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INTRODUCTION

Our goal in this program continues to be the understanding of the role of
microstructure in the strength properties of ceramics. It is becoming
increasingly apparent to the brittle fracture community that the toughness
characteristics and flaw distributions of structural ceramics can be very much
influenced, sometimes with great sensitivity, by small details in the
microstructural makeup. For instance, the addition of less than 1% glassy
phase to the grain boundaries of alumina polycrystals can alter the fracture
properties dramatically, giving rise to significant improvements in strength.
However, without the additive phase the material is found to have the highly
desirable quality of "flaw tolerance", i.e. an insensitivity of the strength
to the initial crack size. It becomes important to understand such subtle
interrelations between materials characterization and fracture processes, in
order that we may on the one hand be able to establish reliable design
criteria and, on the other, tailor new, superior ceramics.

Emphasis is being placed on characterization of the grain boundary
interface in "model" ceramic systems, such as polycrystalline Al,0,, so that
the mechanical properties can be closely related to controllable processing
variables (e.g. impurity content, grain size, etc.). The toughness response,
particularly the R-curve (crack resistance curve as function of crack size),
is being followed as a function of these variables. It is expected that new
insights will be gained into the role of interfacial phenomena in mechanical
behavior, insights that will ultimately bear on such practical areas as
composite fabrication, coating-substrate technology, etc. The proposed

research offers a systematic approach to the design and tailoring of new

structural ceramic materials.
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To this end, NBS has established a joint venture with the ceramic
processing group, under the direction of Dr. M.P. Harmer, at Lehigh
University. AFOSR has committed funds to Dr. Harmer’'s group as part of a
companion, collaborative processing-tailoring (Lehigh) and mechanical
evaluation (NBS) program.

During the past year, work has focussed on the elaboration of the R-curve

behavior in alumina ceramics. This work is summarized in the four appended

papers:
(1) Paper ]| describes an in-situ study of crack propagation in alumina.
The predominant toughening mechanism is that of "grain bridging". The

observations show that interlocking grains and ligaments of unbroken material
in the wake of the crack front serve to apply closure forces to the crack
surfaces: these forces must be overcome for the crack to propagate. This is
a radical new observation, which has not been considered in any previous
theory of toughening.

(2) Paper 2 describes a theoretical fracture mechanics model of grain-
localized ligament restraint behind an advancing crack tip. This model was
developed in collaboration with Dr. Y.W. Mai, Guest Worker from the Universitwv
of Sydney. The theory provides a full fit of the R-curve for various aluminas
and glass ceramics. The one missing element in this analysis was the
underlying physical mechanism by which the interlocking grain bridges were se:
up. We now believe that the restraint is tied up with "locked-in" thermal
expansion mismatch stresses in the non-cubic alumina structure. We are
currently incorporating this element into our theoretical analysis.

(3) Paper 3 takes the theory from papers 1 and 2 and uses it to

determine the strength characteristics of ceramics. We have been able to use
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the ensuing formulaticns to extract the fundamental toughness crack-size

dependencies for various aluminas and other ceramics, using a computer best-
fitting algorithm. We are currently fabricating alumina ceramics to enable us
to investigate the role of critical microstructural variables on the strength
behavior more closely. In particular, we are seeking conditions which
optimize the quality of "flaw tolerance"” which is associated with strong
R-curve behavior.

(4) Paper 4 describes experimental grinding resistance data, and relates
these data to the R-curves. It is found, contrary to conventional wisdom,
that large-scale macroscopic toughness does not correlate with grinding
resistance. This is a consequence of teh R-curve behavior. Consequently, the
R-curve must be considered when selecting ceramic materials for optimum wear

resistance.
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e Crack-Interface Grain Bridging as a Fracture Resistance

N Mechanism in Ceramics: I, Experimental Study on Alumina

AR

.:.: PETER L. SWANSON,” CAROLYN J. FAIRBANKS, BRIAN R. LAWN,” YIU-WING MAL*

M . and BERNARD J. HOCKEY

f Ceramics Division, National Bureau of Standards. Gaithersburg, Maryland 20899
-
'_:. Direct microscopic evidence is presented in support of an ex- established as a principal factor.'™* The transformation events are
A planation of R-curve behavior in monophase ceramics by generally taken to be confined within a “process zone™ about the
s grain-localized bridging across the newly formed crack inter- advancing crack tip. in analogy to the plastic zone responsible for

face. In situ observations are made of crack growth in tapered
cantilever beam and indented flexure specimens of a coarse-
grained alumina. The fractures are observed to be highly
stable, typical of a material with a strongly increasing resis-
tance characteristic, but are discontinuous at the micro-
structural level. Associated with this discontinuity is the
appearance of overlapping segments in the surface fracture
trace around bridging grains:; the mean spacing of such
“activity sites” along the trace is about 2 to 5 grain diameters.
These segments link up with the primary crack beneath the
specimen surface. and continue to evolve toward rupture of the
bridge as fracture proceeds. The bridges remain active at large
distances, of order 100 grain diameters or more, behind the
crack tip. Scanning electron microscopy of some of the bridg-
ing sites demonstrates that secondary (interface-adjacent)
microfracture and frictional tractions are important elements
in the bridge separation process. Evidence is sought, but none
found, for some of the more popular alternative models of

the R-curve behavior of metals. However, important as it 1s as a
mode of crack impedance, transformation toughening is currently
restricted to a select few ceramics and does not operate in “simple”
monophase materials like aluminas. Crack size cffects in these
latter matenals have been attributed to several alternative causes.
with virtually no direct expenmental substantianon. Perhaps the
most widely quoted of these is the proposal of a frontal microcrack
cloud, in which discrete microfractures act as cffective energy
sinks m the field of the primary crack ®” Another proposal 1s that
an advancing crack tip is progressively impeded via direct inter-
actions with locked-in internal stresses (e.g.. thermal expansion
mismatch stresses).” Other possibilities that have been considered
include crack restraint by pinning and bowing” and by deflection
and twisting," although these are noncumulative mechanisms;
they do not have provision to account for the remarkably long crack
size range over which the R curve rises in many materials.'
Which of the above mechanisms, if any, predominates in the
R-curve behavior of aluminas and other nontransforming ce-

?_-.. toughening, notably frontal-zome microcracking and crack- ramics? The current literature relating to this question is based
r.. ., tip/internal-stress interaction. It is suggested that the crack- almost exclusively on the capacity of theoretical models to match
N \.:- interface bridging mechanism may be a general phenomenon measured fracture mechanics (e.g.. applied load vs crack size)

> in nontransforming ceramics. data. The question of whether or not the proposed mechanisms

{ actually operate in the assumed fashion is not directly addressed in
1. Introduction this literature: support is provided only by circumstantial evidence
from limited postfailure examinations of fracture specimens. How-
ever. there is one set of observations. by Knehans and Steinbrech, "'
which allows us to narrow down the possibilities. They grew
cracks through several millimeters in alumina test specimens. and
found strong rising R curves. Then they removed material adjacent
to the walls behind the crack tip by sawcutting. taking care to leave
intact the immediate region ar the tip. On restarting the crack. the

PO

THERE is a growing realization that the crack resistance proper-
ties of ceramics have an intrinsic size dependence.' At crack
sizes small in relation to the microstructure the toughness has
values charactenistic of bulk cleavage (transgranular) or grain
boundary (intergranular) energies. At large crack sizes the tough-
ness tends to somewhat higher, limiting values characteristic of the

.l. .l' " Y Y “
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o

o polycrystailine aggregate. The toughness function connecting resistance reverted immediately to the base of the R curve. The
\'.-: these two extremes in crack size 1s the so-called “R-curve” func- unmistakable implication was that the toughening processes must
o tion, after the nsing crack resistance curves onginally found for operate in the wake of the advancing tip. Of the mechanisms
-‘5- metals.” Such R-curve behavior is of great interest in the case of considered thus far. it is that of distributed microcracking which 1s
Oy engineenng ceramics, for both the structural designer. who needs most compatible with this notion of a wake effect: indeed. the
Ty to know the toughness characteristic in specifiable flaw size Knehans and Steinbrech experiment has been cited as evidence for
Y ranges. and the matenals processor. who seeks a basts for tailoring the microcracking model.”
- new and superior matenals. However, Knehans and Steinbrech raised another possibility.
AN Despite this increasing awareness of the importance of micro- that the source of the nsing resistance may lie 1n some physically
! ',“- structurally related size effects. there have been remarkably few restraining force across the newly tformed crack interface. This
A attempts at detimitive 1dentification of underlying crack resistance alternative proposal had received only passing mention 1n the pre-
7o mechanisms. A notable exception is in the zircoma-based ce- ceding ceramics literature. ' ' Knehans and Steinbrech have since
"‘ ramics. where transformation toughening s now unequivocally taken their case further, arguing specifically in favor of a grain

interlocking mechanism. The 1dea of an interfacial restraint is
not the exclusive domain of the ceramics community; 1t has been

:“'; developed cven more strongly in concrete ™' and rock mechan-
N ics.™ ' although the detailed micromechanics of the actual sepa-
-,:_‘ breemmed a1 the 4xih Anmual Meetiag of the Amercan Ceramic Soxrets. Chicago ration processes are hardly better understood. Thus it would seem
, :-": IL Aapnl ¥ 19%A D Basic Science Division. Paper Noo 166 -B- 46) .Rn::ngcd that the kcy to improving the [Oughne“ of nontransforming ce-
L Aprid 1A UMA revised copy recetsed September 1 1986 approved October 14, ramics could depend primanly on events which occur behind ra-
AV A ther than at or ahead of the advancing crack. Clearly there are

Suppaorted by the 1S \sr Force Otfice of Saentitic Research. support tos P LS
provided by an NRO Postdintoral Fellowship and support tor Y W M provided by
the MBS Guest Worker Program

important implications here n the microstructural design of

o
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N AR % ¢ ceramic materials
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:'. *On leave tom the Department uf Mechanical Engineening. University of Sydney. The present work 1s directed to the developmeni of a crack
o NS W00 Australia resistance model incorporating the essential elements of the inter-
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Specimen

(B)
Objective

| ]

Fig. 1. Schematic of tapered double cantilever beam
test specimen used to observe crack growth during load-
ing: (A) top view; (B) side view. gpecimen cut from
tnangular slab. 12-mm edge length and 2-mm thickness,
to produce crack 7 mm long. Starter notch length
300 um, radius 100 um. Wedge angie 60°

facial restraint concept. It is in two parts. Part | describes experi-
mental observations of controiled crack growth in a coarse-grained
alumina with strong R-curve behavior. A critical feature of these
experiments is the facility to follow the crack response along its
entire length while the driving force is being applied. We confirm
the presence of grain-localized “bridges™ across the crack inter-
face. over large distances (several millimeters) behind the tip.
Part 1l deals with quantitative aspects of the R-curve behavior, by
a formulation of the bridging concept in terms of theoretical frac-
ture mechanics. In this endeavor we borrow from analogous treat-
ments in the fiber-reinforced composite and concrete literature.
Our analysis does not aspire to a complete understanding of the
physical ligamentary rupture process, but nevertheless establishes
a sound mechanical framework for charactenzing the crack re-
sistance properties.

Before proceeding, it is well that we should draw attention to a
recent study on the strength properties of ceramic specimens con-
taiming indentation flaws.™* > Indeed. some of the issues raised in
that study provided a strong motivation for the present work.
There. the idea was to investigate the fracture size range between
the extremes of the microscopic flaw and the macroscopic crack by
systematically varying the indentation load from specimen to
specimen. It was found that on reducing the indentation flaw size
the corresponding strength did not increase indefin-tely. as required
by ideal indentation fracture theory (i.c.. theory based on the
notion of an invarant toughness). but tended instead to level off at
a strength charactesistic of the intrinsic microstructural flaws This
response was attributed to the influence of R-curve behavior Im-
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(B)
Load Arm
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Objective

Fig. 2. Schematic of indentation flaw test used to ob-
serve radial crack evolution 1o failure: (A) plan view,
showing Vickers flaw on tensile surface; (8) side view,
showing flexure system. Specimen dimensions 25-mm
diameter by 2-mm thickness. Biaxial loading. 2-mm-
radius punch on 10-mm-radius (3-point) support.

portantly, the strength plateau at small flaw sizes was seen in three
groups of ceramics, aluminas, glass-ceramics. and barium ti-
tanates, indicating a certain generality in the R-curve phenomenon.
Also, the magnitude of the effect was in some cases considerable.
amounting to an cffective increase in toughness of more than a
factor of 3 over a crack size range of some tens of grain sizes or
more. In that earlier study® the microstructural element was intro-
duced into the fracture mechanics in a somewhat phenome-
nological manner: here we seek to place the fracturc mechanics on
a firmer footing by relating this element more closely to identi-
fiable crack restraint mechanisms. Accordingly. a detailed analysis
of indentation fracture data in terms of the bridging concept may
be foreshadowed as a future goal of our work.™

II. Experimental Procedure

It was decided in this work to focus on one material. a nominally
pure, coarse-greined alumina.” We have already made allusion to
the implied generality of the R-curve phenomenon (Section 1): our
choice is intended to meet the requirement of a “representative”
matenal, but at the same time one which exhibits the R curve to
particularly strong effect. (For quantitative measures of the perti-
nent R curve the reader is directed to the ‘/l-labeled curves in
Figs. 4 and 10 in Ref. 20, Figs. 6 and 7 in Ref. 1. and Figs | and
3 in Ref. 22.) The relatively large microstructure of our matenal
tmean gramn diameter 20 um) also lends tseif to in situ expern-
mentation using ordinary means of microscopic observation. In
certain instances where it was deemed useful to run comparative
tests on specimens withowt the nfluence of microstructure. sap-
phire was used 4s a control material.

As indicated. a major teature of our expernimental procedure s
the facility to monitor the evolution ot tracture duning the applica-
non of stress. Accordingly. direct observatons were made of the
crack growth by optical microscopy. using the two loading con-
tigurations shown in Figs. 1 and 2. The specimens were surface-
reliet polished with 0.3-um Al,O. powder to delineate the coarser
grain boundary structure. In some cases a thermal etch pre-
treatment at (1050°C for 2 h) was used to enhance fine details n
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this structure. An important element of our experimental philoso-
phy here is that, by virtue of the enhanced stabilization 1 crack
growth which attends strong R-curve behavior.' we may hope to
observe critical events which in conventional postfailure analysis
{or even in interrupted tests) might pass unnoticed.

The first of the test configurations. Frg. 1. is a modificaton of
the familiar double cantilever beam specimen. Generally, the regu-
lar rectangular beam geometry is retained for quantitative evalu-
ation of the R-curve behavior (Part [I). Here, however, a tapered
geometry was used. width increasing in the direction of ultimate
crack propagation. The main crack was started at a sawcut notch
by inserting a metal wedge. Subsequent crack extension could be
controlled via a micrometer drive system, to which the wedge was
fixed. The whole system was attached to the stage of an optical
microscope to allow for continuous monitoring of the crack evo-
lution. Pertinent dimensions of the test geometry are included in
the caption to Fig. |

The second configuration, Fig. 2. simulates the controlled flaw
test used previously to infer R-curve behavior from strength data
(Section I). A Vickers diamond was used to introduce an inden-
tation flaw at the center of a disk flexure specimen. The disk was
then loaded axially in a circular-tlat on three-ball-support fixture,™
with the indentation on the tension side. Again, the entire fixture
was altached to a muicroscope stage for in situ viewing of the crack
evolution. A video recording unit was particularly useful in in-
terpreting some of the more subtle features observed with this
configuration. Reterence 18 made to Fig. 2 for relevant test geome-
try dimensions.

Some additional. static observations were made on the above
specimens to add weight to our ensuing case. For example. in the
event of toughening associated with a frontal microcrack cloud.
one might anucipate some detectable surface distortion either
ahead or 1 the wake of the primary crack tip. Accordingly. surface
profilometry scans were taken perpendicular to the crack traces on
some of the cantilever specimens. The cantilever configuration was
more convenient n this regard because the entire wedge-loading
tixture could be transterred onto the profilometer stage. thereby
allowing the crack to be examined without unloading. Also. antici-
pating that we might need to look more closely at events at the level
of the grain size or below. some of the unloaded disk specimens
were examined by scanning electron microscopy.

III. Resuits

(1) General Observations

Our tmtial examinations of the fracture patterns produced in the
alumina test specimens revealed some interesting general features.
The clearest and most immediate indication that we were dealing
with a crack-interface effect was that, after “failure” (as marked by
a sudden propagation of the cracks to the edges of the specimen),
the fractured segments tended to remain intact An additional force
was required to separate the pieces completely This was our first
clue that the walls behind an advancing tip must indeed be re-
strained by some remnant forces acting across the interface.

loser surtace inspections along the crack traces at various

stages of propagation soon helped to remforce this last conviction.
The fracture 1n our matenal was predominantly ntergranular, as
previously reported "' There were signs of some “secondary
activity” adiacent to the walls of the otherwise primary crack
interface. but never turther distant than one or two grain diameters
trom this intertace. [t will be our aim in the following sections to
contirm that thiy iertace-related activity s a manifestation ot
grain-locahzed higamentary rupture process. and not of some re-
Jaxation cttect associated with the wake ot an advancing micro-
“rack loud

Jatertaar foacr ans gnd edeing B e set anmuptured Srains s ndene ndent
Prevude TACTOr acee e naseenl Tracture sartace Dannchion hetween these Two
TOMENTAY T Ey T gt s ot g P mxpnl cacern here owing o the cope H nental
fiftscaties nomes cong iner detads on the subsirtace LamaRe processes
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(2) Cantilever Beam Experiments

The in situ observations of fracture in the tapered cantilever
beam specimens (Fig. 1) were carried out while carefully and
slowly driving in the mouth-opening wedge. These observations
were all made in air, so that some rate effects were apparent in the
crack growth (although the velocities were usually much less than
107" m-s ). There was a tendency for the first stage of fracture
to occur suddenly over a distance of several grain diameters from
the starter notch tip. ““Pop-in" behavior of this kind is not uncom-
mon in notched specimens. of course. 1n such cases the inital
fracture response can be influenced strongly by the local notch
configuration. However, discontinuous crack growth was also
commonly observed in the subsequent loading, over distances as
small as one or two grains. There is the suggestion here of an
element of discreteness in the mechanics which ultimately under-
lies the R-curve behavior.

Appropriately, attention was focused on regions of identifiable
“activity sites” behind the advancing crack tip during monotonic
loading to ““failure.” An example of the kind of observation made
1s shown in Fig. 3. a low-magnification reflected-light mosaic of
a particular specimen at six successive stages of fracture. The field
of view along the crack length covers the first 2 mm from the
starter notch at left (not included in the figure). At final loading,
stage VI in Fig. 3. the crack extends clearly across the full 7-mm
length of the specimen. aithough again without separating into two
parts. The areas labeled (A). (8). and (C illustrate particularly
clear examples of progressive crack-flank damage evolution
through the loading sequence. These areas are magnified in Figs. 4
to 6 for closer scrutiny of the microstructural detail.

In zone A, Fig. 4. we can follow the formation and rupture of
a single ligamentary bridge through all six stages. In stage [ the
surface fracture trace appears to be segmented about a large grain.
as though the primary crack may have stopped and then reinitiated
on a secondary front. However. on switching to transmitted light
te.g.. see Fig. 7(B)) and focusing into the subsurface regions of the
transparent material. the apparently 1solated segments were found
1o comnect together into a common crack interface. Hence the
bridge is grain-localized in the projected fracture plane. On pro-
ceeding to stage II we note that the crack segments about the
bridging grain have increased their overlap but have not yet linked
up. although the detectable main tip is now some .75 mm distant.
There is an indication of enhanced reflectivity beneath this same
grain, indicating that the crack-segment overlap extends beneath
as well as along the surface. By the time the primary tip has
advanced more than 1.2 mm beyond the bridge. stage IIl. the
upper crack segment appears to have linked up completely with the
main fracture trace. This does not signify the final state of rupture.
however, for there are signs of continued local crack activity
around the grain of interest, notably at left, through stages [V and
V. We point out that the pnmary crack tip Is at least 2 mm. 1¢e..
approaching 100 grain diameters, ahead of the bndge site. Finally,
at stage VI, the lower crack associated with the onginal bridge
appears to have closed up somewhat. perhaps reflecting the release
of some interfacial tfrictional tractions.”

Zone B, n Fig. 5. evolves in much the same wav. but with
certain of the above-mentioned teatures delincated more strongly
The imtial crack segmentation. stage 1. and subsequent linkup,
stage [V differ hittle in essence from that observed in zone 4
However, the trace of the crack segment which runs below the
bridging grain (and which. inaidentally. would appear in stage 111
to be the more likely to lead to the ultimate rupture of the hgament)
closes up much more abruptly and completely than s counterpan
in zone A Interfacial tracttons persist on loading 1o stage Vooas
evidenced by the appearance of additonal small-scale tissures
ihout the separating grain Examination in transnutted heht duning
this stage revealed substantial subsurtace activity Fyven more dra
matic indications of unreheved tractions are evident from the post-
mortem contiguration at stage V1 Final separation has occurred
through virgin matenal, seemingly “avording”™ the incipient trac
ture paths apparent i the previous micrographs, 4 megsure ot the
disruption caused by this final rupture s given by the extensive
debris. visble as the region of highly dittuse reflecnon, todged
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Fig. 6. Ebnlargement o zone ¢ m by 30 Substantoay
transgranulyr fracture accompanies the hodpe ruptare

hetween the crack walls at the oniginal bridge site.

Consider now the third area 1n Fig. 6. zone C. In the imtal
stage. [V, substantial microcrack overlap occurs. predominantly
along grain boundanes. tollowed by transgranular microrupture
within the imnial span of bridging matenal, stage V. Again. the
tinal rupture path largely ignores the previously tormed. localized
crack segments

We note that at cach bridge-rupture site (zones 4. B. C) the
<umulative amount of surtace-exposed crack length s approxi-
mately 4 nmes the shortest straight-line path through the bridging
sites Moreover, the total fracture surface area ircorporates a sig-
mficant amount of transgranular fracturing. The bridges clearly
represent an :ntrinsically high-energy source of fracture resistance.

In choosing our examples above we have. tor obvious reasons.
focused on the most consprcuous sites, 1 e the sites involving the
largest hrideing grains. Higher magmification examinations ot
oaded crack svstems such as that in Fres 310 6 revealed o high
Jensity ot smaller. but no less active, sites. particularls toward the
sracture terminus - These were again evident as surtace oftset traces
n retlection or subsurtace scattering centers i transmission. 10 was
thereby estimated that the mean separation between eramn hea-
ments could he as fow as 2 to 3 gram diameters

With the realization that our microscopic observations were
.apable ot detecting gramn-scale microtractures while load was
maintained. particutarly molumination by transmatted fieght, atten-
non was turned to the region vhead ot the primary crack terminus

Figure 7 shows typical micrographs of this region. In particular.
evidence was sought which might point to the exsstence ot a cloud
of distributed microcracks about the terminus. In keeping with the
popular notion ot discrete microfracture initiation at or above some
critical tensile stress level within the near crack tield. we might
expect to observe diffuse scattering within an extensive frontal
microcrack zone.” " No such extended diffuse scattering was ever
detected 1n our cxperiments. Sometimes apparently unconnected
surface traces were observed in the terminus region ¢ g.. as i
Fig. 781 but. like their segmented counterpants hefund the tup.
these invanably connected up at a depth of a gram diamceter or so
beneath the surface. A

Further null evidence for un extended transverse microcracking
rane was provided by the surface protifometer truces These were
taken perpendicular to the loaded crack contiguration seen in
stage IV Frg 30 The results of several scans, both ghead and
behind the crack tip. are shown m Figo ¥ Minute surtace detanl
assoctated with the rehet polishing s apparent in the scans. but in
no case s there any aindication of g general dilation-iduced up
rising ol matertal adiacent to the crack intertace

(31 Indentation-Strength Experiments

Direct observations were made ot crack growth trom Vickers
indentation flaws during loadtng to talure tFig. 20 An example ot
the final fracture pattern produced 1n this configuration s grvenan
Fie 9 We see that once the mitial radial crachs traverse the central
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Fig. 7. Retlection (A1 and transmussion (B) micrographs of loaded DCB specimen tequivalent in growth to about stage IV n Fig 3

1 um
Height Scale /*
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~ ~ i
Crack - é
: = T &

1 mm - Tl > !
A B CODE F
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Distance Scale

Fig. 8. Surface profilometer traces transverse to crack plane in loaded
aiumina DCB specimen Detectable crack tip lies on trace D Herght scale
nosean preatly magnified relatve to distance scale. No surface uplift
adracent 1o crack walls 1y evident tdiamond stylus radius =1 um: hon-
sontal positton uncertainty = HOO um. verticai uncertainty - 10 nm for
long wavelength. 1 e . =10 um. topography vanatons)

aratns which encompass the indentation impression, the tracture
proweeds primarly in the tamihar mtergranutar mode. Once more.
this fracture runs to the specimen extremitios without causing com-
nlete separation

One ot our achnowledeed goals here was to Took 1n fine detail
dtthe crack response proor o talure Accordinglyv, the tests were
tor greatest case of observation.
Ivpicads | the time to tatlure was several mrnutes At igh inden
tabion toads 1o 100 N such that the scale ot the starting radial
cracks substantially excecaed that ot the microstructure. the trac-
ture showed an even stronger teadeney to discontinuous evolution.
over distances ot a tew grams or so. than noted in the cantilever

run gt slow stressing rates, i oar,

10

o ~
‘
s;_x
IREN
h
5
[SIN
'
R
X
5
g
2.
.
\ L ]
§
5
. .
I"‘ ;
.\.

Fig. 9.

Retlected light micrograph of a Vickers indentation site wn a
“fractured” alumina disk  nstial radial cracks from low -load t5 NV indenta-
ton arrest at tirst encounter with grain boundary. and grow discontinuously
along boundanes as tlexural stress is apphed. Specimen thermally etched
to reveal grain structure

beam cxperiments. Notwithstanding these discontinutties, tne
cracks were charactenized by strong pretamlure stabihity. somenmes
extending to the edges of the 12.5-mm-radius disks without amy
sign ot catastrophic growth. There s no doubt that local residual
CONtact stresses contribute to this statility.”™ but only in part; com-
parative runs on sapphire tmicrostructure-free) specimens under
identical test condittons show much smaller, te. -« 1 mm. precur-
sor stable growth prior to tulure. It scems reasonable to conclude
that the enhanced stabthizaton i the polverystalhne alumina s g
direct mamitestation of a nising R curve

At low indentation loads (1 to 10 N the evidence tor discon-
tinuity in the stabilized crack growth was even more emphatic
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Fig. 10. Reflected light micrograph of a segmented radiai crack i a
partially fractured alumina disk

This s the region of the load-insensitive plateau in the sirength
data™ referred to 1n Section 1. The radial cracks seemed to remain
“trapped” at the encompassing grain boundaries (see Fig. 91 during
the flexural loading up to some critical level. at which point a
sudden burst of growth ensued. This imal growth pattern was
highly vanable from specimen to specimen. In many cases the
growth distance was small. of the order of grain dimensions. betore
arresting . Also. individual radial cracks tended to propagate inde-
pendently. at different levels in the loading. We may liken this
mtial phase of the fracture evolution to the pop-in observed in the
beam configuration (Section 11{2)); however. now we can be cer-
tain that we are indeed observing an intrinsic property of the
small-scale flaw and not some artifact due to the fracture (e g.,
notch) geometry. On increasing the applied loading turther these
radial cracks continued to extend intermittently. but at an in-
creasing jump frequency with respect to stress increment. Thus the
“smoothness™ in the approach to ulumate failure depended on the
number of jumps activated during the loading. In some extreme
cases the initial burst of crack propagation was so “energetic” as to
take the stressed system spontaneously to failure.

it was also observed that the same kind of discontinuous crack
growth and arrest occurred at promuinent natural tlaws in the alu-
mina specimens. These tlaws included grain pullout sites on
impertectly polished surfaces and internal fabrication pores. Oc-
casionally such flaws provided the ultimate center of failure. most
notably at the low end ot the indentation load scale. There seemed
little tendency for these competing sites to interact with each other.
although nevitably nerghbors would occastonally combine to pro-
duce an enlarged. vet sull stable. compostte crack.

Our observations of strong discontinuity and enhanced sta-
hilization 1n the indentation-strenath specimens turns our attention
on the cantidever beam expenments. to events hetind the 2row-
mg crack Up bEssennalls. our i vt oxaminations ot the radiad
crack evoiution o talure revealed the same kind ot general zrain-
hridging teatures as desenbed earfrer 10 Figs 4 to 6 Freure 10
shows an example ot a particularly large bridging site behind the
10 o an extended radial crack. Sttes of this Kind located as tar back
as the .ndentation impression corners remained active throughout
the yrowth to tatlure, even in those specimens with millimeter-
scale stable extensions, contirming that intertace restramts act over
distances on the order ot 106) grains or more The self-consistencs
ot the grain ~eparation patterns in the two specimen types examined
here serves to allay any concern that we might be observing some
test-geometry-specttic artitact 1although geometry etfects can snll

~ NSNS A

L1

70, No. 4

. P -
100apm | -

Fig. 11. Retlected light micrograph of portion ot 4 radial crack 0«
fractured-but-intact alumina disk  Disturbance of some ntertace-adiacent
Srains 15 evident (arrows)

be an important factor in the R-curve behavior: see Part 1)

Some of the broken specimens remained intact to a degree which
left much of the grain bridging debns trapped between the crack
walls. An example is shown in Fig. 1. There are clear indications
of loosening and dislodging of interface-adjacent gramns along the
crack trace. It appears from the way some of these disturbed grains
are rotated about their centers that there are intense local tractions
at work. In extreme cases the intensity of these tractions 1 sut-
ficient to detach the grain completely. and with some energy o
spare: in some of the in situ video recording sequences mdividual
grains occasionally disappeared along the crack trace 1n 4 ~ingle
frame interval (e.g.. upper left of trace in Fig. 9). Such “pop-out”
events invariably occurred as the applied loading was being in-
creased. so the tractions cannot be attributed to spurtous closure
forces.

For more detailed investigation of the crack-interface events.
specimens of the kind shown in Fig 11 were examined by ~can-
mng clectron microscopy. Figures 12 to 14 are appropriate micro-
graphs. Figure 12 shows clear examples of the physical contact
restraints that can persist at an otherwise widely opened crack
mtertuce. Figure 13 presents a shightly more complex picture. Here
the grains in the centers of the fields of view have developed
secondary microtractures in the base region of attachment 1o one
of the crack walls. There 15 a strong element of transgranulur
fatlure associated with this microtracture process. particularby evi-
dent in Frg. 134, Lasthy, Fig, 14 allustrates a case i which g
bridging grain has broken away from both walls and 1~ presumabiy
on the verge ot detachment from the intertace . Indeed. ~ome mimor
fraements of matenal have already been thrown ot as fracture
debris, notably gt lower lett of the micrograph.

As with the cantifever beam specimens. evidence was ~ought
that mrght reveal the presence of an extended frontal microcracking
sone about the ups o arrested primary cracks 0 the strepvth
specimens Avan. no such evidence was tound o the S\
anservations

IV, Discussion

We have Tooked closeiy. at the nucrostructural ievel. o the
processes ot crack restrant m a coarse-gramned alununa Fhis ma
terial. although ostensibly a simple. nontranstormung eramie.
shows strong R-curve charactenstics Our obsersations provide
clear evidence tor grain-localized bridges at the newlv tormed
crack intertace betund the up These observations e in with the
sawcutting experiments ot Knchans and Steinbrech  (Section .
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therefore plenty of evidence to suggest that this is a general phe-
nomenon. As far as the present study goes. our focus on alumina
does not allow us to extend this generalization to other ceramics.
However. some preliminary observations on other ceramic systems
in these laboratones. e.g.. glass-ceramics, along with the implied
universality in the R-curve phenomenology from the earlier,
broader-based indentation-strength study ™" ' (see Section 1), indi-
cate that the interface-bridging mode may be tar more widespread
than hitherto suspected

Although there appears to be little doubt about the location of
the toughening agents 1n our material, the nature of the actual
separation process remains somewhat obscure We have presented
compelling evidence for the continual development of secondary
fractures, accompanied by frictional tractions, around bridging
grains, confirming in large part a mechanism foreshadowed by
Knehans and Steinbrech and co-workers."* '* However. what we
have nor been able to determine is the specific form of the discrete
force-separation function that defines the micromechanics of the
bridge rupture event. About all that we might say about this func-
tion is that 1t probably has a pronounced tail. bearing tn mind the
persistent activity at the bridging sites 1n Figs. 4 to 6 (in some cases
long after one or the other of the overlapping crack segments
appears to have linked up with the pnmary fracture surface).

The present study. 1n addition to dentutving a most likely source
of toughening 1n nontransforming ceramucs, calls into question the
vahdity of practically all alternative models. Recall our earlier
assertion (Section D) that the evidence cited 1n favor of these alter-
native models in the literature 1s almost invanably circumstantual.
based at best on post-mortem fractography. The popular notion of
a profuse frontal microcracking zone is a prime case in pomnt. We
are unaware of any direct observation of such a zonme about 4
growing crack in any nontransforming ceramic material (although
there are some recent indications that microcracking may have a
role to plav In transforming. multiphase ceramics™) Our own
observations gave no indication of dispersed microcracking tother
than the bridging grain secondary fractures immediately adjacent to
the crack walls). Yet according to the frontal-zone models  we
would expect events in the alumina to be observable as tar distant
as several nullimeters from the crack interface (Appendix). More-
over. one would expect to find these events manifested cumu-
latively as a general uprising of matenal adjacent to the crack trace
on the free surface of the fracture specimens. since it Is via a
predicted dilatancy that the microcracking makes its predominant
contribution to the toughening.” Striking examples of this kind of
uprising have in fact been reported in studies on zirconia.™ "
where the dissipation-zone description 1s beyond dispute. Again,
the ceramics profilometry examinations revealed nothing fat least
within the resolution limit of the profilometer) to support the di-
latancy argument in the alumina studied here

Reference was made 1n Section I to another possible model.
based on crack-tip/internal-stress interactions. for explaining the
R-curve behavior. At first sight this model does appear to be able
to account for most important features of the R curve, especially
the long range in crack sizes (relative to the grain structure) over
which the toughness nses: 1t 1s argued that the microscale cracks
are most likely to experience the full etfect of local tensile forces
but that. as extension proceeds. the cracks should gradually aver-
age out over alternative tensile and compressive gramn elements.”
However. 1f this were to be the whole story. the toughness of our
polverystalline alumina should saturate out at the grain houndary
energy, so that, since the grain boundary 15 weaker than the matrix
single ¢rvstal tfor otherwise the fracture would be transgranular).
the ~aturated toughness could never exceed that of sapphire This
v inconsistent with the previous indentation-strength study. where
the strength-load™ (or equivalently. toughness-load "1 curves tor
polscrystalline alumina and single-cryvstal sapphire cross cach
other Moreover, the internal stress model cannot explain the ob-
servation of R-curve behavior 1o specimens with lurge starter
notches: the stress-averaging etfect s necessanly alreadyv complete
in such large crack configurations Ot course. the posaibility re-
mains that these same internal stresses could play a secondary role.
by acting 1n concert with some other toughening mechanism.

Vol. 70, No. 4

again. the absence of any abrupt increases in the crack resistance
curve (i.e., on the scale of the microstructure atselt) excludes
certain mechanisms, ¢ ., deflection. pinning und bowing. us po-
tential partners. Whether internal stresses have anvthing to do with
the bridging mechanism advocated here, e g . by establishing uit-
able conditions for creating the hgamentary elements 1n the tirst
place, 15 a possibility that might well be explored.

In summary. our obsenvations provide strong. direct evidence
for grain-localized brnidging elements as a principal source ot
R-curve behavior 1n nontranstorming ceramics. The actual phys-
ical separation process involves secondary cracking and frictional
interlocking. but the detailed micromechanics remain obscure We
have nevertheless managed to obtain some feeling for the cntical
dimensions invoived in this process fc1 the alumina used here in
particular, we gauge the mean bridge spacing, as reflected by the
scale of discontinuous crack growth. to be =2 to 3 grain diameters,
and the interfacial traction-zone length behind the crack tip to be
=100 grain diameters. These dimensions will serve as a basis tor
our fracture mechanics modeling in Part [I.

APPENDIX

Evans and Faber™ provide a formulation of the trontal micro-
crack zone model from which we can estimate the spatial extent ot
any microcracking. Assuming that the primary-crack microcrack
interaction anises principally from an averaged dilatancy within the
trontal zone. vet tto a first approximation) without perturbing the
stress field outside the zone. these authors take the zone width
(measured perpendicular to the crack plane) as

ho=[3%1 - vy /el K" o

where v is Poisson’s ratio, K 1s the stress intensity factor associ-
ated with the applied tield. and o is the cnncal local stress for
microcrack nitiaton. lnserting v = 0.22, K” = 6.5 MPa-m °
{saturation toughness. see Part I). and o, = 20 MPa testimate
from Evans and Faber). we obtain A = 5 mm tor our alumina
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A fracture mechanics model is developed for nontransforming
ceramics that show an increasing toughness with crack exten-
sion (R-curve, or T-curve, behavior). The model derives from
the observations in Part I, treating the increased crack re-
sistance as the cumulative effect of grain bridging restraints
operating behind the advancing tip. An element of discreteness
is incorporated into the formal distribution function for the
crack-plane restraining stresses, to account for the primary
discontinuities in the observed crack growth. A trial force-
separation function for the local bridge microrupture process
is adopted, such that an expression for the microstructure-
associated crack driving (or rather, crack closing) force may
be obtained in analytical form. The description can be made to
fit the main trends in the measured toughness curve for a
coarse-grained alumina. Parametric evaluations from such fits
conveniently quantify the degree and spatial extent of the
toughening due to the bridging. These parameters could be
useful in materials characterization and design. It is suggested
that the mechanics formulation should be especially applicable
to configurations with short cracks or flaws, as required in
strength analysis.
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I. Introduction

WE HAVE presented direct experimental evidence in Part | for
a mode of crack restraint by gramn-localized interfacial
bridging behind the advancing tip.' The suggestion was made that
this mode of restraint s probably a dominant mechamism of
R-curve behavior in ceramics. at least in nontransforming ce-
ramics. Consequently. there is a need to develop a suitable fracture
mechanics model. to establish a sound basis for matenals design

This need constitutes the primary driving force for Part 11 of our
study. We shail derive a formulation for the crack resistance as an
increasing function of crack size. bounded in the lower limit by
some intninsic toughness (determined by bulk cleavage or grain
boundary energies) and in the upper limit by the macroscopic
toughness (representative of the microstructural composite). Fol-
lowing Part I. we shall again take coarse-grained alumina as our
representative matenal. using the measured scaling dimensions for
the interfacial bridging process as a hasis for quantitative analysts
of the observed R curve (or, as we shall come to call it the T
curve). In setting up our model we will be particularly mindtul of
the discontinuous (yet highly stable) nature of the crack growth
during the loading to failure. most notably 1n the strength contigu-
rations.' Speaking of strength configurations. the present analysis
supersedes that described in an carlier study using controlled
flaws.” ' where the microstructural contribution to the tracture
mechanics was introduced emprirically without reterence to any
specific toughenming mechanism

An important feature ot our modeling will be the capacity for
separating out the tracture mechanics from the matenal character-
istics. Essentially, our formalism requires us to specify a local
force-separation relation for the restraiming interfacial higaments
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Our observations in Part | provide little clue as to what tunda- K.=T=T,-2K W

mental matenal quantities should appear in this relation, but they
contain some indications as to the form t1.e.. pronounced taih and
spatial extent (1.e.. as determined by the critical bndging dimen-
sions referred to abovel of the funcnonal dependence. {t s thus
inevitable that our treatment. while structured on a well-confirmed
physical separation model. will retain an clement of empiricism
We shall make use of precedents set elsewhere 1in deciding on an
appropnate function tor our alumina. This approach will preciude
us from making a prion predictions of R-curve behavior in other
matenals. Accordingly. questions as to why R-curve behavior 1s so
vaniable from matenal to matenal (even for materials of the same
nominal composition, differing only in the grain boundary struc-
tures),” * are posed as important topic areas for future researchers.
Conversely. our formulation will enable us to descnbe the com-
plete crack resistance behavior for a given material without exphcit
knowledge of the fundamental underlying separation relations.

Once again, let us toreshadow one ot the ultimate goals of our
study. to account for the anomalous strength characteristics shown
by materials with strong R-curve behavior.” ' In this paper we shall
confine ourselves to qualitaiive explanations of some of the more
distinctive features of the crack response from indentation flaws.
namely. the relative insensitivity of failure stress to tlaw size at low
louds and the associated growth discontinuities. A detailed quan-
ttative treatment of the problem. in which the indentation-strength
data are inverted to obtain the R curve. will be given elsewhere.”

11. Interfacial Crack Restraint Model

In this section we develop a fracture mechanics model for a
crack restrained atits newly formed interface by distributed closure
forces. These closure forces are dentified with unruptired bridges
whose specific nature 1» determined by the ceramic microstructure.
As such. the restraint 1s analogous to that considered in the fiber-
reinforced ceramic composite models.”  although the underlving
microstructural rupture mechamisms 1n the monophase materials of
primary interest here may be of an entirely different kind. We shalit
begin with a general statement of the crack resistance problem and
progressively introduce tactors specific to the processes described
in Part [

t1) General Statement of Crack Resistance Problem

Our analysis here 15 based on equilibrium fracture mechanics,
i ¢.. on the Gritfith notion that a crack 1s on the verge of extension
when the net mechanical driving force on the system is just equal
to the intrinsic resistance (toughness) of the matenal.” The equi-
librium can be stable or unstable. depending on the crack-size
vanation of the opposing force terms. The terminology "R curve”
derives from energy release rate (G) considerations. where
R = R(cy s the crack-size-dependent fracture surfuce energy of
the matenal. Here we shall work instead with stress intensity
factors (K') because of their simple linear superposability. replacing
R with an analogous toughness parameter T = J(c). hence our
preference for the term =T curve™.”

Our starting point 15 a general expression for the net stress
intenstty factor for an equilibrium crack:”

K=K ~2K =T, (h

K. — K.(cr s the tamihar contribution trom the applicd loading
The terms K. = K.(¢) represent contributions from any “internal”
forces that might act on the crack. such as the microstructure-
associated forces that we seek to include here .18 taken to be the
intrinsic matenal toughness (1 ¢ the ettective K. tor bulk cleay-
age or grain houndary tracture). stricthy tndependent of crack size
Of the individual K terms in Eg it s only K0 which s mont-
tored directly, via the external loading system, 10 a conventional
tracture test. Conscquently. 1t has become common practice to
regard the K. terms 1im, licitly as part ot the toughness character
istic This philosophy s tormalized by rewniting kg (1) n
the torm’

The quantity 7 = T(c) defines the eftective toughness tunction. or
T curve. To obtain a nsing 7 curve, the K (o1 tunctional depen
dencies must be either positive decreasing or negative increasing

The existence of a nsing T curve introduces a stabthzimg intly
ence on the crack growth We have alluded to such stubihzation
repeatedly in Part [ From Eq. «D). the conditon tor the equl
hibrium o remain stable (s that JA' e 07 crecalling that
dTojde = ). Conversely, the conditon tor anstabihity is that
dK /dc > 0 (although saustaction of this condition does not
always guarantee failure; see Section IV) In terms of kg (21 the
corresponding stability/instability c¢ondinons are expressible s
dK,/dc $ dT/dc This latter forms the basis for the conventioaal
T-curve (R-curve) construction.

(2) Microstructure-Associated Stress Intensity Factor

Now let us consider the way in which the microstructural crack
restraining forces may be folded into the fracture mechanics de-
scription. Specifically. we seek to introduce the eftect ot re-
straining bridges behind the growing crack tup as an intemnal stress
intensity factor K, = K. We shall focus specitically on line crackhs
in this paper. although this should not be seen as restricting the
general applicability of the approach

The configuration on which our maodel 15 10 be based 1s shown
in Fig. | The interfacial bridging ligaments are represented by the
array of force centers tcircles) projected onto the crack plane «This
array is depicted here as regular butin reality ot course there will
be a degree of variability in the distribution ot centers.) Here ¢ s
the distance from the mouth to the front of the crack and d s the
mean separation between closure force centers. Note that at very
small crack sizes, ¢ < d,. where dy 15 the distance to the first
bridge (not necessarifv identical with d: see Section HIi. the front
encounters no impedance. As the front expands, bridges are acti
vated in the region dy = x < ¢ These bridges remain active until.
at some cntical crack dimenston ¢* (®d). hgamentary rupture
occurs at those sites most remote trom the front Thereatter a
steady-state activity zone of length ¢* — d. simply translates with
the growing crack.

This configuration would appear to have all the necessany ingre-
dients to account for the most important features n the crack
response observed in Part [. The enhanced stability anses trom the
increasing interfacial restraint as more and more brnidging sites are
activated by the expanding crack The disconttnuous nature ot the
growth follows from the discreteness in the spatial distnibution ot
closure forces at the crack plane. Thus the initial crack may be-
come trapped at first encounter with the bridge energy barmers |t
these barmers were to be sutficiently large the entire crack front
couid be retarded to the extent that. at an increased level ot applied
stress, the next increment of advance would occur unstably to the
second set of trapping sites (pop-n). With turther increase n
applied stress the process could repeat itself over successive barri-
ers. the jump frequency increasing as the expanding crack encom-
passes more sites within its front. There 1 accordingly a smoothing
out of the discreteness 1n the intertacial restraints as the crack
grows larger until ultimately, at very large crack sizes. the distribu-
tion may be taken as continuous.

In principie. we should be able to wnite down an appropriate
stress intensity factor for any given distmbution of discrete re-
stratming forces of the kind depicted tin Fig 1 Untortunately. the
tormulation rapidly becomes intractable as the number ot active
restramning elements becomes larger. To overcome this difficulty

we resort to an approximation. represented in Frig 20 which
the summation aver discrete torces Fronis replaced by anintegra-
ton over continuousiy distiibuted stresses poay — Fou 0 These

stresses have zero value in the region 4 .. retlectny the neces
sdary absence ot restraint prior tontersection of the hirst hudging

sites They have nonzero value mthe region d., < ¢ uptothe
crack size at which higamentary rupture occurs (e, =« < *y and
thereatter in the region do ~ « = «* = v« where a steady

state contiguration obtains (¢ = ¢*1 This approximation s tanta-
mount to 1gnonng all but the first ot the discontinuous jumps 1n the
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Fig. 1. Schematc of brndging model O denotes on-
gin. C tront. of crack  Circles indicate brndges. upen
circles denote active sites. closed circle potential sites

observed crack evolution We might consider such sacnfice ot part
of the phywical reahty to be justitiuble 1in those cases where the
cntical crack contiguration encompasses many brnidging sites. as
perhaps 1n a typical strength test *

The problem may now be formalized by writing down a
microstructure-associated stress mtensity factor in terms of the
famihar Greens function solution for line cracks:* ™ "'

K.=90 tdy > ¢) (3u)
K. = =124 mic'” ’ pMadio (¢7 = 't

tdy € ¢ =% (3m
K.= —Qumie'”’ ’ prodio e’ = ¢

-
(e = ¢* (3¢)

where & 15 a numencal crack geometry term (=" ). At this point
another mayjor difficulty becomes apparent. We have no basis,
etther theoretical or expenimental. for specifving a priori what
torm the closure stress function pix) must take. On the other hand.
we do have some fteeling from Part I, albeit limited. as to the
tunctional form piu). where « 1s (one half) the crack opening
displacement. Moreover. it is ptu} rather than pt.y) which should in
principle (if not readily 1n practice) be amenable to independent
experimental or theoretical determination. Thus, given knowledge
of the crack profile. we should be able to replace x by u as the
integration variable in Eq. (3). and thereby proceed one step closer
to a solution.

However. even this step involves some uncertainty, since tue
crack profile itself 1s bound to be strongly influenced by the dis-
tribution of surface tractions: i.e.. u(x) strictly depends on p(x)
tas well as on the applied loading configuration). which we have
Just acknowledged as an unknown. A proper trcatment of the
fracture mechanics in such cuses leads to a nonlinear integral
equation. * for which no analytical solutions are available With this
in mind we ntroduce a simplification by neglecting any effect that
the tractions mght have on the shape of the profile. vet at the same
tme taking due account of these tractions. via the way they modify
the ner driving force K in Ey (1), in determining the magnittede
of the crack opening displacements  Accordingly. we choose the
tamiliar near-field solution for a slithke crack in equiibrium., 1.¢ .
aHK =T,.""

3

utx. ) = I\ BT/ mEVIe - o' 4

where £ 1s Young's modulus. Substitution ot Eq (41 into kg 1)
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then gives. in the approximation . — « (¢ ¢ speuimens wath
large aotches, see Section 1D

K, =0 td, - 1 Ly
K, = —IE T‘.D‘ plui du [P - | 1 Shy
K. = —(E,,T..;’ pruldu [FEENR N

We point out that «* = utd... c®) s independent ot ¢ ~0 AL culs
off at ¢ = ¢*

Thus by sacrificing self-consistency 1n our solutions. we have ob-
tained simple working equations for evaluating the microstructure
assoclated stress intensity tactor We have only to speaity the
stress-separation function, pru)

(3) Stress-Separation Function for Interfacial Bridges

The tunction pour s determined completely by the micro-
mechanics of the ligamentary rupture process We have indicated
that we have limited information on what torm this funchion should
take. Generally, ptu) must rise from zero at « = 0 1o some maxi-
mum, and then tail off to zero again at the characteristic rupture
separation «* There are instances in the hiterature where the nising
portion of the curve 1s the all-dominant feature. ¢ g, as i brttle
fiber-reinforced composites where abrupt failure of the hgaments
cuts off an otherwise monotonically increasing tnctional re-
straiming force.* * On the other hand. there are cases where the tal
dominates. as in concretes where the separation process v much
more stable. Qur observations on the alumina in Part | would
suggest that it 15 the latter examples which relate more closely (o
the polycrystailine matenals of interest here  Moreover. specitic
modeling of one of the potential separation tactors alluded 1o n
Part 1. frictional pullout of interlocking grains. does indeed result
in a monotonically (hnearly) decreasing ptie) tunction

Thus we are led to look for 4 tnal stress separation tunchion
which 1s tail-dominated. The tunction we choose

pu) = p*l — wout” < = ) 16y

where p* and «” are himinny values ot the stress and separation.
respectively.and moas an exponent This equation s dlustrated by
the sohd curves in b 3 tor three values ot mom - 0 s the
simplistic case ot a unitormly distributed stress over the brideing
achvaty zone: m - | corresponds 1o the tnctional pullout mech
anism just mentioned. ©m 2as the vadue adopted empinicalls tor
fiber concretes ' As we shall see. m reflects most strongly in the
way that the ultimate T curve cuts ottan the large crack size Tiumit
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Fig. 3. Tral stress-separation function p(u) for three
values of exponent m n Eq i16) Broken curve 1s more
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Note that the representation s extreme 1n the sense that it totally
1ignores the nising portion of pua (et the broken curve in Fig. 3)

Equation 16) may now be substituted into Eq. (5) and the inte-
gration carried out to give

K.=0 ide > O (Ta)
K. = =T, = Tofd = [} = {te = doad/le* = d)}' 21"

ldy < ¢ < ¢%) (7b)
K, =T, -Ta te = %) (7¢)

where we have made use of Eq () to ehminate «* = utd.,.c*) in
tivor ot «* ¢

C = dy - mEt 2N el (8)
and where we have detined
r.=T.~-Ep*urtm - DT, 9)

to ¢himinate p*

H1. Crack Resistance Curve

We are now n g position 1o generate the effective toughness
tunction trom Eg (2). 1¢

Tey = T — K, 100 {1y

once the parameters T, 7.0 * . d.. and m are known for any given
matenal Here we shall tocus on the derivation of these parameters
tor coarse-grained alumima. leaving consideration of the crack
stability (including the grain-scale discontinuities 1n growth re.

Usually. crack resistance data are obtatned from test configu-
rations which employ a starter notch. as mtroduced. for example.
by sawcutting  The use of such 4 notch. in addition to providing a
tavorable geometry for running the crack. convemently establishes
the onigin ot extension at the base of the 7' curve We now need to
transtorm our coordmnates . as detined in Fig 4 wehave o - 00 -

Ao do = oo = doowhere oo s the noteh fength Combiming
Egs 7rand (100 then gives
nacr =T d Aoy e
'acv = 1. - 1T, - T.
< b= A - dyder -}
td A7 At BRLY
A St o

bndging restraints over 00" equivalent to redetining
the crack ongin at O Circles indicate bridging sites as
im Fig. |

TtAc) = T. ¢ > Ac*) i

Thus within the timits of the approximations used here rmost
notably the “small-scale zone™ approuumation used to dernve
Eq. (5)), we obtain a T curve which 1s geometry insensitisve. 1 ¢ .
independent of c,. Note also that the steady-state bridging sone
tength from Eq. (8)

Ac* =d + (mEu*/2N 24T’ (2

is likewise geometry insensitive. We shall have more 1o say about
this in Section IV. At this stage the rationale for our parameter
definitions becomes apparent: T, and 7. define the fower and upper
bounds. and Ac* the spatial extent. of the T curve

To illustrate the applicability ot the formulation we examine the
degree of fit of Eq. (11) to some experimental data. provided to us
by M. V. Swain on a coarse-grained alumina. The materal tested
by Swain was of closely similar microstructure to that of the
alumina used by us in Part I. i.e.. reasonably large grain siz¢
(16 um: cf 20 pm in Part 1} and nominally pure compasition. He
used rectangular double cantilever beam (DCB) specimens. dimen-
sions 50 by 8 by S mm. notch length 11 mm. to obtain his crack
data. These particular data were chosen over others in the hiterature
because of the special precautions taken to minimize specimen end
effects (see Section 1V). Swain's results are plotted as the data
points in Fig. 5. The theoretical fits. shown as the solid curves tor
fixed exponents m = 0. 1. and 2, were computed for trial values
of d = 50 um (=3 grain diameters) and dc¢* = 10 mm (=600
grain diameters) in accordance with the estimates from Part 1. with
T, and T. as regression adjustables.

A word of caution 1s in order here. Any “goodness of fit” that
we might consider evident 1n Fig 5 may properly be taken as
lending credence to our model. However, 1t should not be seen as
constituting proof ot our model. In essence. vur equations contain
five parameters whose values are. to a greater or lesser extent.
unknown a pnior1. Thus. for instance. the accuracy of the fit is not
sensitive o the tnal value ot d. but it 1s sensitive to Ao * (retlecting
the tact that the DCB data are weighted toward the region
A = ) Such sensiivity to the choice of any one parameter
inevitably contnbutes to the uncertainty in the other parumeters
Consequently. despite all outward appearances in Fig S_we would
be refuctant to assert that m = (018 the “true” value of the tough
ness exponent

Notwithstanding these uncertainties i the parameter deter
minagtions. we may usetully eshimate the toree separabon parame
tees ptoand w® n kg oo Thus, subsututine # 200 (G Py
th 7 tdeal hine cracksy . alone with the best-ht values ot [
o kg 112 gives w® I wm andependent ot m This s ot the
order of the crack opening displacements evident 1in the micro
graphs in Part | Further substitution together with the regressed 7.
values into Bg 19 gives pt 2S MPy m th. 40 \MPy
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on coarse-graned slumina Fits are for d = S0 um. Ac* = 10 mm,
and m = 0. | and 2. with T. and T. as> adjustables. (Data courtesy
MV Swain
tm = lioand 353 MPaom = 2) I these stress levels seem low, we

may note that the composite quantity p*u*/tm ~ 1), which repre-
~ents the work per umt area to separate the bridges across the
tracture plane rvec integral in Eq. Sten.isoforder 20 J-m 7, ie..
comparable with tvpical tracture surface energies.

Finally in this section, let us note that we have vet to address the
1ssue ot crack instabihines in the T-curve charactenistic. Recall that
our analy sy smoothes vut all but lhe very tirst brdge discontinuity,
Ve sate = dJothe datain Fig. 3 are msuffictently detailed in this
region to allow any guantitative resolution of this question. We
need to go to short-crack contigurations. An account of the T-curve
construction tor such contigurations s deterred to Section IV

IV. Discussion

We have dernved a T-curve (R-curve) model based on bndging
tructions at the crack intertace behind the advancing up. The mode!
contains several adiustable parameters. but parameters to which we
may nonetheless attach physical meaning  Thus the spatial parame-
ters ¢* 1A¢* and J. respectively, detine the range of the T curve
and the characternine separatton between bridging clements. The
toughness parameters I, and T, respectively define the base crack
reststance 10 the absence ot microstructural restramts (lower limat
to T curver and the macroscopic crack resistance tupper imit)
Then we have the parameters m. p*. and «*. which determine the
empirical torce-separation “law” tor the bridging process. These
parameters. once ovaluated for a given material. could be usetul in
structural design

It s instructive to consider how the present treatment of the
microstructural contribution to crack resistance charactenisties dif-
ters trom that proposed in an carbier study ot indentation-strength
soatems © In that studs the nucrostructure-assoctated stress in-
tensity tactor Ko rct A used in this work was introduced in terms
ot an emprnical cran-ocahized driving torce at the radial crack
center, m direct analogy o the caell-documented) restdual-contact
tarce tield There o Koowas detined as g posinve term de-
creasing wath respedt to crack size. wath Toas the reterence tough-
ness level nre the fevel at which K - () Here, A, s detined
as a negatine losures term o reasing with respect to crack wize,
with [ to the reterence toughness level fA, - 0 Conventional
tracture mechdanics measurements, 1 ¢ . measurements ot crack
si7e as g tunction of applied load. cannot in themseives distinguish
hetween these two alternative K descriptions  [tisan this context
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that the direct observanions in Part | may be seer as critical. More-
over, the new model has 1ts roots 1in a positively identifiable tough-
emng mechanism. so taking us one step closer to a fundamental
base tor a prion predictions.

However. it needs to be reemphasized that the element of empin-
cism has not been entirely eliminated 1n the present treatment
There 1s the 1ssue of the force-separation relation ptui. which we
have represented by the tail-dominated functionin Eq 161 Ideally.
we would like to be able to determine ptu) from tirst principles. but
this would require a more detailed understanding ot the gramn
bridging micromechanisms than 1s available at present Oniy then
may we hope to specify what intrinsic matenal properties. other
than £ and 7, (see Eq. (5)), govern the toughness behavior. At that
stage we may be in a position to answer some of the more pressing
questions that anise in connection with observed T-curve trends
Thus, what is the explicit dependence of toughness on grain si1ze.
and (perhaps more intriguingly) what 1s 1t about the incorporation
of a glassy grain boundary phase which so dramatically washes out
the T-curve effect” ' What role do internal microstresses plas * It
1s with such issues that our ultimate abihity to tailor superior struc-
tural ceramics must surely rest

There are other limitations of our analysts which warrant turther
comment. particularly in relation to geometnic effects In our guest
tor an analytical solution to the fracture mechantes equations we
have resorted to a questionable approximation ot the crack-wall
displacement profile. Eq. (4). Quite apart from the tact that this
approximation 1s strictly justifiable only for traction-free walls.
1.e.. in clear violation of the verv boundary conditions that we seck
to incorporate into our analysis. it requires that we should not
attempt to extend the description beyond the confines of the near
field. Yet the results of our expenmental observations in Part |
show bridging activity zones of order millimeters. which 1s by no
means an insignificant length 1n companson to typical test speci-
men dimensions. Thus. contrary to the predictions of Eq (111, we
should not be surpnsed to find a strong geometry dependence in the
measured T-curve response. Such a dependence has been ubserved
in practice, particularly in single-edge-notched beam specimens of
alurmina with different starter notch lengths. '™ " There are in fact
reported instances, in fiber-reinforced cements.™ where specimen
size effects can dominate the intrinsic component n the T-cunve
characteristic. This is an added concern for the design engincer.
whose faith in the T-curve construction 1s heavily rehant on our
ability to prescnibe T(c) as a true matenal property

Notwithstanding the above reservations. let us retum to the
question of crack growth discontinuities raised toward the end ot
Section {II. It was pointed out that we need to -onsider short
cracks, 1.¢.. cracks smaller in length than the distance to the first
bndging sites. and indeed preferably smaller than the mean bridge
spacing wself. This s, of course. the domain of natural tlaws The
indentation method 1s one way of introducing cracks of this scale.
with a high degree of control. and will be the subject of 4 detai'ed
guantitative analysis elsewhere * For the present. we simply con-
sider such a crack. but without residual contact stresses. subjected
to 4 unmformly applied tensile stress. «, Figure 6 15 a schematic
I-curve construction tor this svstem. showing how the imtial crack
at ¢, <o d evolves as the apphied stress s increased to talure The
plot 15 1n normahized loganthmic coordmates. to highlight the
response at small ¢ This same plotting scheme allows tor a con-
venient representation ot the apphied stress intensity tactor.
K. = e’ . as a family of parallel lines of slope at difterent
stress Jevels  The sequence ot events s then as tallows (oat
loading stage 1. A, = K. ta,) o the crack remaims stabonars
fiat stage 2. the crack attains equihbnium at A - T and
cxtends from an unstable state at / (JK . do - T oo g stable
state at S idK, de - dT der, oo on ancreasing the foad 1o
stage 3. the crack propagates stably through J to [oup the T cunve.
v at stage 44 tangency condion s achieved at M owhence
tatlure occurs Thus our model has the capacity 1o account tor the
tiest crack jump discontinuity rpopan). as well as th o ahanced
stability. we have come to associate with this class ot matenial

As g corollary of the construction in kg 60 note that the cringal
loading condition at M s not attected inoany way by the snitial
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Fig. 6. T-cune construction for short crack ¢, (e, = ¢ = ¢y Sohd
cune s Toortunction Inchined Jashed hines | — 4 represent K load-
ing bnes for successively increasing values of applied stress o Crack
“pops in T aiong 1/ at stage 2 the stressing. then progresses through
JLM siong curve to talure at stage 4 Note farlure stress 1s determined
exclusively by tangency condition at M. independent of imtal
crack size

crach wize ¢ provided this imtial size falls within the range
(w = .= ¢y This explains why the strengths of specimens con-
tasmng vontrolled tlaws tend to level oft at diminishing crack size
rindentation foadr Thus we have a regron of “tlaw tolerance.” a
desirable quahity trom the standpoint of engineening design.
Finallv. we are led to believe that the notton of crack interface
hridging masy have a tar greater generality in the accounting of
I curve behavior in ceramies than previous!y suspected We have
singied vut coarse vrained alumina for special study, but the carlier
indentation-streneth studies on a wide range of matenals suggests
4 certan commonaiity 1n the underlying mechanisms of tough-
cning At the same time. the validity of popular alternative
maodels. particularty those founded on the hypothesis of a dispersed
racrocracking zone. oy n sertous doubt These strong conclusions
dernve pnmarily trom the direct observations described 1in Part |
The use ot such observations as @ means of dentitving the re-
sponsible toughening mechanisms has been conspicuously absent
in the ceramics hiterature There s a clear need to develop the

-
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present treatment turther. especially in regard to the bridying toree
separation tunction  Further. the formulation should be extended o
include nonequilibrium states, where the ' curve s expected to
manitest itselt inantniguing wavs. ¢ g .o fatigue limts and non-
unigue vrackh velocity (A functions Our model s just the tirst
sMep to a proper understanding ot the toughness behavor of mate
rials n terms of microstructural vanables. which we must ulu
mately control it the goal of the property -tatlored ceramic s ever
to be realized.
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vanous aspects of this work R F Cook C 1 Farbanks F R Fuller B J Huocken
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Crack resistance by interfacial bridging: Its role in determining
strength characteristics

Robert F Cook
[BM. Thomas J Wuarson Research Center. Yorkrown Heghts, New York 10398

Carolyn J. Fairbanks. Bnan R. Lawn. and Yiu-Wing Mat*
Ceramucs Dwision, Nauonal Bureau of Standards, Gauthersburg, Maryland 20899

( Recetved 27 October 1986; accepted 3 March 1987)

An indentaton-strength formulation is presented for nontransforming ceramic materials that
show an increasing toughness with crack length (T curve, or R curve) due to the restraining

action of interfacial bndges behind the crack tip. By assuming a stress-separation function for
the bndges a microstructure-associated stress intensity factor 1s determined for the penny-like

indentation cracks. This stress intensity factor opposes that associated with the applied
loading, thereby contnbuting to an gpparent toughening of the matenal. i.¢., the measured
toughness 1n excess of that associated with the intninsic cohesion of the grain boundaries
({intergranular fracture). The incorporation of this additional factor into conventional
indentation fracture mechanics allows the strengths of specimens with Vickers flaws to be
calculated as a function of indentation load. The resulting formulation 1s used to analyze
earlier indentauon-strength data on a range of alumina. glass—ceramic, and banum utanate
matenals. Numerical deconvolution of these data determines the appropnate T curves. A
feature of the analysis i1s that materials with pronounced T curves have the qualities of flaw
tolerance and enhanced crack stability. It is suggested that the indentation-strength
methodology, in combination with the bridging model, can be a powerful tool for the
development and characterization of structural ceramics, particularly with regard to grain

boundary structure.

1. INTRODUCTION

Recent studies have shown that many polycrystal-
line, non-phase-transforming ceramics exhibit an 1n-
creasing resistance to crack propagation with crack
length. '~ At small flaw sizes. comparable to the scale of
the microstructure, the toughness 7 is an intrinsic quan-
uty representatnive of the weakest fracture path. At large
flaw sizes the toughness tends to a higher, steady-state
value representative of the curthulative crack/micro-
structure interactions in the polycrystal. The progres-
sive transition from the low-to-high toughness limits
dunng crack extension is described as the T curve. {The
concepts of T curve and R curve are equivalent.” In the
former the equilibrium condition 1s obtained by equat-
ing the net stress intensity factor K, charactenzing the
net applied load on the crack, to the toughness T (alter-
natively designated K, in some of the earlier
literature) charactenzing critical crack resistance
forces. In the latter. the mechanical energy release rate
G. denived from the work done by the applied loading
during crack extension, 1s equated to the energy neces-
sary to create the fracture surfaces R ]

" On ieave from the Department ot Mechanical Engineering. Univer-
Sity f Svdney, New South Wales 2006, Austraiia

Perhaps the most comprehensive studies of this T-
curve behavior have been made using a controlled flaw
technique,'™ in which the strengths of specimens con-
taining indentations are measured as a function of iden-
tation load. It was found that. for large tlaws. the
strengths tend to an “'ideal” — | power law dependence
of strength on indentation load. indicative of a nonvary-
ing toughness. At small flaw sizes. however. the
strengths decrease markedly from this ideal behavior.
tending instead to a load-independent plateau. Signifi-
cantly, in a group of polycrystalline alumina matenals it
was found that the strengths at large flaw sizes were all
greater than those of single-crystal sapphire. whereas
the reverse tended to be true at small flaw sizes.' Taken
with the observation that the fracture in these aluminas
is intergranular, these results suggest that the grain
boundaries are paths of weakness but that there is some
mechanism operating that more than compensates for
this intrinsic weakness as the law size increases. More-
over, the strength-load responses of the polvcrystalline
matenals themselves. even those with similar grain
sizes, tended to cross each other.' It would appear that
the nature of the grain boundary, as well as the zram
size, influences the fracture hehavior

Two other sets of experiments provide vital clues as
to the mechanism ot crack, microstructure interaction

s Mater Res 2(3), May/jun 1987 7003-5951/87'030345-12801 75 - 1987 Matenals Research Society 345
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Cook er ar Crack resistance

underlying the T-curve behavior. In the first set, Kne-
hans and Stemnbrech” propagated large cracks in alu-
mina using the single-edge-notched beam zeometry

They observed strongly nsing T-curves as cracks propa-
gated from the up of the notch. However. when interfa-
cial matenal was removed from behind the crack up by
careful sawing, the toughness did not continue up the T
curve but reverted to its original level, implying that the
critical mechanism must be operating in the “wake™ of
the crack tip. [n the second set of experiments, Swanson
eral.® observed crack propagation in alumina using both
indented-disk and tapered-cantilever beam specimens.
Active grain-localized “bridges” were observed at the
pnmary crack interface, over a ““zone length” of mulli-
meter scale. The implication here 1s that interfacial
bndging ligaments behind the tip are providing a re-
straining influence on crack extension. The reversion to
the base of the T curve in the experiments of Knehans
and Steinbrech may be interpreted in terms of the remo-
val of these restraining ligaments.

Mai and Lawn'® developed a fracture mechanics
model for the propagation of ligamentary bndged
cracks, incorporating parameters charactenzing the in-
terbridge spacing, the intrinsic intergranular toughness.
and the force-extension “"law™ for the bridges. They ap-
plied the model to the propagation of full-scale cracks
propagating under double cantilever loading and there-
by demonstrated consistency with the measured T-
curve response in a polycrystalline alumina.

Here we shall apply the Mai-Lawn bridging model
to the mechanics of the indentation-strength test. [t s
appropriate to do this for two reasons. First, indentation
cracks are strongly representative of the small “natural”
flaws that control the strengths of ceramic matenals in
service.' Second. and most important. the indentation
methodology will be seen to be ideally suited to quant-
tative analysis of the T-curve function. For this purpose,
recourse will be made to several earlier sources of inden-
tation-strength data, covering a broad spectrum of ce-
ramic matenals.”>*"' The consequent manner in which
the indentation-strength test highlights one of the most
important manifestations of T-curve behavior, nameiy
flaw tolerance. will emerge as a uniquely appealing fea-
ture of the approach. The potential for using the atten-
dant parametric evaluations in the T-curve analysis as a
tool for investigating the role of chemical composition
and processing variables as determinants of toughness
pronrerties 1s indicated.

Il. INTERFACIAL CRACK RESTRAINT MODEL

An earher fracture mechanics model ' for straight-
fronted cracks restrained by interfacial bridging hga-
ments 1s reproduced here in modified form. appropriate
to penny-like indentation cracks.

A. Equilibrium crack propagation

A fracture svstem s 1n equilibrium when the forces
driving the crack extension are equal to the forces resist-
ing this extension. Equilibnia may be stable or unstable.
depending on the crack-length dependence of these
torces. * Here we shall charactenze the doiving forces by
stress intensity factors K(c) and the tracture resistance
by toughness T(c), where ¢ is the crack size. We may
consider separately the stress intensity factor ansing
from the applied loading X,, which 1s directly moni-
tored, from that associated with any internal forces in-
trinsic to the microstructure X, , such as the ligamentary
bridging forces we seek to include here. We may then
convenientlv regard the fracture resistance of the mate-
rial as the sum of an intrinsic interfacial toughness of the
matenal T, and the internal K. terms.” Hence our con-
dition for equilibnum may be wrnitten

K,jiey=Tte)=T,-SK e, |

where we have summed over all internal contnbutions
We empbhasize that T, s strictly independent of crack
length. The quantity 7{c) 1s the effective roughness
function, or T curve, for the matenial. To obtain a nsing
T curve. 1.e,, an increase in toughness with crack length.
the sum over the X (¢) terms must be either positive
decreasing or negative increasing. In terms of Eq. (1)
the condition for stabulity s that dX, /dc <dT /dc and
for instability dK, /dc > dT /dc.” We see then that a ris-
ing T curve, where dT /dc >0. will lead to increased sta-
bilization of the crack system.

B. Microstructure-associated stress intensity
factor

W seek now to incorporate the etfect of restraining
ligaments behind the growing cruck up into a micro-
structure-associated stress intensity factor, K, = X A&
In the context of indentation flaws we shall develop the
analysis for cracks of half-penny geometry.

A schematic model of the proposed system is shown
in Fig. 1. The interfacial bndging ligaments are repre-
sented as an array of force centers. £ r). projected onto
the crack plane. Here ¢ is the radius of the crack tront
and 4 1s the charactenstic separation of the centers. At
very small cracks sizes. ¢ < d. the front encounters no
impedance. As the front expands. bndges are activated
in the regron d<r<c. These bndges remain active unnl.
at some critical crack sizec® ( »d). hgamentary rupture
occurs at those sites most distant behind the front
Thereafter a steady-state annular zone of width ¢* — J
simply expands outward with the growing crack.

The qualitative features ot the crack response ob-
served by Swanson er a/.* would appear to be well de-
scribed by the above contiguration. Enhanced crack sta-
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v FIG. 1. Schemauc diagram of a half-penny. surface crack propagating 12 |
"> through a matenal with bndging ligaments impeding the crack mo- 4 E
’_\.’ tion. Here d is the mean ligament spacing, ¢ ts the crack radius. and 7 is
.:-' the radial coordinate from the penny ongin: @ denotes the active liga-
4 -.: ment sits and > denotes potential ligament sites. |
" |
. < |
f
L)
. ' o A A _ CRACK-PLANE COORDINATE -
e bility arises from the increasing interfacial restraint as
-~ more and more bridging sites are activated by the ex- FIG 1. Stress distnbution appilec by the restraining 1gzamenis “ver
—:. pandmg crack front (the number of active bridges will the crac'k plane as a function of raqlai Jdistance !rO@ the center o he
", . 1 . . crack. Note that the stress is zero tor » « @ and reaches 1 steady -<tate
., increase approximately quadratically with the crack ra- distribution for ¢ s
. . . 4
o dius). The discontinuous nature of the crack growth
4 follows from the discreteness in the spatial distribution
oS of the closure forces in the crack plane. Thus we imagine alue in th . h K hich
. . v r<cu C s1ze at whic
. the crack to become trapped at first encounter with the i ue m[t eregona <r < (‘;mt e:)rac dblkf arwhi
> . . X . u and the 1
b barriers. If these barriers were to be sufficiently large the Lgamcg 33' ruplurc.occ ™ <hC<C d reatter in
y “ ” . —Cc - FCCW y- con-
;-: crack front could be “‘trapped” such that, at an in- :i € region g ; _ Cd<( < . ;r}c:astrea y-state co
. ‘ c*). 5
N creased level of appiied stress, the next increment of ad- guration 1s obtaine c11>b ) h ﬁxs apgr}:)xx:anon >
O N -
( vance would occur unstably to the second set of trap- tamar_nount _to lﬁn or;ng 2 d utt ; rSt] the V&l; conu;
] v . v . t
j' ping sites. Further increases in applied stress would lead uousiiumps :‘ the o.ﬁserv:. cracf ';1 0 L;uon | ¢ ;mg
. _ ; ality 1
> to repetiions of this trapping process over successive consider such a sacriilce of part of the paysical reality 1o
- barriers. the jump frequency increasing as the expand- be justifiable in those cases where the critical crack con-
N o - ) i ; S .
. ing crack front encompasses more sites. There must ac- ﬁguranqn ;:ncompz;sses many bridging sttes. as perhaps
e cordingly be a smoothing out of the discreteness in the na %‘:lca s;rlengt test. be lized b
d - - . w S wWring
: distribution of interfacial restraints as the crack grows d € problem may now be formalized by wning
~. . . . . - N S ; ot
N until, at very large crack sizes. the distribution may be downa mu;_ro}?tr?ctu;g as(s}ocmtéd %tress lmen?“-\ rag.‘or
v taken as continuous. With regard to the steady-state ‘n tem:_sko ! ek alr:m 1ar Green's function solution ot
v zone width (c® — d) referred to above, our own obser- penny-like cracks
X j-f vations and those of Swanson er a/.* ' indicate that, fora K, =0 (c<d), 2a,
. given matenal, there 1s a charactenistic distance behind o ~ dr
6 the crack tip that contains apparently intact bndges. K,= - (?—) ’ airyr ( - vdcor
. - 2 = r
- In principle, we should be able to write down an ) b
. appropnate stress intensity factcr for any given distnbu- - B
- £ di i U4 (r
o ton of discrete restraiming forces of the kind deplcted n K, = — <‘_> SUrr — a e aenn
= Fig. 1. However, an exact summation becomes intracta- e tem=r
:' ble as the number of active restraining elements be- S
Y comes large. To overcome this difficulty we approxi- where ¢ 1s numerical crack geometry term. At this point
.. mate the summation over the discrete force elements another major difficuity becomes apparent. We have na
- F’r) by an integrauon over continuously distnbuted basis. either theoretical or experimental. for specitving u !
-~ . . . . T |
. stresseso(r) ~F(r)/d - We plot these stresses tor three prrort what form the closure stress tunction ot =+ must
-;\ crack configurations in Fig. 2. These stresses have zero take. On the other hand. we do have some feeiing from
,: value 1n the region r ~d. reflecting the necessary ab- the observations of Swanson ¢r g/.. albett limited. 1~ (o
‘s sence of restraint prior to the intersection of the crack the functional form ot 4 1. where w 1s the crack openming
.9 front with the first brnidging sites. They have nonzero displacement. Further. 1t1s 712 rather than o~ that
Y
>y
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1s the more fundamental bndging quanuty and that s
more amenable to tndependent specification. Thus. giv-
2n a knowledge of the crack profile. we should be able to
replace 7 by u as the integrauon vanable in Eq. 27 and
thereby proceed vne step closer 1o a solution.

However, even this step involves some uncertainty.
as the crack protile iself s bound to be strongly n-
fluenced by the distnbution of surface tractions, 1.e.,
u(r) stnctly depends on o(r) (as well as on the applied
loading configuration), which we have just acknowl-
edged as an unknown. A rigorous treatment of this
probiem involves the solution of two coupled nonlinear
integral equations, for which no analytical solutions are
available. ** We thus introduce a simplification by neg-
lecting any effect the tractions might have on the shape
of the crack profile, while taking account of these trac-
tions through their influence on the net driving force
K =K, - K, from Eq. (1), n determining the magni-
rude of the crack opening displacements. Accordingly.
we choose Sneddon's solution'® for the near-field dis-
placements of an equilibrium crack. r.e.. K = T,

uirc) = (¢Ty/Ec' “)(cc =)' 7, (3
where £ 1s the Young's modulus. Substitution of Eq. (3)
into Eq. (2) then gives

K, =0 (c<d). (4a)
E ~uidc
K =~ —> otuydu (d<c<c®), (4b)
} v Ty/Jo
K, = —-(i) ofu)ydu (c>c*). {4c)
N T,) <0

We note that 4* = u(d.c*) is independent of ¢ so K,
cuts off at c »c*

Let us note here that our choice of the Sneddon
profile. Eqg. 1 3) leads us to an especially simpie solution
for K, in Eq. (4). In particular, we note that this term s
conveniently expressible as an integral of the surface
closure stress as a function of the crack opening dis-
placement, 1.e., a work of separation term. This simple
solution obtains only with the Sneddon profile. [t might
be argued that a Dugdale-type profile'” 1s more appro-
priate, but it can be shown that the fracture mechanics
are not too sensitive to the actual profile chosen.'” Our
main objective here is to emphasize the physical van-
ables involved. Thus by sacrificing self-consistency n
our solutions, we have obtained simple working equa-
uons for evajuating the microstructure-associated stress
intensity factor. We have only to specify the stress-sepa-
ration function ofu ).

C. Stress-separation function for intertacial
bridges

The tunction ot u ) 1s determined completely by the
micromechanics of the ligamentary rupture process. We
have indicated that we have limited information on

what form this funcuon should take. Generally, 7
must rise from zero at ¢ = 0 to some maximum and then
Jecrease to zero again at some characternstic rupture
separation «* The observanons of crack propazation in
alumina by Swanson er 4 suggest that it 1s the decreas-
ing part of this stress-separation response that is the
most domuinant 1n the polycrystalline ceramics of inter-
est here.® The stable crack propagation observed by
those authors has much in common with the interface
separation processes in concrete matertals that are often
described by tail-dominated stress-separation functions.
The stress-separation function chosen 1s'”

a

glu) =01 —u/u*)™ (O<u<u*,

where o* and u* are limiting values of the stress and
separation, respectively, and m is an exponent. We con-
sider three vaiues of m: m = O is the simplest case of a
uniformly distributed stress acting over the annular ac-
tivity zone: m = | corresponds to sitmpie, constant-tric-
tion pullout of the interlocking ligamentary zrains.
m = 2 is the value adopted by the concrete community
(equivalent to a decreasing frictional resistance with in-
creasing pullout). As we shall see, the choice of m will
not be too critical in our ability to describe observed
strength data. Note that the representation of the stress-
separation function by Eq. (5) is an infinite modulus
approximation in that it totaily neglects the nising part
of the o(u) response.

Equation (5) may now be substituted into Eq. + 4,
to vield, after integration,

K, =0 (c<d), 16a)

K, = — (T, =Tl ={l = [e*(c" ~d ")
cte* —d )] (dwe<e*). ieb

K,=—(T_=T,) (c>c*), coc

where we have eliminated the stress-separatton param-
eters o* and u«* in favor of those characterizing steady-
state crack propagation, c*and T, -

N

c* = UEu /TN + [l = 3T d '/ Eu*y*} 5>

and
T =T,+Ec*u*/(m~ 1T, 3

These latter parameters are more casily incorporated
into the strength analysis to follow.

A useful quantity is the work necessary to rupture
an individual ligament. This work 1s a composite mea-
sure of the maximum sustainable stress and maximum
range of the stress-extension function ot Eq. « 51 and 15
2iven by the area under the stress-separation curve
otu) We may express this area as

ut

T
r = Furdu = ————— R
o tm - 1
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[t 1s usetul to compare this quanuty with the intnnsic
intertacial energy”

F.=T3E 19b)

The [ terms 1n Eq. «9) are related. through Eq. 1 3. by
the ratio

[/Ty=2(T, —Ty)/T,, (10)

which may conveniently be regarded as a toughening
index.

D. Strength-indentation load relations

We are now in the position to consider the mechan-
ics of a test specimen containing an indentation crack
produced at load P and subsequently subjected to an
applied stress o, . To obtain the “inert strength™ o, , we
need to determine the equilibrium instability configura-
tion at which the crack grows without limit.

In indentation crack systems the stress intensity
factor associated with the residual contact stresses K,
augments the stress intensity factor associated with the
applied loading K, effectively giving rise to a ner applied
stress intensity factor K ;.'*'® Equation { 1) becomes

K, =K, +K,=T(c)
=do,c'* +yP/P =T, —K, (). (1)

where y measures the intensity of the residual field. We
note that K, is inverse in crack size and hence will
further stabilize the fracture evolution.’® The indenta-
tion load determines the initial crack size at o, = 0, but
because of the stabilization in the growth we should not
necessarily expect this initial size to be an important
factor in the fracture mechanics. Qur problem then is to
combine Egs. (6) and (11) and invoke the instability
condition dK | /dc >dT /dc to determine the strength as
a function of indentation load.

Unfortunately, it is not possible to obtain closed
form solutions to this problem. Limiting solutions can
be obtained analytically, however, and we consider
these first.

(i) Small cracks (low P). In the region ¢ <d we
revert to the ideal case of zero microstructural interac-
tion, such that Eq. (6a) applies. [n this region it can be
readily shown that the equilibrium function o, (¢) ob-
tained by rearranging Eq. (11) passes through a maxi-
mum, up to which point the crack undergoes stable
growth.'” This maximum therefore defines the instabil-
ity point do,/dc =0 (equivalent to the condition
dK /dc =dT /dc = 0 here):

o, = 3T/ ey 112)

The region of validity of this solution 1s indicated as
region [in Fig. 3.

teraction. The procedure to a solution 1s enurely the
same as 1n the previous case. except that now I° re-
places T',in Eq. i 12) Thus

o =3T 0 P 0
This solution applies in region Il in Fig. 3.

It 1s for intermedaate cracks, region II1n Fig. 3, that
analytical solutions are difficult to obtain. Here numen-
cal procedures will be required, but the route is never-
theless the same as before: determine o, (¢) from Eg.
(11) in conjuction with Eq. (6b) and apply the instabil-
ity condition, taking account of the increased stabiliza-
tion arising from the K, term. To proceed this way we
must tirst determine the values of the parameters in Egs.
{6) and (11). We address this problem in the next sec-
tion.

lil. DERIVATION OF T CURVE FROM
INDENTATION STRENGTH DATA

A. Crack geometry and elastic/piastic contact
parameters

Our first step towards a complete parametric eva-
luation of the o, (P) data is to seek a priort specifica-
tions of the dimensionless quantities ¥ and y in Eq.
(11). The parameter ¢ is taken to be matenal indepen-
dent, since it is strictly a crack geometry term. The pa-
rameter y does depend on material properties, however,
relating as it does competing elastic and plastic pro-
cesses in the indentation contact.'> We note that these
parameters do not appear in the microstructural term
K, in Eq. (6), so ideally we can “calibrate” them from

STRENGTH

INDENTATION LOAD P

FIG } Schemauic sirength versus indentation load plot incorporating
the mtuence of hrnideming higaments into the Jrack propagation re-
sponse  logarithmic coordinates + The solid line represents the sen-

) ) zralsolution TEgs. “biund 11| The dashed lines represent asymp-
(1i() Large cracks (high P). In the region c»c*. Eq. totic solutions obtained anaivuacaliy for smail cracks region 1L Eg
f6¢) applies and we have maximum microstructural in- 123 and large cracks [region 1 Eq. 131]
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tests on matenals that do nor exhibit T-curve behavior.
The details of such calibrauions are given in the Appen-
dix. The values we useare ¢* = 1.24and ¢ = 0.0040 £
HY -, where H 1s the hardness.

B. Bounding parameters for the regression
procedure

We have indicated that solutions for region II of the
strength-load response of Fig. 3 must be obtained nu-
mericaily. Here we shall outline the regression proce-
dure used to deconvolute the T curve for a given set of
o.. (P) data.

To establish reasonable first approximations for a
search/regression procedure, we note two expernimental
observarions. The first 1s from the indentation/strength
data of Cook et al.' In a number of matenals the o, (P)
data tended strongly to the asymptotic limit of region
I1I at large indentation loads (Fig. 3). reflecting the
upper. steady-state toughness 7 [see Eq. (13)]. No
analogous transiuon corresponding to [, -controlled
strengths 1n region | was observed: at low indentation
loads the strength data were truncated by failures from
natural flaws. Notwithstanding this latter restniction,
we may use Egs. (12) and (13) (with calibrated values
of ¢ and y from Sec. III A) to set upper bounds to T,
and lower bounds to 7' from strength data at the ex-
tremes of the indentation load range. We expect from
the observations of Cook et al. that the lower bound
estimate of 7 _ probably lies closer to the true value
than the upper bound estimate to T,

The second experimental observation is from the
crack propagation work of Swanson ef a/..* who esumat-
ed the average distance between bndging sites at 1-5
grain diameters. We accordingly take the lower bound
estimate for the interligament spacing 4 at | grain diam-
eter. Similar bounding estimates for ¢* are more diffi-
cult, although the condituon ¢* > & must be saustied.

There is one further parameter we have to specify,
and that 1s the exponent of the ligament stress-extension
function m. We have alluded to the fact that the obser-
vations of Swanson er a/. indicate that a stabilizing, tail-
dominated stress-separation function should be appro-
pnate, with ms 1 1n Eq. (5.

C. Regression procedure

With the first approximations thus determined we
search for the set of parameters for each set of &, | P)
data. The scheme adopted to do this 1s as follows.

‘1) The T curve is set from Egs. /1) and (61 and
the equiltbrium 7, (¢} response s calculated trom Eg.

11 at each indentation load for which there are mea-
iured strength data.

1) The predicted strength at each indentation load
is determined numencaily trom the nstability require-

350
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o

ment do, /dc = 0 1 with the proviso that if more than
one maximum in the o, (¢! function exasts, it s the
greater that determines the strength—sce Sec IV

( 3) The predicted strengths are compared with the
corresponding measured strengths and the mean van-
ance thereby calculated for a given set of T-cunve pa-
rameters. :

{4) The T-curve parameters are incremented and
the calculation of the variance repeated. using a matrx
search routine. The increments in the search vanables
were 0.05 MPa m''? for the toughness parameters T,
and T_ and 5 um for the dimension parameters
d and c*.

(5) The set of T-curve parameters vielding the min-
imum residual vanance 1s selected.

IV. RESULTS

The matenials analvzed in this study are listed in
Table I, along with their Young's modulus. hardness.
grain size, and minor phase percentage. Previously pub-
lished'*'" indentation-strength data for these materi-
als was used for the T-curve deconvolutions. {Some
data were removed from the onginal ¢, ( P) data sets at
large indentation loads, where the influence of second-
ary lateral cracking was suspected to have significantly
decreased the magnitude of the residual stress intensity
factor.®] The resultant parameter evaluations are given
in Table II.

Our first exercise was to select a fixed value of the
exponent m for the T-curve evaluations. Accordingly a
preliminary analysis of the o, (P) data for two maten-
als displaying particularly sirong T-curve influences in
their strength responses. namely the VI and V12 alumi-
nas, was carnied out. Figure 4 shows the minimum resid-

0
é 3‘ i -
z i = 2
=
a .
S sg -
= N — . .
z S~ T
Z
2 3= -
2 |
=
7 o2- -
-

)

) ' 2 2 3

BRIDGING FLLNCTCN EXPONENT

FIGG 3 The residual mean Jeviation netween frted ind Medsared
indentationsstrength tunctions sersds Hriding unction sxponent m
tor the VI aiuminas. Note the refative insensitivity tor =
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ual mean deviation as a function of m tor these maten- 300 —
als. The deviation for both matenals 1s greatestatm =0 LN
but thereafter at m > | 1s insensitive to the choice of ex- : \
ponent. The value somewhat arbitranly chosen for this 100 -
study was m = 21n accord with that adopted in the con- \
crete literature. '

To illustrate the procedure and at the same time to
gain valuable insight into the crack evolution to failure 200
let us focus now on just two of the listed alumina materi-
als in Table I, VI2 and AD96. Figure 5 shows the
strength versus indentation load data for these maten-
als.' The data points in this figure represent means and
standard deviations of approximately ten strength tests
at each indentation load. The solid lines are the best fits
[Egs. (1), (6),and (11)] to the data. The dashed lines
represent T- and T -controlled limits (Egs. (12) and |
(13)]. As can be seen, the fitted curves smoothly inter- 400 *
sect the T -controlled limit at large indentation loads, X
this tendency being greater for the AD96 material. This ‘
smooth connection is a reflection of our choice of m 200 *
above; for m < 2 the o, (P) curve intersects the 7 lim- !
it with a discontinuity in slope. At intermediate indenta- 1
tion loads the strengths tend to a plateau level, more [

N . . . 100 - bt ALO, 1AD96) -
strongly for the VI2 material. In line with our conten- t 2 .
tion that this plateau is associated with a strong micros- P E—— — s
, . 1077 10 1 10 00 10" 10
tructural influence we might thus expect the VI2 mate-
rial to exhibit a2 more pronounced T curve, The larger
;‘fzf‘::::r’i:ﬂ;h;i;”é::gpzl;s“i;:‘;gﬂ:ﬁﬂ'{‘:::i_fi‘:;se FIG. §. Indentation-strength data fits for the VI2 m? AD9 T\lumu-
) ' aas. Note the relatively pronounced plateau for the Vi matenal. indi-
at small indentation loads the strengths cut off abruptly cative of a strong T-curve influence. Oblique dashed iines are T - and
at the T,-controlled limit, corresponding to the case T, ~controlled limiting sofutions.

1
100 L a) AlLO, VI2)

800 -

STRENGTH, o, (MPa)

INDENTATION LOAD P 'N)

TABLE [ Matenais analyzed 1n this study

Young's modulus Hardness Grain size Minor phase

Matenal £/GPa H/GPa um " Ret
Alumina VIl 393 191 20 )

vI2 193 190 41 ).

AD999 386 204 3 Y

AD96 . 303 141 I 4

AD%O 76 13.0 4 0

F99 400 16.1 11 .

HW 206 - 23 33

Sapphire 425 213
Glass— SLI 379 44 -
ceramics SL2 79 43 R 22

SL3 379 43 ht n

Macor hd | MD) I 0 N

P roceram 108 AR ' i
Bartum CHicub R R -
‘itanate CHitet, 122 9 b
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where the crack intersects no brnidges prior to unlimited
instabtiity

Figures 6 and ~ show the corresponding equilibn-
um o, ¢! and T o tunctions that underhe the curve
fitsin Fig. 8. The o, ¢ responses are plotted for several
indentauion loads. embracing the data range covered in
the indentauon-strength expenments (e.g.. Fig. §). The
most distinctive feature of these curves 1s that at low
indentation loads, where the imtial crack size is some-
what smailer than the first barner distance 4, there are
two maxima. most notably in the VI2 matenial. The first
maximum, at ¢ < d, 1s a pure manifestation of the crack
stabilization due to the residual contact stress term [ Eg.
i1 111]."° The second maximum, at ¢ >d. results from
the additional, abrupt stabilization associated with the
mucrostructural closure forces. Of the two maxima, 1t 15
the greater that determines the strength Thus at very
low P (corresponding to region [ 1n Fig. 3) the first
maximum wins, and the instabtlity takes the crack svs-
tem to tatlure without limit (e.g.. the 2 = 0.1 N curves
for both the VI2 matenal in Fig. 6 and the AD96 maten-
alin Fig. 7). Atintermediate P (region Il in Fig. 3) the
second maximum becomes domnant, in which case the

, M)

o

APPLRD STHEDS

ALD, VI

g

-

TOUGHNE 55 T iMPam
N

N ol ‘0
TRACK LENGTH < um)
Fit: 5 1. Appued stress sersus equilibnum crack iength at different

ndentation ioads and “ h corresponding T curve, for V12 sjumina. as
lenved from the indentation-strength data in Fig §

:
z
)
[
-
£ .
3
ALC. AD9S6!
i 1 .
g 3
) 7~
" - -
2 N
b+
=
x

| 0 iIvy 0 o

CRACK LENGTH : um:

FIG 7 1a) Applied stress versus equilibnum crack .ength ana n
corresponding T curve, for AD96 alumina.

crack arrests before fallure can ensue 1e.2.. the P = | N
curves 1n Figs. 6 and 7). Note that the second maximum
for the VI2 alumina occurs at = 100 um. consistent with
abrupt imual jumps of 2-3 zrain diameters reported by
Swanson er af. At large P iregion [II in Fig. 3 the
curves tend more and more (0 a singie pronounced max-
imum, as we Once more e¢nter a region of mvanant
toughness. In all cases. however, we note that the stab-
lizing influences of the residual and muicrostructural
stress intensity factors render the strength insensitive to
the intial crack length.

[t 15 1n the transition region. region [I. where the
form of the T curve most strongly influences the crack
stability and strength propertnies. The T curve for the
VI2 alumina rises more steeply than that for the AD9%
alumina. The difference in responses for the two maten-
als may be seen most clearly in the o, (¢ curves for
P =10 N, Figs. 6 and 7 In VII alumina the restraint
exerted on the crack by the interfacial bndges 1s appar-
ently much stronger than 1n AD9. We note that the
indentation-strength curves in Fig $ mayv beseen as “ro-
tated” versions ot the T curves in Figs. 6 and ~

A word 1s 1n order here concerning the “sensitivity
of the parameter evaluaton to the range of data. Figure

352 J Mater Res.. Vol 2. No. 3. May/Jun 1987
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3 shows the deconvoluted T curves tor the VI2 matenal
with individual data points at either end of the indenta-
nion load range deliberately omurted from the base data
in Fig. $tay. When data are “lost” from the large Pend.
the fugh T ¢ part of the curve 1s most affected; similar-
Iv. for data omussions at the small P end. the low Ti¢!
part of the curve 1s most affected. We may regard the
curve shifts in Fig. 8 as charactenzing the systematic
uncertainty in our parameter evaluations, just as the
mean residual deviation in the regression procedure
characterizes the random uncertainty. We note that it is
those parameters that control the upper and lower
bounds of the T curve that are subject to the greatest
uncertainty. since it 1s in these extreme regions (espe-
cially 1n the Ty-controlled region) where indentation-
strength data are most lacking. The central portions of
the T curves in Fig. 8 are not altered substanually by the
deletion of strength data.

Subject to the above considerations. we may now
usefully summanze the relative T-curve behavior for the
remainder of the matenals listed in Table II. The T
curves are shown in Figs. 9-11 for each of the matenal
tvpes, aluminas, glass—ceramics, and banum titanates.
Special attention may be drawn to the fact that the
curves for the microstructurally variant matenals in
each of these composite plots tend to cross each other.
We note in particular that the curves for the polycrystal-
line aluminas in Fig. 9 cross below that for sapphire at
small crack sizes. consistent with earlier conclusions
that the intrinsic polycrystal toughness (7,) is gov-
erned by grain boundary properties. '

>

B
H
N
Pl
LI
: 2
=
0 : 2 ) -

ZRACK (ENGTH  Lm

FIG 9 Composite plot of the deconvoiyted T .urves for tne sumina
matenais

V. DISCUSSION

We have considered a fracture toughness modei
based on an independently venfied interface restraint
mechanism®” for explaining the microstructural effects
previously reported in indentation, strength data. — A
key feature of our modeling ts the strong stabihizing ef-
fect of grain-scale ligamentary bnidges on the stabiity
conditions for fatlure. (In this sense our explanation
differs somewhat from that onginally offered by us 1n

A0, 2 a
. o . Fass Cgrarmwcs
3~
- 502
- 2. e 3m
2 - - Macor
2 t - Svroceram >
= i 2 >0
3 _1
2 i H
4 i -
2 " - A
-
pet & a el N
= i 3 3
L <
z X2 .
— = S
—  Macor -
K
33
o) ‘o° o o' ’
SRACK CENGTH : um) N
FIG 3 Deconvoluted T-curve plots for the VI2 slumina using "ull Aak ERGT
) R ALK BN T W
‘ndentation-strength Jdata set 1'rom Frg $/a, sohd iine;s and ~ame
da1a 1runcated  dashed lines, by removal nf 2xtreme data points at FIG 10 Composite plot st the deconvoluted T ourves for the 2lass—
a,iow Pand bj high P ceramic matenais
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FIG i1 Composite piot of the deconvoiuted T curves tor the banum
nitanate matenal

Ref. 1. where 1t was tacitly suggested that the micro-
structural influence might be represented as a positive
decreasing function of crack size. The distincrion
between negative increasing and positive decreasing XK,
functions 1s not easily made from strength data alone.)
Although the earlier experimental observations used to
establish the modei'® were based almost exclusively on
one particular alumina ceramic,' our own detailed crack
observations. and those of others. strongly suggest that
the model is generally appiicable to other nontransform-
ing ceramics: the discontinuous primary crack traces

charactenstic of the bndging process have since been
observed 1n other aluminas. *-' glass—ceramics. =’ 7
$iC ceramics.”” and polymer cements.”’ The fact that
the resultant strength equations trom the modei can be
fitted equally well to all the matenals examined in the
present study serves to enhance this conviction

A charactenstic feature of the failure properties of
the matenals with pronounced T curves (e.g.. VI alu-
mina) 1s the relative insensiivity of the strength to 1n1-
tal flaw size. Thisis a vital point in relation to structural
design. Matenals with strong T-curve responses have
the quality of flaw tolerance. [deally. it would seem that
one should seek to optimize this quality Associated
with this tolerance ts an enhanced crack stabtlity This
offers the potential detection of failures. On the other
hand. there 1s the indication that such benefits may only
be wrought by sacnficing high strengths at small flaw
sizes. This tendency 1s clearly observed in the way the
strength curves cross each other in Figs. 7-9 in Ret |
( corresponding to crossovers seen here in the T curves.
Figs. 9-11) In other words, the designer may have to
practice the gentle art of compromise.

We reemphasize that the T-curve parameters Je-
rived from the strength data ( Table II) are elements of
curve fitting and are subject to systematic as well as to
the usual random uncertainties. Since any four of these
parameters are independent. our numencal procedure,
regardless of ““goodness of fit.”” cannot be construed as
“proof” of our model. Nevertheless, we may attach
strong physical sigmificance to these parameters. For ex-
ample. the relatively large values of [ and ¢* for the VI
matenals relative to the corresponding parameters tor
the F99 alumina is a clear measure of a zreater T-curve
effect in the former. More generallyv. the aluminas with

TABLE Il T-curve parameters derved from strength data form = 2 - from Rets | 3 4 1!
T T, r. r d o [ad P
Materai MPam MPam 5 Jm 9 tIm umo um) MPas m
L 3 VIt ("3 408 33 0.4 0 420 80 o
A vi2 | 39 463 2.8 1038 60 540 2% )it
N AD999 2 430 0.4 120 15 s 138 )
.~ AD9% 116 297 3.5 5o s 160 ) Ve
.\»"_ ADW i} 32 1538 16 15 210 “< 1o
A F99 10 350 91 5.4 1S 0 1058 D04
vy HW 164 43 16.9 14 a5 10 153 042
®. Sapphire 110 310 i3 0
- -
A LI ) 08 198 b4 e 10 338 122 i
t_.‘:, SL2 N 12 "1 150 10 a8S 120 )38
S SL3 135 158 10.3 190 b 08 133 DR
(o Macor 104 23 34 04 W0 15 2 Ve
s Pyroceram 24 233 193 <4 20 418 s 138
TR
... CHr-ub PR ) ias P )
-“"\:‘ CHtret )79 i e s ih ) 0 ~n Yid
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glassy phases at theirr grun boundanes.”’  or with
smaller grain size + Tables [ and Il har e relatively low
toughness indices. [ . ' . indicatingg that there 1y some
kind of trade-off between macssoscopte and microscopic
:oughness levels. wa {nat this trade-off s controlled hy
the microstnucture. We note also that the maximum
stracs$-separation range parameters 4 * tor the matenals
are 1n the range 0.1-0.4 um, consistent with crack open-
ing displacement observations at the bndging
sites.>'**1-> We thus suggest that such parameters
could serve as useful guides to matenals processors, for
tailornng maternais with desirable, predetermined prop-
erties. especially with regard to grain boundary struc-
ture.

Menuon was made n Sec. [V of the sensiuvity of
the parameter evaluations to the availabie data range.
This has imphcations concerning conventional, large-
crack toughness measurements. To investugate this
point further we plot in Fig. 12 the T _ values deter-
muned here against those measured independently by
macroscoptc techniques. The degree of correlation in
this plot would appear to lend some confidence to our
fittitng procedure (and to our a priori choices for the
parameters ¥ and y). Since most of our strength data
tend to come from regions toward the top of the T curve
we should perhaps not be too surprised at this correla-
tion. ]

Finally, we may briefly address the issue of test
specimen geometry in connection with the accuracy of
the parameter evaluations. It has been argued else-
where’ that test specimen geometry can be a crucial fac-
tor in the T-curve determination. [t might be argued, for

"2
A0999
= AD96
+ 2 ADS0
= F99
HW

[LY SN
w

|

»

"

o = Saoprwe
= ZH Cuxci
= CH Tetragonan
v = Pyroceram
7 = Macor
= Soas-wne Gass

SILADY STATE NIENTATHIN TiRRINESLS

Y 2 4 3 3 )

IONVENTIONAL "TUGHNESS MPa m

FIG 2. Plototf T, Table Il) as a function of independently mea-
sured :oughness using conventionai macroscopic specimens
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instance, that “superior’” parameter vaiuations Soud
he obtained from larger crack Zeometries. pariicuiars
thec* I', parameters. However. the ingentation meii-
adology takes uy closer to the strengtis o specimens
with natural Haws. in parucular to the T -controjed re-
2iens - notwithstanding our quabifying statements s
lier concerning this parameter), so that the present evau-
uations may be more appropnate tor designers.

VI. CONCLUSIONS

(1) Anindependently confirmed ligament bridging
model 1s used as the basis for analyzing observed inden-
tauon-strength data for a wide range ot polverystailine
ceramic matenals.

12) Those matenals with pronounced T curves
show the qualittes of “flaw tolerance™ and enhanced
crack stability.

(3) A fracture mechanics treatment of the indenta-
tion fracture system with microstructure-assoctated fac-
tors incorporated allows for the ' numerical. deconvo-
lution of toughness/crack-length « T-curve ' funcuons
from these data.

(4) Companisons within a range of aiuminas sug-
gest that those matenals with “glassy’* grain boundaries
and smaller grain size have less pronounced T curves
than those with “clean” boundanes.

(5) The indentation-strength technique and the
toughness parameters denving from it should serve as
useful tools for the development of ceramic matenals
with predetermined properties, especially with respect
to grain boundary structure and chemistry.
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APPENDIX: EVALUATION OF  AND y

Here we derive numencal values tor the dimension-
less parameters ¥ and y characterizing the crack geome-
try and the intensity of the residual contact stress. re-
spectively. The choices for these should vield agreement
between measured strength and toughness properties of
homogeneous matenals with no measurable T-curve be-
havior (1e.. K, =0.T=T,=T .

We begin with the geometrnical ¢ term. which 15 as-
sumed to be matenal independent. From the applied
stress ¢ strength ) o, and crack length ., at theinstabil-

ity point ot an indentation, we can show that-’
w=3T Mo,c.) AL

Measurements of o ¢, for several homogeneous mate-
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Crack resistance

nals confirm that Eq. Al Jdescribes the toughness.
mnstability properties=’ “for ¢ = 1 24 We note that this
15 very close to the value of 1 27 calculated by finite
element analvses of semicircular cracks in surtaces of
mend specimens.©

Forthey term we turn to Ref 13, whereits shown
that

v =35(E/H' {A2)

where ¢ 1s a matenal-independent constant. With this

result Eq. (12) may be rewntten as™?
T.=nE/H" (&P )" (A3)
where
= (286w’ ' 27y (A4)

1s another matenal-independent constant. From mea-
surements of o=, P' * for a similar range of homogen-
cous matenal we obtain 7 = 0.52.°° Hence eliminaung &
‘rom Egs. (A2) and ( Ad) vields
v =2ToME HY 256w,
which gives ¢ = 0.0040( E/H) ' -
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Microstructural Effects on Grinding of
Alumina and Glass-Ceramics
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Grinding forces were measured (n aluminas and giass-cgramucs with various
microstructures. The microstructures were found (o exert a profound influence on
the machunabilitv In particular, the controlling toughness variable s that which
pertains to smalil cracks. not that conventionallv measured in a large-scale fracture

specimen.

F 'S well documented that the princi-
pal matenai vanaple :n mucrotracture-
controlled properties of bnttle ceramics.
such as erosion. wear. and machimng. 1s
the “toughness.” This is in accord with
intuition: the greater the resistance to frac-
ture. the harder 1t should be to remove
matenal i localized. cumulative, surface
contact processes. Implicit in existing ma-
tenal removal theones is the presumption
that toughness 1s a single-valued quantity
for a given matenal. Recent studies of the
fracture properties of 1 wide range of ce-
ramics call this presumption nto serious
Juestion; toughness 1s generally nor a ma-
tenal constant. but rather some increasing
function of crack size (R curve, or T
curver ° In certain aluminas. for example.
*he toughness can :ncrease by a factor of 3
Jr so. depending on the microstructure. ' *
The T-curve etfect 15 seen most strongly n
liuminas with arger grain sizes and lower
contents of grain-boundary glassy phase.
Most notably. the T curves for Jdifferent
diuminas tend to <ross ¢ach other.* so that
the toughness rankings at large and smail
crack sizes appear (0 be reversed. Clearly.
if we wish to retain toughness as an indi-
cator of wear resistance. we need to qualify
the scale on which this parameter 1s deter-
mined. [ndeed. such a need was fore-
shadowed in an earher expenmental study
on the erosion resistance of ceramic mate-
nals by Wiederhomn and Hockey. '
Accordingly. surface grninding tests

N NG EDITOR — T MHOHALSKE

Revzived Mdornher ¥ uRh ~evised Copy recers~d
Decenber & Y%A ipprn.ed December I b

suponrted Hv “he Rock wetl Independent Research
and Development Pmgram DBM) ind the 'S Army
Research Gtfice -BRL.

"Member. :he Amencan Ceramic Society

*Oniv 'hose matenais »nginaily avasiadle in Jisk
‘ofm n chat carhier xork were .eiected The rength
lata (o ‘hese pecimens ire "ot gmited By 2dge 'ail-
ey 0 the resistance JNaracrenstics are mofre ixetv 1o
~eflect the ‘ntnasic microstructural nfluence -Ret 4

were made on selected ceramic matenals
{for which well-charactenzed T-curve data
are available. The pnmary matenals were
aluminas from a previous study.* where the
resistance charactenstics were determined
from the strengths of specimens contan-
ing indentation flaws.* [n additon. two
commerciai glass-ceramics were tested. A
subsequent quantitative analysis of the
indentation-strength data has provided
upper tlarge crack size) and lower (small
crack size) bounds. 7. and T,. to the T
curves for these matenals.® Table | lists
these parameters for companson with the
grinding results.

The gnnding forces were measured
using a dvnamometer on the table of a sur-
face gnnding machine. Runs were made at
fixed depths of cut. 5. 10. 15. and 20 um.
using 3 230-gnt diamond wheel 1 width
10 mm), rotaung at 3300 rpm with a hon-
zontal feed rate of 16 mm's™ and with
water-soluble o1 lubncation. The condi-
tons of our expenments were such that the
scale ! individual damage events was al-
ways much smaller than the depths ot cut
The specimens were first cut into bars
5 mm wide and then mounted in a iuw on
the dvnamometer ~o that torce mea-
surements could be made on ail matenais in
a single pass. The results are plotted in
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Firg | Note trom the relative posiions ot
the curves that the diuminas and 2lass-
ceramics have heen runked :noorder 1 21
minishiing Znnding resistance n fuoie d

I i mmediatens apparent from bz
that Jitferent Huminds and Jifteren
CEramICs Can Ay Ardels onotner Zonding
resistance Thus me siuming W ith tne ni2n-
ast resistance :n Tadle |1 ¢ ADWI s hat
with the greatest glass content This resuit
may come S no surprse 1o those who pre-
pare ceramic powders by ball milling: alu-
rmuna spheres with high glass content are
found to be far more durable than similar
high-punty spheres.  Note ilso from
Table [ that tor aluminas ot comparabie
purity those with migher zninding resis-
lance have finer 2rain sizes <t AYYY und
Vistal)  Most interesting. however. s
the guantitative correlation between 2rind-
ing resistance and toughness parameters
The macroscopic toughness 7. 1 e . the
toughness K we measure in conventionai
large-scale tracture tests) actuaily snows 1n
inverse correfatton with the zrinding r2-
sistance. On the other nand. the micro-
scopic tougnness 7., does appear to waie :n
the nght direction. The implication here. 1t
course. 1s that the grinding damage process
1s determined at the scale of the micro-
structure. The data for the two giass-
ceramics in Table | serve to reintorce the
point. on the basis of the 7. values we
would be unable to choose between the two
matenals. whereas the relative vaiues ot T
confirm Macor (specitied as a machinable
glass-cerarmic by 1ts manutacturer) as the
matenal of lower grinding resistance

We conclude. theretore. that the ame-
honored conception of “toughness™ 1s 4
umiversal indicator of supertor mechanicai
properties. it least on the microscaie. needs
o be caretully qualitied. The use ot on-
ventional fracture toughness 2vajuattons o
predict resistance o wear. 2rosion. and ma-
chining mayv lead to imprudent choices of
matenais rfor structural appitcations On the
positive side. a more complete unager-
standing of the micromechanics that
determine the complete crack resistance
curve mayv ultimatety nelp us aptimize
microstructural ciements ' glass content.
2ratn s1ze. etc 0 ror mimmum surtace
Jegradauon

Table | Comparison of Toughness and Grinding Resistance Parameters®
Additrve Vitdin aize - -
Matenal K “mi MPLm NP,
Alumina ADYO 1) 4 2 )
Sapphtre S B
ADY6 4 i 2 A
ADYYY il 3 B 22
Vistal [ 01 20 4] P
Vistal I 01 40 3 | s
Glass-ceramnic Pvroceram’ [N 23 20
Macor? 13 22 10
°T. and T e¢valuated !rom .ndentauon-strength Jata Ret 51 Matenal sankinys 0 wrder 0 legreasing
resistance trom Fr2 L 'Coors Parcetain Co - Golden CO - Adolt Meller Co - Providence RI Coming Giass

Cuo Corming. NY 13
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Vertical gnnding forces as function of depth of cut. Open symbols
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