was also abandoned as a surface material.

3. 3 wt% Mgo-doped alumina. 1t was hoped that perhaps 500 ppm ot MgO was simply
not enough, and that by flooding the alumina surface material with MgQO. the etfect of the other

impuritics could be suppressed. This strategy was also unsuccesstul. Problems were encountered
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Figure A3, SEM micrograph showing
I

as-fired surtace of trilayer composite which huad a surface

ayer ol corigmallyy SO0 ppm MgO-doped aumina. on an AAT20) bulk.

Figure A4 SEM micrograph showing polished

Ivpe ot sample shown in A3, gbove.

and thermally ciched cross-section of the same

300 ppm MgO-doped aluming fayer an lefts AAT20 at righ.

LIS




in successtully tape casting the 3 wt% MgO-doped alumina powder. Fired samples trom the most

successful tape (which was not a good tape) contained extensive blistering and cracking defects.
The as fired surface showed the same elongated grain structures as the 500 ppm samples did. for
surface layer thicknesses of 40 um and 70 pm. A thicker surface layer (about 200-300um)
exhibited a tine-grained microstructure on the as-fired surface. and also contained second phase
particles (probably spinel). The cross-sections of these samples were never examined. No further

work was carried out using 3 wt% MgO-doped alumina.

4. In a final attempt to produce the desired microstructure. a composite was fabricated
with an undoped alumina surface layer. and sintered at 1600° C for | hr. just to see whether an

absence of dopants would be more successful. It was not. The same. elongated grain structure

was observed.
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APPENDIX 2: FORTRAN COMPUTER CODES

This appendix presents the FORTRAN codes developed for the computer modeling.

Included here are the codes for six programs:

|. The program used (o determine the hardness values. based on measurements of the

indentation impression diagonals:

2. The program used 10 determine P, the indent load at which the lateral cracking

£

influence becomes significant. based on radial crack length Measurements:

3. The program which modeled the T-curve based on linear strips of constant closure

pressure. which was used for the monolithic AAT20 materials. as well as for the simplest method

of modeling the trilayer composites (methods | and 2 of Section V-C).

4. The program which modeled trilayer behavior. based on the best it parameters of the

two monolithic base materials. using the linear strips model.

5. The progran used in modeling T-curve behavior in the monoliths. using the arc-shaped

line force model.

6. The progran used o model trilayer composite behavior, using the best fit parameters

from the two base materials, using program 5. above.
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PROGRAM HARDNESS
real p(12).a(12).xa(12),var(120).xh.xan(12)
print *.’how many indents did you measure?’
read *.np
print *,’do you want to run the whole program(l),’
print *,’or do you just want final results(2)?’
read *.ians
suml = 0.
do 10j = l.np
print *,’enter indent load in N°
read *,p(j)
if(ians .eq. 1)then
print *,’enter measured half-diagonal. a, in microns’
read *.xa(j) , -
print *,’how many measurements for that P?°
read *.xan(j)
sum! = suml + xang(j)
endif
10 continue
varmax = 10000000.
sum = 0.
print *.’enter minimum hardness, in GPa’
read * xhlow ,
print *,’enter max hardness. in GPa’
read *.xhhi
print *’enter hardness step size. in GPa’
read * xhstep
do 2 x = xhlow.xhhi.xhstep
if(x .eq. xhlow)then
i=1

else

i=i+1
endif
xh = x*].e9
do I n= Lnp

a(n) = (p(n)/(2.*xh))**(1./2.)

a(n) = a(n)*1.e6

if(ians .eq. I)then
diff = a(n)-xa(n)
resid = (diff**2)*xan(n)/sum |
sum = sum + resid
write(*.31)xa(n),a(n).diff

3] fonnal(2x.f5.2.2x.f6.2.2x,t7.2)
else
write(*.32)p(n).a(n)
32 format(2x.4.0.2x.16.2)
endif
| continue




if(ians .eq. 1)then

var(i) = sum/(np-1)

if(var(i) .lt. varmax)then
vammax = var(i)

besth = xh*1.e-9
varbest = var(i)
endif

wrﬁtc(*.BZ%)var(i).varbes&
33 formai(2x. variance for this
- sum = 0.
endif
2 contnue
print *.’hardness = *besth.” GP2’
print *,'the variance was ' varbest
Stop
end

set=".f8.2./.2x. varbest=" 18.2.)
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Program PLCL
C+ This program determines a value for PL, the indent load at which
C+ the lateral cracking influence becomes important, based on the
C+ input data of radial crack size vs. indent load. PL is determined
C+ by iterative manipulation of equations 5 and 6 in Cook. et. al.,
C+ J.Am.Ceram.Soc. 73 (71, 1873-78 (1990).
real cl(100).pl(100),var( 100).p(10).xco(10),co( 10).xnco(10),plow.
+  plhi.pistep
integer q.9q.np.i.ncl.npl.n.ians
open(37.file="pl.dat")
rewind 37
print *,’how many indent loads did You measure cracks for?’
read *.np
print *,"do you want to run the whole program (1),"
print *.’or do you just want the final results (2)7°
read *.ians
sum| = 0.
do 10i=1np
print *.’enter indent load in N’
read *,p(i)
if(ians .eq. 1)then
print *'enter average crack length measured for that P (in um)’
read *.xco(i) ’
print *.’how many cracks were measured for that P?°
read *.xnco(i) :
suml = sum! + xnco(i)
endif
10 continue
print * ‘enter Xo"
read *.xo
50 print *,’enter minimum PL°
read * pliow
print * ‘enter max PL*
read * plhi
print *_‘enter PL step size’
read * plstep
Q= (plhi-pllow)/plstep
if(q .ge. 100)then
print *.'Too many PLs -- redefine limits and/or’
print *.'step size so that there are no more than 100 PLs"
g0 to 50
endif
51 print *’enter minimum CL (in um) [CL is the crack length’
print * *produced by indent of load PL. in absence of®
print * ’lateral cracking influence.]’
read *.cllow
print * ‘enter max CL"
read *clhj
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31

33

print *,'cnter CL step size’
read *.clstep

QQ = (clhi-cllow)/clstep
if(qq .ge- 100)then

print *."Too many CLs -- redefine CL limits and/ofr

print *.'st€p size so that there are no more
go to 5l

endif

varmax = 10000000.

varbest = 10000000.

sum = 0.

do 3 xpl = puow.plhi,plstep
if(xpl -eq. pliow)then

npl = 1
else

npl = npl + |
endif

N PL=".

do 2 xcl = cllow. clhi. clstep
it(xcl .eq. clow)then

ncl=1
else

ncl =ncl + 1
endif
cl(ncl) = xcl*1.e-6
doln=1np

terml = pn)/pl(nph)

than 100 CLs’

co(n) = cl(ncl)*(temu/(l. + term 1)**(2./3.)

co(n) = co(m)*1.e6
if(ians .eq. 1)then
diff = co(n)-xco(n)
resid = (dit‘f**'l)*xmo(n)/suml
SUiil = sum + resid
if(n .1t np)then
vamee = sum/(np- 1)

if(vamce .gt. varbestgo to 100

endif
x = xco(n)
y = co(n)
write(*.3Dx.y diff
format(2x.16.1 2x.f6. 1.2x.f7.2)
else
write(*.33)p(n).co(m
wmc(37‘33)p(n),co(n)
fomm&(?.x.l’é%.().flx.,fﬁ. 1)
endif
continue
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if(ians .eq. I)then
var(ncl) = sum/(np-1)
if(var(ncl) It vamax)then
varmax=var{ncl)
bestcl = xci

bestpl = xp}
varbest = var(ncl)
endif

wn'te(*.32)var(nc1).varbest

32 format(2x. 'variance for this set =".18.2./. varbest ="18.2./)

endif
100 if(n .It. np)then
write(*,34)vamce, varbest

34 fonnat(.?,x.'vaﬁance(’.ﬂ.z,‘) already greater than varbest

+ (CF1.20)

print *."loop terminated after’.n.‘increments’

endif
sum = {),
2 continue
3 continue

print *’best CL = *,bestcl

print * 'best PL = ".bestpl

print *.’the variance was ".varbest
write(37.*)'best CL = *,bestc|
write(37.*)best PL = ".bestpl
bestcl = bestcl*1.e-6

t = xo*bestpl/(bestcl)**] 5
t=t*l.e-6

print *."this combination of PL & CL predicts T = °
write(37.*) this combo of PL & CL predicts T =

stop
end
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Program TcurvelO
C+ LINEAR STRIPS OF CONSTANT CLOSURE PRESSURE.

C+ This program allows the user o enter up o twenty experimentally
C+ measured strengih-indent load pairs. and then will calculate T(c)
C+ curves. use these 10 calculate strengtit values. and then compare the
C+ calculated and the measured strengths. The program contains six do
C+ loops. The inner one increments crack size (logarithmically). calc-
C+ ulates a trial T-curve. calculates stress-crack size. and labels the
C+ maximum s-¢ value as the strength. The second loop increments indent
C+ load. so that you get 2 strength calculated for each indent load
C+ for which you entered an experimentally measured value. This loop
C+ also keeps track of the sui of the squares of the differences
C+ between calculated and measused strengihs. The next loop increments
C+ To. Also.this loop calculates the variance for each set of strength-
C+ indent load values. determines the minimum variance. and then
C+ labels the best values for To, closure pressure. & closure pressure
C+ depth. The variance calculaton is weighted towards indent loads
C+ which have the most data. The next loop increments closure pressure.
C+ The next loop increments closure pressure depth. The outermost loop
C+ increments steady state crack size. This program allows the user 10
C+ specify the increment size for each do loop. The user will be asked
C+ to input a PL value. which is used to modify the X term to account
C+ for lateral cracking. The user may choose the program’s output. The
Cx+ choices arex(1) a table of measured and calculated strengths. the
C+ difference between them. and the variance for the set. for EACH set
C+ of adjustable paraimeters. (printed to the screen) and at the end. 2
C+ printout of the minimum varnance. best To. b. ¢p. and ¢*: (2) just
C+ the final results of the program, i.€.. the best fit parameters, and
C+ a table of calculated strengths and critical crack sizes determined
C+ by those best fit parameters. Also. the user decides whether 0
C+ write a data file containing c. ¢ {/2. Km. T(c). and stress(c). for
C+ each indent load. This data file should only be created when the
C+ adjusiable parameters are entered as CONSTANTS. or else the data
C+ file will be realy HUGE. The program can take a while to run
C+ (depends on SIEp sizes).

real s(115).c(115 3.10.p(20) x.psi smax(20).c£(20),ce.tem .

+ term2.xx.cp.b.d.kmn(l 15).tc(l 15),kmcf‘,tccfosigp(ZO),sum,var( 150),

+ minvar.sum ! .,sigps(l()),csmcsmlovcsmmqcstars‘cs,pk

integer ns.ii.nte.nip.np
C+ Definition of Variables:
C+ s = siress: there is one stress value calculated for each
C+ crack size increment.
C+ ¢ = crack size: incremented in StEps of 0.05 power of ten
C+ to = base line toughness value. in Pa*sgri(in)
C+ x0 = constani in the residual stress intensity field. incorporating
C+  the hardness and Young's modulus. but no lateral crack intlucnce
C+ p= indentation load, in N '
C+ psi = geometry constant in the applied K field
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C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+
C+

smax = maximum calculated stress value. identified as the strength
cf = crack size corresponding to smax
cc = do loop dumy variable used to increment crack size
term! = part of the microstructural K field term
term2 = another part of the microstructural K field term
XX = dummy variable used in incrementing crack size
Cp = constant closure pressure in the microstructural K term
b = depth at which the closure pressure becomes activated
cstar = steady state crack size
d = length of crack wake over which Cp acts(=c-b)
km = microstructural stress intensity field
tc = the toughness curve, T(c) = To - Km(c)
ns = used to convert cc into an integer, which is then used
as the term number of the array variables [s(ns), tc(ns),
and km(ns)]
sigp = experimentally measured strength
sigps = number of experimentally measured strengths for given P
sum = sum of squares of calculated - measured strength
sum! = total number of strengths measured, for all P
var(ntt)= variance for present strength-indent load set = sum/(np-1)
np = number of strength-indent load pairs
minvar = minimum variance
cplow, cphi = low and high range for closure pressure
tolow, tohi = low and high range for To
cstarlo, cstarhi = low and high range for cstar
blow.bhi = low and high range for closure pressure depth
cpstep.bstep,tostep = step sizes for do loops
PL = indent load ar which lateral crack influence becomes important

C+

open(37.file="tc10.dat")
rewind 37
write(5.*)how many measured strengths are there?*
read *.np
suml = Q.
do 10 ii = l.np
write(5.*)"indent load = (N)?’
read *,p(ii)
write(6,*)’indent load = ",p(ii)
write(5,¥) 'measured strength for that P = (in MPa)?
read * sigp(ii)
write(6,*) average measured strength was °.sigp(ii)
write(5.%)'# of samples tested for that P = 2°
read *.sigps(ii)
write(6.*)'# ol samples for that P = ".sigps(ii)
suml = sum|l + sigps(ii)

10 continue

write(5.*)'input parameters -- Xo = 7
read *,xo
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write(6.%) X0 = X0
print *,’enter psi’
read *.psi
write(5,%)" minumuin To = (in MPa*sqri(m)) 7
read *.tolow
write(6.%) ' min To = ".tolow
write(5.%) 'maximuin To="7
read *.tohi
write(6.%¥)'max To = " tohi
write(5.*) increment size tor To = (in MPa*sgri(m))?’
read *.tostep
write(6.%) To Step size = '.tosiep
write(5.%) minimum constant closure pressure = (in MPa) A
read *.cplow
write(6,) minimum constant closure pressure
write(5.%) maximuti closure pressure = 7
read *.cphi
write(6,%) ' max ¢cp = ".cphi
write(5.*) CP stcp size = (in MPa)!’
read *.cpstep
write(6.%)'cp step size = ' .cpstep
write(5.%) minimum closure pressure depth = (in microns) 7’
read *.blow
write(6.%) min closure pressure depth = ".blow
write(5.%) 'max closure pressure depth = 7’
read *.bhi
write(5.%)'max closure pressure depth = ?7".bhi
write(5.%)'cp depth step size = (in microns)?’
read *.bsiep
write(6.%)'b step size = " bstep
write(5.%) enter PL = (in N)’
read *.pl
print *,'cnter minimum steady state crack size. in um’
rcad *.cstarlo
print *.'cnier max stcady state crack size’
read *cstarhi
print *,’cnicr stcady state crack size step size. in um’
read *.csLars
C+ Define constant tcnns.
print *.’want 10 cnier a minvar from a previous un?(1=Y.2=N)’
read *.ians
if(ians .€q. then
print *.‘enicr minvar’
read *.minvar
else
minvar = 1000000.
endif
print *."want 0 5¢C all values (1), or just end results(2)?’

' cplow
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read *.iprint
print *."Want to create data file tc10dat.all. containing ALL®
print *.* values of c. sqrt(c), kms, tc. and stress ?1-Y.2-N*
read *.idata
if(idata .eq. I)then
open(70.file="tc10dat.all")
rewind 70
endif
write(*,31)
31 Format(2x.” measured ".2x,"calculated".2x, "difference ")
do 7 ¢s = cstaro. cstarhi. cstars

print *.° >CSTAR = " CS
cstar = ¢s*l.e-6
C::HH:-‘#HHHH:H::HHH{!{:HH:H::}+.‘H:H+H%:‘x:."ré::.‘:
C+ Closure pressure depth loop:
do 5 bb = blow. bhi. bstep
write(6.32)bb

32 format(2x.50("-")."b= ".£4.0.10(’-"))
b = bb*l.e-6

C+
C+ Closure pressure loop:
C+

do 4 cep = cplow.cphi.cpstep
if(iprint .eq. 1)then
write(6.33)cep
33 format(2x.35(*-),"cp= “14.0.100°-%))
else
print *'+°
endif
Cp = cep*l.e6
if(ccp .ey. cplow)then

nep = |
else
ncp = nep + |
endif
G e
C+ To loop:
Gt e

do 3 tt = 1olow.tohi.tostep
to = (r*].e6
if(tt .cq. tolow)then
nt = |
clse
=t + |
endif

C+ Indentation load loop:




do 2 nip = L.np
x = xo/(1.+p(nip)/ph)
co = ((x*p(nip))/io)**(’l./&)
co = co*l.co
co = loglO(cov)
smaxi=-1.c7

C+ *******:‘ﬁ:‘;***i‘**##*****:ﬁt*#ﬂ&:‘;*:‘x#********#*******ﬁ.

C+ Inner loop for siress. T-curve calculations:
C+ $¢¢#$&***$**ﬁ**$¢*¢¢*#$**$*$*$#*$#*#$**$**#***$*$$**$******$****#*#

do 1 cc = ¢0.345. 0.025
if(cc .eq. colthen

ns= 1
else

ns =ns + 1
endif

xx = 10.%¥ce
c(ns) = (l.e-6)"xx
d=cns) - b
if(c(ns) .le. b)then
km(ns) = 0.
elseif(c(ns) .gi. b .and. c(ns) lt. cstanthen
term1 = 2.%((b/c(ns)) + (d/c(ms)))**(1./2.)
term2 = 2. #(bfe(ns))*#(1./2.) - (d/c(ns))
km(ns) = -psi*cp*sqn(c(ns))*(terml+termZ,)
else
km(ns) = -psi*cp*sqn(csmr)*( 1.-2.*(b/cstar)**(1./2.)
+ +(bfcstar))
endif
tc(ns) = 10 - km(ns)
s(ns) = (tc(ns)-x*p(nip)/c(ns) ** 1.5)/(psi*sgri(c(ns)))
if(idata .eq. 1)then
write(70.40)p(nip).c(ns)* | e6.sgri(c(ns)* 1.co).kmns)
+ 1 e-6.1c(ns)* 1.e-6.s(ns)* l.e-6
40 format(2x.14.0.2x.£6. 1.2x°f6.2,2(2x.f6.3)‘2x°t7.2)
endif
if(s(ns) .gi. smaxi)then
smaxi=s(ns)
smax(nip) = s(ns)*1.e-6
ct(nip) = c(ns)*1.e6
kmcf = kny(ns)
teet = 1e(ns)
endif
| continuc
C+ 1k sk sl i sk sle e Sle 3K
resid = (smax(nip) - sigp(nip))
if(iprint .cq. Dthen
write(6.34) sigp(nip). smax(nip), resid

**$*$#$$***$*#$****$#**#*****&*****$***$***$*m***$***$****
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e

34  Format(2x.e10.4.2x.c10.4.2x.e10.4)
endif
if(nip .eq. I)then
sum = ((smax(1) - Sigp(1))**2)*sigps(1)/sum |
else
sum = sum + ((smax(nip) - sigp(nip))**2)*sigps(nip)/sum |
endif
if(nip .It. np)then
vamce = sum/(np-1)
if(vamce .gt. minvar)go to 100
endif
2 continue

var(ntt) = sum/(np-1)
if(var(ntt) .It. minvar)then
minvar = var(ntt)
tobest = to*[.e-6
cpbest = cp*l.e-6
bestb = b*l.e6
bestcs = cstar*|.e6
endif
if(iprint .eq. I)then
write(6.35)varntt),minvar
35 format(2x,'variance for this set = '.f7.2./,.2x. minvar= "
+ 17.2.)
endif
100 if(nip .It. np)then
if(iprint .eq. I)then
wri[e(6.36)vamce.minvar.nip
36 format(2x. variance( ".f6.2.") already greater than minvar( ",
+£6.2.7)"./.2x." loop terminated after "2, increments’./)
endif
endif
3 continue
4 continue
5 continuc
7 continue
do 8 j=1l.np
write(6.4 1)p(j).smax(j).ct(j)
write(37.41)p(j).smax(j).cf(j)
41  format(2x.f5.0.2x.£8.2.2x.8.2)
8 continue
write(6.*)'best b = " bestb
write(6.*) best To = " tobest
write(6.*) best cp = ".cpbest
write(6.%) 'hest cstar = °,bestcs
write(6.*) 'with a minimum variance of ', minvar
write(37.%) best b = " bestb
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write(37.%) best To ' lobest
write(37.%) "best €p *.cpbest
write(37.%) best cstar = * bestcs
write(37.%) ' minvar = ' minvar
Stop

end
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Program Tcurvey
¢+ This program is designed for trilayer composites. It uses the same
C+ basic stress intensity factor solution for Km as the previous 8
¢+ programs. but now [ define several different crack size domains. for
c+ which the actual form of Km is slightly different. reflecting the
c+ different materials the crack is sampling. For this program. the
C+ user inputs the best fit parameters found from Tcurve 10 for the two
c+ base materials - i.e., To, CP. b, and c*.

real s(115).c(1 15).t0.p(20).x,psi.sigmax(20),cf(20) cc.term .
+ term2.xx.cp.b.d.km(115).tc(1 15),kmcf.tccf.sigp(20).sum.var( 150),
+ sum.sigps(20).kms(115),kmb(115 ).cstars.cstarb.minvar

integer ns.ii.nip.np,nth

C+
open(38.file="tcY.d")
rewind 38
write(5.%) how many measured strengths are there?’
read *.np
sumi = 0.
do 10ii = lnp
write(5.*)"indent load = (N)?’
read *,p(ii)
write(6.*)"indent load = "p(ii)
write(5,.*) 'measured strength for that P = (in MPa)?’
read * sigp(ii) _
write(6.*)average measured strength was °,sigp(ii)
write(5,*)'# of samples tested for that P = ?2*
read *,sigps(ii)
write(6.%)# of samples for that P = *.sigps(ii)
suml = suml + sigps(ii) '
10 continue
write(5.*) input parameters -- Xo = °
read *.xo
write(6,*)'Xo = *.x0
print *’enter psi’
read *,psi
write(5.*)" surface To = (in MPa*sqrt(m)) 7°
read *.tos
write(6.*) surface To = ".tos
write(5.*)'bulk To = 7°
read *tob
write(6.*)'bulk To = “.tob :
write(5.*) surface constant closure pressure = (in MPa) 7*
read *.cps
write(6,*) surfiace constant closure pressure = .cps
write(5,*)'bulk closure pressure = ?°
read *.cpb
write(6.*)'bulk cp = *.cpb
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write(5.%) surtace closure pressure depth = (in microns) 7’
read *,bs

write(6.%) 'surtace closure pressure depth = ".bs
write(5.%) bulk closure pressure depth = 7’

read *.bb

write(5.%) bulk closure pressure depth = 7".bb
write(5.%) enter pL = (in N)’

read *.pl

write(3.%) surt. material steady state crack size = (um)’
read *.cstars

print *,’enter bulk cstar in microns’

read *.cstarb

write(5.¥) enter minimum surface layer thickness in microns --°

write(5.%)' DO NOT ENTER A thickness LESS THAN bs !I"

read *.thlow
write(5.¥) enter max curface layer thickness in microns’
read *.thhi
write(53.%) enter thickness step size. in microns’
read *.thstep
print *,'want 10 create data file tc9dat.all, containing alt ’
print *.'p. C. c** /2. km. IC, Stress values? It will be 2’
print *. HUGE. HUGE file unless you are only computing 2 )
pring *." few thicknesses. 1=yes. 2=no0’ ‘
read *.nans
if(nans .eq. 1then

0pcn(37.ﬁle=‘lc9dai.al1')

rewind 37
endif

C+ Define constant tenms:

31

minvar = 1000000.

tos = tos*1.e0

tob = tob*1.e6

cps = ¢ps* l.e6

cpb = cpb* l.co

bs = bs*1.e-6

bb = bb*1.e-6

cstars = cstars* 1 e-0

cstarb = cstarb® l.c-6

write(*.31)

Format(2x.” P - 9%, calculated’.2x.’ Cf")

do 111 th = thiow. thhi, thstep
if(th .eq. thlow)then

nth = |
else
nth = nth + 1
endif
t=th
{ = t*¥1.e-6
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if(bs .ge. t)then
bb=bb+t
cstarb=cstarb+t
go to 100
endif
print *,’-e-eeceeeaceen t = " th,’
write(38.301)th
301 format(lx, ---=-ce-eemes t="14.0" D)
G mmmm el

Gt mmmrm e L

do 2 nip = l.np
x = x0/(1.+p(nip)/pl)
co = ((x*p(nip))/tos)**(2./3.)
€O = co*l.e6
co = loglO(co)
smax = -l.e7
C+ *******************************************************************

C+ Inner loop for stress, T-curve calculations:
C+ ***#***************************************************************
do | cc = ¢0.3.45, 0.025

if(cc .cy. cojthen
ns=1

else
ns=ns + |

endif

xx = 10.%*cc

c(ns) = (l.e-6)*xx

ds = c¢(ns) - bs

if(c(ns) .1t. bs)then
kms(ns)=0.
kmb(ns)=().
km(ns) = ().

elseif(c(ns) .ge. bs .and. c(ns) .le. t)then
terml = 2.*((bs/c(ns)) + (ds/c(ns)))**(1./2.)
term2 = -2.*(bs/c(ns))**(1./2.) - (ds/c(ns))
kms(ns) = -psi*cps*sqrt(c(ns))*(term 1 +term2)
kmb(ns)=0).
km(ns)=kms(ns)+kimb(ns)

elseif(c(ns) .gt. t .and. c(ns) .le. (t+bb))then
terml = 2.*(t/c(ns))**(1./2.) - (t/c(ns))
term2 = -2.*(bs/c(ns))**(1./2.) +(bs/c(ns))
kms(ns) = -psi*cps*sqri(c(ns))*(term | +term2)
kmb(ns)=().
km(ns) = kms(ns)+kmb(ns)

elseif(c(ns) .gl. (1+bb) .and. c(ns) .le. cstars)then
term| = 2.*(t/c(ns))**(1./2.) - (t/c(ns))
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term?2 = -2.*(bs/c(ns))**(l,/2.) + (bs/c(ns))
kms(ns) = -psi*cps*sqrt(c(ns))*(tenn1+tenn2)
termlb = l.-l*((t-t—bb)/c(ns))**(1./2.,)
term2b = (1+bb)/c(ns) :
kmb(ns) = -psix*cpb*sqrt(c(ns))*(tenn1b+term?.,b)
km(ns) = kms(ns) +kmb(ns)

elseif(c(ns) .gL. CSIArS .and. c(ns) .le. (t+cstarb))then
terml = 2.*(ﬂ/csmrs)**(1./2.)—(ch1&’5)
term2 = -2.*(bs/cstam)**(1./2,)+(bs/csmrs)
kms(ns) = -psﬂ*cps*sqmcsmrs)*(teml+term2)
kmsstar= kimns(ns)
termlb = l.-2.*((t+bb)/c(ns))**(1./2,)
term2b = (i+bb)/c(ns)
kmb(ns) = -psﬁ*cpb*sqn(c(ns))*(tenn1b+term2b)
km(ns) = kins(ns) + kmb(ns)

elseif(c(ns) .EL (t+cstarb))then
termib= 1 .-2.*((t+bb)/(t+csmrb))**( 1./2.)
term2b= (1+bb)/(t+cstarb)
kmb(ns)= -psﬂ*cpb*sqn((&+csmrb))*(tenn |b+tenn2b)
kms(ns)=kms(ns-1)
km(ns) = Kimsstar +kmb(ns)

endif
if(c(ns) .lt. t)then
to = oS
else
to = tob
endif

ic(ns) = {0 - km(ns)
s(ns) = (tc(ns)=x*p(nip)/c(ns)** LS)/(psi*sqn(c(ns)))
if(nans .eg. Dthen
wme(37.43)p(mp),c(ns)* |.e6.sqric(ns)*l .€6),-kms(ns)
+ * 1 e-6.-kmnb(ns)* 1.e-6.tc(ns)* 1.e-6.s(ns)*1.e-6
43 format(2x.14.0.2x.16. l.Zxa2'602°3(2x°f8.5)‘,2x,f6.2,)
endif
if(s(ns) .gt. smax)then
smax = s(ns)
sigmax(nip) = smax*1.e-0
ct(nip) = c(ns)* 1.e6
kmcf = km(ns)
tcef = 1c(ns)
endif
1 continue
C+ **:‘.:**#:.‘:::z:tt::::k:k:‘:-*:‘«rz‘;****&*:‘.ﬂ**:ﬁ::&**#*** mmmmm
resid = (sigmax(nip) - sigp(nip))
write(6,34) p(nip). sigmax(nip). cf(nip)
write(38.34) p(nip). sigmax(nip). cf(nip)
34 Fonnm(?;x,ffi».(),.?xﬂ.2,2x,qf5.0)
if(nip .eq. Dihen
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sum = ((sigmax(1) - sigp(1))**2)*sigps(1)/sum |
else
sum = sum + ((sigmax(nip) - sigp(nip))**2)*sigps(nip)/s
endif
2 continue

var(nth) = sum/(np-1)
if(var(nth) .It. minvar)then
minvar = var(nth)
thbest = t*].e6
endif
write(6,35)var(nth),minvar.thbest
35 format(2x.’variance for this set = " f7.2,/.2x, minvar="f7.2./
+2x,'best t = ".f5.1)
print *,°
write(38.*)"
111 continue
100 if(bs .ge. t)then
do 22 nip = l.np
X = x0/(1+p(nip)/pl)
co=((x*p(nip))/tos)**(2./3.)
co=co*].e6
co = loglO(co)
smax = -l.e7
do 11 cc = ¢0.3.45.0.025
if(cc .eq. co)then
ns = |
else
ns = ns+1
endif
xx=10.**cc
c(ns)=(l.e-6)*xx
kms(ns)=0.
if(c(ns) .le. bb)then
kmb(ns)=0.
elseif(c(ns) .gt. bb .and. c(ns) .le. cstarb)then
kmb(ns)=-psi*cpb*sqrt(c(ns))*(1.-2.%(bb/c(ns))
+ **(1./2.)+(bb/c(ns)))
elseif(c(ns) .gt. cstarb)then
kmb(ns)=-psi*cpb*sqri(cstarb)*(1.-2.*(bb/cstarb)
+ **(1./2.)+(bb/cstarb))
endif
km(ns)=kmb(ns)
te(ns)=tob-kin(ns) .
s(ns)=(tc(ns)-x*p(nip)/c(ns)** 1.5)/psi*sqri(c(ns)))
if(nans .cq. 1)then
write(37.43)p(nip).c(ns)* 1 .eb.sqri(c(ns)* 1.e6).kms(ns)
+ *L.e-6.kmb(ns)*l.e-6.tc(ns)* | .e-6,5(ns)* 1 .e-6

v
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endif
if(s(ns) .8t smax)then
smax = s(ns)
signm.x(nip):smax* t.e-6
cf(mp)::c(ns)* 1.6
endif
11 continue
wme(ﬁ.39)p(mp),sigmax(mp).,cf(nip)
wme(38‘,39)p(mp).sigmax(nip)vcf(mp)
39 formm(Zx,f4.0,2ng6.2°2x.,f6,0)
22 continue
endif
Sop
end
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Program Karcnew?2
c+ This program uses solution 24.4 from the Stress Analysis of Cracks
¢+ Handbook (Tada.Paris.Irwin.1985), which solves for an embedded penny
c+ shaped crack. subjected to a constant line force acting on an arc of
c+ radius b. and haif-angle alpha. As this program is intended for use
C+ with monoliths. alpha is set to a constant value of pi/2.
C+ This program allows the user to enter up to 20 experimentally
C+ measured strength-indent load pairs. and then will calculate T(c)
C+ curves. and use these to calculate strength values. The program
C+ prints out the calculated strengths, and crack size at failure. Or,
c+ the user may ask to see all values of stress. Km. and crack size.

C+

real s(115),c(115),t0,p(20),x,psi.smax(20),c£(20).cc.Tinf.
+xx.cp,b.d.km(115).tc(115),sum.sigps(20).sum I, vamce,
+pi.delta.var(150).sigp(20),minvar.pressure.pl
integer ns.ii.nip.np
C+
C+ Definition of Variables:
C+
C+ s = stress: there is one stress value calculated for each
C+ crack size increment.
C+ c = crack size: incremented in steps of 0.025 power of ten
C+ to = base line toughness value, in Pa*sqrt(in)
C+ xo = constant in the residual stress intensity field, incorporating
C+  the hardness and Young’s modulus, but no lateral crack influence
C+ p = indentation load. in N '
C+ psi = geometry constant in the applied K field
C+ smax = maximum calculated stress value, identitied as the strength
C+ cf = crack size corresponding to smax
C+ cc = do loop dummy variable used to increment crack size
C+ xx = dummy variable used in incrementing crack size
C+ cp = constant closure line force in the microstructural K term
C+ b = depth from surf. at which line force is applied
C+ delta=distance behind crack tip at which line force is applied
C+ km = microstructural stress intensity field
C+ tc = the toughness curve, T(c) = To - Km(c)
C+ ns = used 1o conven cc into an integer, which is then used

C+ as the term number of the array variables [s(ns), tc(ns),
C+ and km(ns)]
C+ i = used to determine which results to print

C+ sigp = experimentally measured strength

C+ sum = sum of squares of calculated - measured strength

C+ np = number of strength-indent load pairs

C+ PL = indent load at which lateral crack influence becomes important
c+ alpha= pressurized arc half-angle (in radians), for bulk material

c+ t = surface layer thickness

C+

write(5,%) how many measured strengths are there?’
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read *.np
sum=0.
do 10 ii = l.np
write(5.%) indent joad = (N)?’
read *.p(ii)
pring *.’average strength for that P = (MPa)?’
read *.sigp(ii)
print *,'number of samples broken for that P’
read *.sigps(ii)
sum = sum + sigps(ii)
10 continue
write(5.%) 'input parameters - Xo="7
read *.x0
write(6.%) X0 = X0
print *.'enter psi’
read *.psi
write(5.%)" enier minimum To = (in MPa*sqri(m)) 7
read *.tomin
pring *.’enter max To'
read *.fomax
print *,’enter To siep size’
read *.tostep
write(5.%) enter min constant closure line force = (KN/m) 7
read *.cpmin
print *,’enter max constant closure line force’
read *.cpmax
print *,’enter cp SIEP size’
read *.cpstep
write(5.%) ‘enter min c.p. 1ag distance (microns)’
read *.dmin
print *.’enter max closure pressure lag distance’

read *.dmax

print *.'enter Cp lag distance step size’
read *.dstep

write(5.%) enter PL = (in N)

read *.p!

pi=acos(-1.)
print *."write ALL values to data file?(1=y, 2=n)’
read *.ians
if(ians .ey. Dihen
0pen(37.1'nlc=’knrcnew-de.a.u‘)
rewind 37
open(38.ﬁle:‘karcnew-z.dat’)
rewind 38
endif
print *.'want 10 s€c all p.strengm.resid values?(1=y.2=n)’
read *.iprint
print *.'want {0 cnier a minvar from previous run? (I=y:2=n)
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read *.iwell

if(iwell .eq. 1)then
print *.‘enter minvar’
read *.minvar

else
minvar = 10000000.
endif
do 5 dd=dmin.dmax.dstep
delta = dd*l.c-6
do 4 ccp = cpmin.cpmax.cpstep
cp=ccp*l.e3
do 3 tt = tomin.tomax.tostep
if(tt .eq. tomin)then

ntt=1

else

ntt=ntt+1

endif

to = 1t*].c6
G e mmmm e s e e
C+ Indentation load loop:
O T

do 2 nip = l.np
x = xo/(1.+p(nip)/pl)
co = ((x*p(nip))/to)**(2./3.)
co = co*l.e6
co = loglU(co)
smaxi=-1.e7
C+ ****************************#*¢*********#**************************

C+ Inner loop for stress. T-curve calculations:
C+ *********************************&*********************************

do I cc = c0.3.45. 0.025
if(cc .eq. co)then

ns = |
else

ns=ns + [
endif

xx = 10.**cc
c(ns) = (l.e-6)*xx

cl=c(ns)

b=ci-delta

if(c(ns) .le. delta .or. cp .eq. 0.)then
kim(ns) = ().

elseif(c(ns) .gt. delta)then
km(ns) = 4. *cp*b*(atan((2.*%c |-delta)/delta))/
+ (pi**(1.5)*sqri(c 1 *delta*(2.*c I -delta)))
endif
tc(ns) = to - km(ns)
s(ns) = (tc(ns)-x*p(nip)/c(ns)**1.5)/(psi*sqri(c(ns)))
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if(s(ns) .gt. smaxi)then
smaxi=s(ns)
smax(nip) = s(ns)*1.e-6
cf(nip) = c(ns)*1.e6
endif
if(ians .ed. ywrite(37.40)c(ns)” [ e6.-km(ns)* l.e-6.1c(ns)*
+ 1.e-6. s(ns)*l.e-6
40 i’ormm(Zx,fé.l°2x‘,i’9.6«,2x.t9.6{,2x,f8.2)

| conunue
C+ **:f::::z‘;*##::r::!::-‘ﬁ#::::‘.:#**rk*ﬁuk**&:::sw#*:k**#***:?:k$*#$$*$:¢:#****

if(ians .eq. Dthen
write(38.31)
31 format(;’;x,‘P“.Zxﬁstrength’.le(?o’,4x,’Cf’)
write(38.34) p(nip). smax(nip). c(1)*1.e6. cf(nip)
34 Format(2x.£5 0.2x.£6.1.2x.6.1.2x.£6.1./)
endif
resid=smax(nip)-sign(nip)
if(nip .eq. Dthen
suml = ((smax(1) ~sigp(l))**2)*sigps(l)/sum
else
swm 1 =sum 1+((snmx(mp)-sigp(mp))* =7 yrgigps(nip)/sum
endif
if(nip .1t np)then
vamce=sum 1/(np-1)
if(vamnce .gi. minvar)go 1o 100 -
endif
if(iprint .eq. 1)then
write(6.4 l)sigp(nip)gsnmx(nip).,resid

41 fommt(Zx.,W,Z,ZX,W.Z.ZM"?.B)
endif
2 continue
PP

var(ntt) = sum 1/(np-1)
if(var(nit) 5. minvar)then
minvar = var(nit)
tobest = t0*1.e-0
cpbest = cp*l.e-3
dbest = delta*1.€6
endif
if(iprint .eq. then
print = “yariance for this set =" var(ntt)

pring *,’---===m=-s
endif
100 if(nip 1. np)then
endif
3 continue

4  continue
print *.'completc through delta = ".dd
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5

continue
print *.’best To =", tobest
print *,’best cp =", cpbest.” KN/m’
print *,'best delta =".dbest
print *.'minvar = 'minvar
pressure=cpbest* 1.¢3/(dbest* 1.e-6)
Tinf = L.e-6*(syr(2.)*cpbest* Le3/(sqri(pi*dbest* | .e-6)))
print *,'this gives steady state toughness =",Tinf."MPa*sgrt(m)"
print *.’and P/delta = *pressure*1.e-6."MPa’
if(ians .eq. I)then
do7j=lnp
write(6.42)p(j).smax(j),cf(j)
format(2x.f5.0.2x.18.2.2x.£7.1)
continue
endif
stop
end
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Program Karcnew3c¢
c+ This program COfrects some simplification problems with Karcnew3

c+ and karcnew3b. Here. the arc line forces are allowed to extend 10
¢+ the interface. as in karcnew3b. However. this program solves for K
c+ for each arc element. all at the SAME point. the crack depth (i.c..
C+ the deepest point beneath the surface). Again. this program is for
¢+ trilayers. using best fit parameters from the base materials. det.

¢+ by karcnew2. [Program karcnew3d will solve for the Kin's at the

c+ surface).
C+

real s(115).c(! l5).,to,p(20).x,psi.,smax(ZO).cf(ZO).cchm( 115),
+xx.cp.b.d.kms(! 15)kmb(115).tc(l 15).sum.sigps(20).sum L.vamece.
+pi.delta.var(150).si gp(20).minvar.pl

integer ns.ii.nip.np

C+

C+ Definition of Variables:

C+

C+ s = stress: there is one SHess value calculated for each

C+ crack size increment

C+ ¢ = crack size: incremented in sieps of 0.05 power of ten

C+ to = base line toughness value. in Pa*sqri(m)

C+ xo = constant in the residual sress intensity field. incorporating
C+  the hardness and Young's modulus, but no lateral crack influence
C+ p = indentation load. in N

C+ psi = geometry constant in the applied K field

C+ smax = maximum calculated stress value. identified as the strength
C+ c¢f = crack size corresponding o smax

C+ cc = do loop dummy variable used to increment crack size

C+ xx = dummy variable used in incrementing crack size

C+ cp = constant closure line force in the microstructural K term

C+ b = depth from surf. at which the closure force becomes activated
c+ delta=distance behind crack tip at which closure force is applied
C+ km = microstructural Stress intensity field

C+ tc = the toughness curve, T(c) = To - Km(c)

C+ ns = used to convert cC IR0 an integer. which is then used

C+ as the term number of the array variables [s(ns), tc(ns),
C+ and km(ns)]
C+ i = used to determine which results to print

C+ sigp = experimentally measured strength

C+ sum = sum of squares of calculated - measured strength

C+ np = number of strength-indent load pairs

C+ PL = indent load at which Jateral crack influence becomes important
c+ alpha= arc angle (in radians). from crack depth to intertface

c+ alphas = FULL arc angle for surface material line force

¢+ alphab = HALF arc angle for bulk material line force

¢+ Theta= arc anglc beiween line force arc midpoint and the crack

c+ depth: for bulk material, Theta=0: for surface material,

c+ Theta is alphas/2 + alphab - epsilon
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C+
C+
C+
C+
Cc+
C+

epsilon = [alphas-pi/2 + alpha] This is the arc angle which
represents the extra arc segment needed to extend the
surface material line force all the way to the material
intertace. rather than being cut off while still in the
surtace layer (as in karcnew3 program)

t = surface layer thickness

C+

f(cp.cl.d.y) = 4.*cp*(cl-d)*atan(y*(c1-d)/d)/

+ (sqr((pi**3)*c [ *d*(2.*c1-d)))

f2(cp.cl.d.Theta.A) = (2.*cp*(cl-d)/sqri((pi**3)*cl*d*(2.*c1-d)))
+ *(atan((2.*c!-d)*tan((Theta+A)/2.)/d)-atan((2.*c 1-d)*tan

+ ((Theta-A)/2.)/d))

open(37.file="karcnew-3c.dat")

rewind 37
write(5,*)'how many measured strengths are there?”
read *.np
sum=().
do 10 ii = l.np
write(5.*) indent load = (N)?*
read *.p(ii)

print *,’average strength for that P = (MPa)?’
read *.sigp(ii)

print *.'number of samples broken for that P?°
read *,sigps(ii)

sum = sum + sigps(ii)

10 continue

write(5.*) input parameters -- Xo = 7°

read *.xo

write(6.*)'Xo = ".xo

print * ‘enter psi’

read *.psi

write(5.*)" enter To = (in MPa*sgri(m)) ?7°

read *.to

write(5.¥) enter surt. constant closure line force = (KN/m) ?°
read *.cpsurf

print *,’enter bulk constant closure line force'
read *.cpbutk

write(5.*) enter surface c.p. lag distance (microns)'
read *.dsurf

print *.’enter bulk closure pressure lag distance’
read *.dbulk

write(5.¥)’enter PL. = (in N)°

read *.pl

print *’enter surface layer thickness. in microns’
read *.t

(=t*l.e-0

pi=acos(-1.)

print *,’write ALL values to data file?(1=y, 2=n)’
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read *.ians
if(ians .eq. 1)then

open(38.ﬁle='karcnew3cdat.&ﬂ')

rewind 38
endif
print *.'want [0 see all p.strength.resid values: of’
print *,'just tinal strengths and Cfs? (1=all: 2=just)’
read *.ipnnt
print *.,'want o cnier a minvar from previous run? (1=y;2=n)’
read *.iwell
if(iwell .eq. 1)then

print *.’enter minvar’

read *.minvar

else
minvar = 10000000.
endif
deltas = dsurf*1.e-6
deliab = dbulk*t.c-6
cpb=cpbulk*1i.c3
cps = cpsurf®1.c3
o = to*l.co
Crecommon-- R
C+ Indentation load loop:
Cabmmmemmmmmemmm s mmm o= mm o2 mm T T T 0T

do 2 nip = L.np
= xo/(1.+p(nip)/pD)
co = ((x*p(nip))/t0)**(2./3.)
co = co*l.eb
co = logl0(co)
smaxi=-1.e7

C+ *#*$*$$$***$$**¢**#$*****$*$$**

C+ Inner loop for stress, T-curve ¢ culations:
$*¢***#***********************#*$*$$$$$

$**#$$***$***$$$*****$*********$$#*#

C+ *$*$**$*#***#$$$#ﬁ&ﬁ**&**$*$

do 1 cc = ¢0.3.45. 0.025
if(cc .eq. co)then

ns =1
else

ns=ns + 1
endif

xx = 10.¥%cc
¢(ns) = (1.e-6)"xx
cl=c(ns)
bs=c | -deltas
bb=c-deltab
alpha = acos(i/cl)
if(c(ns) .le. deltas)then
kms(ns) = 0.
elseif(c(ns) gL deltas .and. c(ns) .le.
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(t+deltas))then

d=deltas

cp=cps

alpha=pi/2.

y=tan(alpha/2.)

kms(ns) = -f(cp.cl.d.y)

elseif(c(ns) .gt. (t+deltas))then

alpha=acos(t/c1)

alphas=pi/2.-(atan((c I *sin(alpha)-(deltas/
sin(alpha)))/t))

epsilon = alpha - atan((c1*sin(alpha)-(deltas/

“sin(alpha)))/t)

Theta = alphas/2. - epsilon + alpha

d=deltas

cp=cps

A=alphas/2.

kms(ns) = -2.*{2(cp.c1.d.Theta.A)

endif
ifcl .le. deltab .or. ¢! It t .or. (cl-deltab)

de. t)then
kmb(ns) = ().

elseif(cl .gt. deltab)then

alpha=acos(t/cl)

alphab= atan((c *sin(alpha)-(deltab/sin(alpha)))/t)

y=tan(alphab/2.)
d=deltab

cp=cpb

kmb(ns) = -f(cp.cl.d.y)

endif
km(ns) = kms(ns) + kmb(ns)
tc(ns) = to - kim(ns)

s(ns) = (1c(ns)-x*p(nip)/c(ns)** 1 5)/(psi*sqri(c(ns)))

if(s(ns) .gt. smaxi)then

smaxi=s(ns)
smax(nip) = s(ns)*1.e-6
cf(nip) = c(ns)*1.e6

endif

if(ians .eq. Dwrite(38.40)c(ns)* 1.e6.-kms(ns)*1.e-6.-kmb(ns)*

l.e-6.-km(ns)*1.e-6.tc(ns)* | .e-0.8(ns)*{.e-6
40 format(2x.16.1.4(2x.19.6).2x.18.2)
| continue

C+ ********************************************************#**********

if(iprint .ey. 2)then
write(37.34) p(nip). smax(nip), c(1)*1.e6. ct(nip)
34 Format(2x.£5.0.2x.f6.1.2x.16.1.2x.f6. 1./

resid=smax(nip)-sigp(nip)
if(nip .eq. then
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41

sumi = ((smax(l) -sigp(l))**’l)*sigps(1)/sum

else

sum I=sum k+((smax(nip)—sigp(mp))**2)*sigps(nip)/sum

endif
if(nip .1t. np)then

vamce=sum 1/(np-1)

if(vamce .gi. minvar)go to 100
endif
if(iprint .eq. Dthen

write(6.4 1)sigp(nip).smax( nip),resid

format(2x.17.2.2x.17.2.2x.17.3)
endif

2 continue

var(ntt) = suml/(np-1)

if(var(ntt) .1t. minvanthen
minvar = var(ntt)
tobest = to*l.c-0
cpbest = cp*l.e-3
dbest = delta*1.co
csbest = cstar®1.co

endif

if(iprint .cq. Dthen

print *,"variance for this set =" var(nit)

print *.”
endif

100 if(nip .1t. np)then

3
4

6

endif

continue

continue

print *."completc through delta = ".dd
coninue

print *.'through cstar=", ¢s.’ . minvar =
continue

print *,'best To =", tobest

print *.’best ¢p =", cpbest.” KN/m’
print *,"best delta =".dbest

print *,'best csiar = *.csbest

print *.'minvar = "minvar

stop

end

Tminvar
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APPENDIX IIT. EQUIPMENT AND SUPPLIER INFORMATION

1. Tape Caster: TAM Ceramics Inc.. San Marcos. CA. Model 164 Slurry Caster. with Model

165 Dryer.

i

Mylar casting film: supplied by Dr. Yang-Haw Hu of E. 1. duPont de Nemours

3. Glass casting plates: McGrory Glass Inc.. Chester. PA. Plates were tempered glass, and had
dimensions of 12X72X0.25 in. = 0.063 in. over total length.

4. Ball Milling Media: U. S. Stoneware, Corp.. Mahwah, NJ. 99.5% alumina rods, 0.5X0.5 in.

5. Plastic bottles. for slurries: Fisher Scientific. King of. Prussia. PA. Wide-mouth, HDPE.

6. Binder solution: Metoramic Sciences. Inc.. Carlsbad. CA. Grade B73181

7. Binder modifier/ surfactant: Metoramic Sciences. Inc.. Carlsbad. CA. Grade Mlill4

§. Static charge elimination device: X-Static. Westsard Electronics. Inc.. Aurora, CO.

9. Warm press: Fred S. Carver. Inc., Menomonee Falls. WI. #2089 Model M Hydraulic
Laboratory Press. with a set of 2108-1 9X9 in. steel heating platens.

{0. Warm pressing dies: Buehler. Ltd.. Lake Bluff_. IL.

11. Alumina refractory dishes: Morgan Refractories Inc.. Canon City. CO. (99.8% pure). Also,
McDanel Refractory Co.. Beaver Falls, PA. (99.8% pure)

{2. Binder burnout/ calcination fumace: L&L Special Furnace Co.. Inc.. Aston. PA. Model HB9
Electric Furnace. with Honeywell UDC3000 digital program control.

13. Sintering furnace: CM Furnaces. Inc.. Bloomfield. NJ. Model 1700SA Rapid Temperature
Lab Fumace. with Eurotherm 821 Temperature Control System. (max temp of 1700 ©)

14. lsopress: Fluitron Inc.. Ivyland. PA. Model CP3-12-60 Cold [sostatic Press. Intemnal
dimensions of pressurc vessel - 3X12 in.; max pressure of 60 ksi (<420MPa).

15. Rubber isopressing bags: Klein Rubber Co.. Ravenna, OH. 1.6 in. diameter latex bags. with

13 mil wall thickness (~0.3mm).
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16.

24.

Microhardness machines: Leco Corp.. M-400FT Hardness Tester (P<ION). and mode}

V-100A Hardness Tester (P=10N).
Silicone oil: Dow Corming, 704 diffusion pump oil.
Strength testing: Instron. Canton. MA. Model 1350

Digital storage oscilloscope: Nicolet Instrument Corp.. Madison, WI. Model NIC-310.

Optical microscopes: Olympus, and Nikon

. Digital image analysis pad: DonSanio Corp..Natick. MA. MicroPlanil Image Analysis

Systen.

SEMs: (a) ETEC Autoscan Corporation. Hayward. CA. (b) JEOL, Tokyo, Japan(US
office- Peabody. MA). Models 840F, and 6300F (both FEG).
Computers: Zenith
Gateway 486/33C
IBM RISC System/6000 7012-320H Workstations
Software:  FORTRAN program development. editing, and debugging primarily
accomplished using WATFOR-77, which was much easier 10 leam and use than
anything available on the IBM Workstations or the mainframe computers.

Chesapeake Bay Crabs: Sea Pride Crab House., Baltimore, MD.
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