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TUMMARY
The project research activitiea concentrated on three main aspectsa:

(1) Literature survey of published work on the experimental and theoretical
aspects of fracture of brittle materials under compression and the R-curve
behaviour of ceramics.

(2) The development of SEM techniques for in-situ dynamic observation of
fracture in ceramics. The emphasis of this part of the work was orn the
investigation of the fracture micromechanics of ceramics and in particular the
influence of microstructural parameters on the shape of the R-curve of
96% A1203 and the determination of the physical mechanisms responsible for the
R-curve behaviour in non-transforming ceramics. The direct observation of the
wake processes taking place between the crack faces during crack propegation,
showed conclusively f.hat R-curve behaviour, at least in this material, is due
to very extensive grain bridging behind the crack tip. By considering the
energy dissipation characteristics of various possible bridging mechanisms, it
was shown that the major contribution to the stress intensity increase
observed appears to be due to wedged grains expending energy against friction
as the crack faces separate. It was alsn shown that the contribution of the
elastic bending of bridging ligaments created by crack-bifurcation, to the
energy dissipation is very small.

(3) The investigation of the fracture and damage micromechanics of CaSO4 as
a model ceramic material with the aim of elucidating the micromechanics of
compressive fracture in brittle materials. To this end, the properties of
Plaster of Paris specimens were extensively investigated, and the failure
initiation and final failure surfaces have been constructed and compared with
the predicticns of new theoretical models. The micromechanics of fracture have
teen investigated with the aid of in-aitu SEM investigations.
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INTRODUCTION

The fracture and failure characteristics of ceramics under tensile stresses
have been studied extensively in the past. A large body of work exists which
attempts to relate the bulk fracture properties of ceramics such as fracture
toughness, crack propagation resistance, delayed fracture, etc, to their
microstructural parameters such as grain size, grain contiguity, defect size,
microcrack size and distribution and residual stresses (e.g. [1-17]).

During the past two decades a number of important phenomena relating to the
fracture of ceramics have been observed and are being studied with the aim of
understanding the physical processes of fracture of brittle materials and
their influence on fracture toughness. Examples are:

(1) The R-curve behaviour of non-transforming ceramics, in particular that
of A1203 {12,13,18-34). A physical unde.standing of the observed increase in
fracture toughness with increasing crack length will provide critical insight
into the microstructural aspects of strength and critical flaw managemernt. The
incorporation of this knowledge into manufacturing processes will no doubt aid
the attempts at improving the flaw tolerance of ceramics. The present work has
attempted to at:!dress this question by direct observation of the fracture

process in an SEM.

(2) The various toughening mechanisms which exist in some ceramic materials
such as microcracking, phase transformation and crack-tip plasticity. These
have been investigated extensively (e.g. (1,2,4,7,18,22,35-39] and a great
deal of progress has been achieved in understanding the various physical
processes involved and their incorporation into manufacturing processes.

(3) Delayed fracture in some ceramic systems, most notably the alumina
system (e.g. 1,2,4,40-44]. This has been shown to be related to subcritical
crack growth during which the crack grows at crack tip stress intensity
values, KI' gsignificantly lower than the critical stress intensity KIc
(fracture toughness) of the material. Underatanding the physical mechanisms
underlying this phenomenon will aid in the explanation of a number of
time-dependent fracture effects that have been observed in ceramics.
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The successful explanation of varicus fracture phenomena and processes such
as these, require an in-deptl understanding of the dynamic development and
propagation of cracks under load. To this end, part of the present study deals
with the direct observation of crack initiation and propagation in a scaming
electron microscope. The expariments involve the controlled loading of ceramic
specimens during SEM observation on instrumented rigs specifically designed
for particular loading conditions. Each experiment can be recorded on video
tape and important parameters can be measured directly or calculated
subsequently such ss crack tip opening displacement, creck length, crack path
characteristics, crack velocity, defect size and crack-defect interactions,
microcrack initiation and interaction. Since the rigs are instrumented with
calibrated load cells, the stress-strain characteristics of the specimen and
the influence of the fracture processes on them can be calculated directly as
well as the crack tip stress intensity during the fracture process.

Whereas the great majority of fracture investigations of ceramics have dealt
with fracture under tensile stresses, relatively little has been reported on
the compressive fracture characteristics of ceramic [84-90], although the
compressive failure of brittle materials in general has been dealt with in the
past e.g. [61-65, 72-80]. Uniike tensile fracture, where a single most severe
flaw initiates a crack which propagates unsgtably to csuse complete failure,
compressive fracture is a stable process, i.e. energy input is required to
propagate the crack(s). Only two attempts at modelling compressive fracture of
brittle materials can be found in the literature: a phenocmenological model
mainly due to Costin [69-71] and the physical model of Ashby and co-workers
[66-68]. The direct observation of the fracture processes that take place
during compression of brittle materials will aid greatly the understanding of
their compressive failure characteristics. This has been initiated in the
present work using both model ceramic materials and standard structural
ceramics.

The research carrizd out during the first year of the work has concentrated
on three main aspects:

(1) Literature survey of, (a): crack path analysis during tensile ~fracture




of ceramics and specifically of R-curve behaviour of x-‘L].zo3 baged ceramics and
(b): theoretical and experimental developments in the field of the compressive
fracture of brittle wateriale and specifically ceramics, with emphasis on the
micromechanics of compressive fracture.

(2) In-situ investigations of fracture processes in A1203 ceramics and their
R—curve behaviour. The existing in-situ SEM facilities of the Materials Group
were extensively modified and new rigs were designed and built in order to
carry out Double Torsion (DT) and Double Cantilever Beam (DCB) slow fracture
experiments on ceramic specimens. The in-gsitu facilities have enabled accurate
measurements of the crack length and high magnification studies of the crack
path and the physical processes which give risc to the "closure stress"
between the crack faces during fracture have been identified. By considering
the energetics of each of the possible processez, it was possible to determine
the most likely sources of the energy dissipation observed.

(3) Modelling of compressive fracture of ceramics using CaSO4 as a model
brittle material. CaSO4 was chosen due to its inherent high degree of
brittleness combined with its case of manufacture and the possibility of
incorporating flaws of known distribution. Extensive characterization was
carried out: the processing parameters and environmental effects were
investigated in detail to ensure reproducibility of properties, and the
mechanical and elastic properties of the materials were measured to ascertain
the structure-property relationships. The main body of this part of the work
involved the measurement of the compressive properties of the material such as
Young’s modulus in compression, the uniaxial, hydrostatic and axisymmetric
compressive gstrength and the identification of the fracture processes during
compression. The results have been compared with predictions of the damage
mechanics models thet have been developed recently for brittle materials
(66-68,82] and a new model has been proposed for fracture initiation of
brittle materials containing spherical flaws under hydrostatic compression.
The investigations of the fracture mechanisms during compression were carried
out by in-situ SEM.
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The main emphasis of the work planned for the future is on the completion of
the above tasks and on investigations of fracture and damege mechanics of
ceramics under compression. To that end extensive preparatory work has been
carried out in designing and building equipment for in-situ SEM uniaxial
compression investigations as well as for hydrostatic and axisymetric
compresgsion experiments.
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PART 1: DIRECT OBSERVATION OF FRACTURE IN AJ.203 CERAMICS AND THEIR R-CURVE
BEHAVICUR.

The term R-curve refers to the increase of the fracture surface energy, R,
of a material, with increasing creck length i.e. the resistance to crack
propagation of the material apparently increases with increasing ocrack length.
The equilibrium condition is usually obtained by equating R to the mechanical
energy release rate G, derived frum the work done by the applied loading
during crack extenaion,This phenomenon has been predominantly studied in the
case of relatively ductile materials such as metals and fiber-reinforced
compogites (see e.g. [3]), but a number of investigations during the past
decade [12-39] have shown that an equivalent increase in crack propegation
resistance with increasing crack length is displayed by ceramic matierials,
egspecially ceramics that can undergo toughness-enhancing martensitic
transformations during fracturing, such as Partially Stabilized 2Zirconia, as
well as non-trrnsforming polycrystalline ceramics such as the Alumina systeun.

Whereas the toughening phenoucnon ohserved in ‘the transformation toughening
ceramics has been partly explained by considering the energy dissipation in
the transformation process, the observatiorns reported on the fracture
resistance characteristics of non-transformable ceramics have not been
successfully explained as yet.

The first systematic observations of R-curve behaviour in non-transforming
ceramics were reported in 1977 by Hubner and Jillek [19] who were studying
sub-critical crack growth in pure A1203 samples by 4-point bending. They found
that the streas intensity factor per unit crack extension increases
considerably with increasing crack extension. They related the observed
increase in fracture resistance with the equivalent phenomenon found in other
materials and explained their observations by assuming multiple crack
formation and interference of the fracture surfaces due to the angular
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development of the crack front. A few years later, a number of workers ([12-18]
found indirect evidence for the phenomenon. Evans and co-workers [20-22]
attempted to explain the toughness increase observed by conaidering the
dissipation of energy during the nucleation and growth of numerous microcracks
around the propagating crack tip as well as the effect of a "nrocess-zone

wake" behind the crack tip due to the associated stress/strain hysteresis.

In 1982, Knehans and co-workers [23,24] studied the R-curve behaviour
exhibited by pre-notched pure polycrystalline alumina specimens loaded in
3-point bending. They investigated the influence of notch depth, specimen
gecmatry, mean grain size and deformation rate on the bshaviour of the crack
resistance. They reported thet R increased by up to a factor of 4 within one
specimen and that no unique R—curve exists for that material. Furthermore,
they found that the slope of the R-curve wa< significantly affected by notch
depth and they concluded that this "notch~depth" memory of the crack cannot be
explained in terms of any energy dissipation mechanisms in front or around the
crack tip. By cutting away material behind the crack tip, they showed
conclusively that the phenomenon observed must be due to events occuring
behind the crack tip over a distance of the order of millimetres. As possible
explanations for the increase in crack resistance (but not of the notch-depth
effect) they suggested that consideration should be given to friction of
serrated crack walls or the presence of microcracks in the volume close to the
crack walls.

In 1985, Cook and co-workers [25] carried out a systematic investigation of
the inert strength charucteristics of ceramics (concentrating on aluminas) as
& function of indentation crack size relative to grain size. On progressively
cdecreasing the indentation load, the strengths (measured under both biaxial
and uniaxial bending conditions) first showed a steady increesse, but
subsequently tended to a plateau, as the contact size began to approach the
characteristic grain size. By postulating the existence of a "microstructural
driving foroce", they analysed the data in terms of an apparent R-curve
function using a simple extension of conventional indentation fracture
mechanics theory incorporating residual contact stresses. They found that, for

e




large flaws, the strengths tend to an ideal -~1/3 power law dependence on
indentation load, which suggested a conatant toughness. At small crack sizes
however, the strengths decrease markedly and tend to a load-independent
platesu. Their satudy emphagsized the need for more information into the
underlying physical processes actually responsible for the microstructural
driving forces (especially at the weak grain boundaries which are responsible
for the intergranular fracture mode observed). Their analysis cautions against
the indiscriminate extrapolation of strength data obtained by large
crack-length techniques to the microcrack regime.

Swain ([26] has reported on the extent of the R-curve behaviour by using a
Double Cantilever Beam method to measure the stress intensity factor of pure
Alzos specimens of the same batch as that used by Steinbrech et al [24]. The
use of DCB specimens enabled the measurement of the R-curve behaviour over a
longer crack length than previously reported. He found that the "wake zone"
over which crack bridging ooccurs for this material extends up to 8mm bdehind
the crack tip as shown in fig.1.1., i.e. the stress intensity factor was
observed to increase to a steady-state value (the fracture toughness) over a
distance of approximately 8 mm. As a possible explanation for the phenomenon
he proposed that the crack bridging is due to compressional thermal-expansion
anisotropy stresses exhibited by larger than average grains intersected by the
propagating crack. This of-course cannot explain the notch-depth effect or
some of the other observations reported.

In 1987, Swanson and co-workers [27] reported the results of optical
microscopic examinations of the crack paths in coarse-grainsd alumina
specimens loaded under tapered cantilever beam and indented flexure
conditions. They found that the fractures were highly stable (indicative of
strong R-curve behaviour) but discontinuous at the microetructural level due
to grain-localized bridging acroes the newly formed crack interface. They
suggested the existence of "activity sites" along the crack with a spacing of
2 to 5 grain diameters consisting of overlapping segments around bridging
grains., They theorised that these segments link-up with the primary crack
beneath the specimen surface and continue to evolve towerd rupture of the
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[(26]. The hatched region is the steady-state KIc value for stable
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&o = 19III.
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bridge as fracture proceeds (the same physical process has alao been
conclusively identified in the present work, see later). By carrying out
post-fracture scanning electron microscopy they found that interface-adjacent
microfracture and frictional tractions were important aspects of the bridging
process. They were unable to find evidence for frontal-zone microcracking and
crack-tip/internal-stress interaction which, as mentioned, have been
postulated as possible sources for the energy dissipation.

Following on from that work, Mai and Lawn [28], developed a fracture
mechanics model to explain their observations. They treated the increased
crack resistance as the cumulative effect of grain-bridging restraints
operating behind the crack tip and used a discrete distribution function for
the crack-plane restraining stresses. They assumed that a general expression
for the net stress intensity factor for a crack in equilibrium is:

K =K +§x.='r 1.1a
a 1 (o] .

or: K =T=T —EK. 1.1b
a ° 1

where:

Ka is the contribution from the applied loading,

Ki represent contributions from the discrete internal forces acting on
the cruck,

To is the intrins’ ; materiai toughness (i.e. the effective K’Io for bulk
cleavage or grain boundary fracture) independent of crack size, and

T = T(c) the effective toughness function which has replaced the
traditional R.

By considering the stability criterion for a propagating crack under these
conditions and assuming that the Ki functions are positive decreasing

functions of the crack size, they used the Green’s function solution for line

cracks to represent the microstructure associated stress intensity factor
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along the crack as:

K, =0 (d,>c) 1.2

Kp a -(29/m)ct /2 r pi(x)/(c2-x2)2/2 dx (d°_<,o$c*) 1.2b
dﬁ
c un

K, = ~(2#/m)c* ** f p(x)/(c*=x2)1 72 dx  (c>c™) 1.2c
d +c—c*

where: c = the distance from the mouth to the front of the crack,
d = mean separation between "closure force centres",
d, = distance to the first bridge from the specimen edge,

¢ = crack geometry term = n!/? for sharp line cracks,
p(x) = approximate continuous closure stress function replacing the

discrete force function due to the bridges p(x) and = p(x)/d?, and

c'-d, = extent of the bridging region.
Since the function p(x) is unknown, they replaced it by p(u(x)) where u is the
crack opening displacemen. and used the far-field solution for a slit-like
crack in equilibrium (K = T ):

u(x,c) = (JgfrolﬂE)(c—x)‘/’ 1.3

where E is the Young's modulus, and a trial stress separation function:

p(u) = p (1-uu™)™ (Ogugu®) 1.4

wahere p* and u" are limiting values of the stress ancd scparation respectively
and m is an exponent. It must be roted that since p(0) = 0, this form of the
gseparation function is inoo>rrect for low values of u (near the crack tip)-
important in the case of brittle fiber-reinforced composites, but may be used
to represent. p at larger values of u. The exponent m reflects the way p is
distributed over the bridging zone: m=0 represents a uniformly distributed
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strens, me=l represents ‘the stress in the case of & frictional grain pullout
mechanism and m=2 is used for fiber-reinforced concrete.

"By substitution of equations 1.3 and 1.4 into equations 1.2 and 1.1 they
finally obtained the form of the effective toughness function, T, in terms of

the parameters T, TQ, c*, d, and m (transforming the coordinates such that
c=c +4c and d =c +d, where c, is the notch length):

T(ac) = T, (d>4c) 1.5a
T(do) = T, - (T-T,) (1-[(do-d)/(4c™-d)1* )™ (deaccas® 1.50

T(ac) = T (ac>ac”)  1.5c
where

. . » %
T“ =fracture toughness of the material (plateau region) = T, + Ep u /(m+1)T,
o =4, + (nEu"/2/701,)?
4™ =steady state bridging zone length = d + (aBu’/2/29T,)?

Thus the T equations and fhe spatial extent, Ac*, are geometry insenaitive.
They eccordingly used these modelling equation;s to compare with the results

&€ Swain [26] on 99% A1203 and found that a good fit was obtained for m=0 with

T, and T“ used as regression variables as shown in fig.1.2. They calculated

that those data gave p*z 25 MPa for m=0 and p*u*/ (m+l) = work per unit area to

separate the bridges « 20 J/m? which is comparable with fracture surface
energies and thus demonstrated consistency between calculated and meesured
R-(or T-)curve behaviour for that material. Finally, although they emphasized
that caution should be exercized in using these best fit procedures for
generating the parameters, they nevertheless suggested that these parameters
could be used in materials characterization and design especislly in strength
analysis where short crack configurations are important.

The above model has been used to analyse the results obtained in the present
work on the R-curve behaviour of 96% mzos but the results do not fully
support the model predictions, as discussed later.
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Soon afterwards Cook et al [29] applied the Mai arnd lawn model to the
mechanics of the indentation strongth test and in perticular to the
meagurements of Cook et al [25]. They found that materials with promounced
T-curves (as they call the R-curves) have the qualities of flaw tolerance and
enhanced corack stability. They suggested that the indentation-strength
methodology in combination with the bridging model could be used in the
development and characterization of structural ceramics particularly with
regard to grain boundary structure (since moat observations of R-curve
behaviour have been carried out on intergranularly fracturing saterial).

The R-curve behaviour of A1203 three-point bend specimens at high
temperatures has been r¢ported by Wieninger et al [30] who found that the
toughness increase was much steeper at temperatures above 1000°C, although
their measurements only extended for 2-3mm. They attributed the effect to
"friction effects" and "adhesive forces" behind the crack tip.

During the past year a number of studies have been reported on the R-curve
behaviour of ceramics dealing with the determination of the curve details as
well as the avaluation of the crack bridging stress. Steinbrech and Schmenkel
[31] studied "naturally-cccuring"” flaws on the surface of alumina bend
specimens and found that they diaplayed R-curve behaviour but with lower
initial R values than found in the case of longer cracks in SENB
specimens. They suggested that this could be due to the influence of surface
residual stresses.

Hsueh and Becher [32] presented a simple approach to calculating the
bridging stresses by starting with the experimentally determined R-curve and
evaluating empirically the bridging stress instead of assuming the existence
of the force-crack-cpening relation as vsed by Mai and Lawn. They assumed that
the pre-crack length is much longer than the bridging zone and that the
bridging stress maintains a constant profile as the crack propagates and found
that the bridging stress can be representad in terms of the derivative of the
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R-curve dd4&/de¢ :

pix) = (mx/2)*/*{ddK/d¢) (Ogxmege ) 1.6a
p(x) =0 (x. ¢ or x=e>¢, ) 1.6b
where ¢ is the cracik extension.

Application of their technique to SiC-whisker-reinforced A1203 indicated
that the bridging stress has a meximm value within a short distance behind
the crack tip decreasing to O or leveling off to a finite value at the end of
the bridging zone, depending on the nature of the R-curve behaviour.

Krause [33] reported measurements of R-curve behaviour in coarse-grained 96%
Al 04 by measuring the strengthas of indented 4-point bend specimens against
indentation crack size for both as~-sintered and annealed specimens. His
resuits are at variance with the results of the similar experiments of Cook et
al [25] in that he did not find the -1/3 dependence reported by Cook et al. He
pointed out that if the lowest load point of Coock et al was excluded from
their work their results Md be easily described by a straight line.

Finally, Reichl and Steinbrech [34] reported the results of a novel
experiment to illustrate conclusively the existence of the bridging stress
behind the crack tip. They used notched short double cantilever beam specimens
to show thet, if a second notch is introduced at the back face of the
specimen, then,when the crack reaches that notch under very stable crack
propagation conditions, the specimen still retains load carrying capecity
wholly due to the bridging ligaments. They succeeded in measuring the load at
that point and thus were able to calculate the actual magnitude of the
bridging stress. Their experimentally determined value of x«30MPa (x1/7 of the
flexure stress indicates that about 14% of the zone area is effectively
ligamented which agrees with the resultis obtained in the present work) agrees
with theoretically determined values of p(x) and the beat-fit value of 25MPa
calculated by Mai and Lawn [28].
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1.2. Experisental aspects.
1.2.1: The materjal

The raterial chosen for these investigations was an A1203-¢lm matrix
ceramic : ADS96R provided by OOORS Ceramics, Wales. It is a grade used
extensively in the electronics industry as subatrate material and (a= grade
AD96) as a wear resistant material in valves and pipelines in the coal mining
industry. It consists of 96wtX A1203 in a Mg0-8i0,-Al1,0, glass matriy. Some of
the properties of the material as provided by the manufacturers (and mewsured
in this work) are tabulated in Table 1.1.

Table 1.1 Properties of the ADS96R specimens as supplied by the
manufacturers (COORS Ceramics, Wales).

Physical proverties,
Al, 0, content, wt % 96
Density, kg/m® 3.75 (3.74%)
Poroaity, %, open 0

tOtBl - 005
Grain size, im, range 2-35 (2-12%)

mean 7 (4.1%)

Coefficient of thermal expansion, °C-1 6.3 x 10'6
Elast; 1 Mechanical i
Young'’s modulus, GPa 303
Shear modulus, GPa 124
Bulk modulus, GPa 172
Poisson's ratio 0.21
Modulus of rupture (3-point), MPa 399
Compressive strength, MPa 2070
Hardness, GPa 11.1  (11.4%)
Fracture toughness, MPa/m 2.3 +£0.2 *

*x : meagured in this work.
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The specimens were manufactured by a rolling proceas for use as electronic
substrates and thus were providea in a final thickness of 0.64 + 0.0lmm. This
enabled the use of the specimens directly without the neceasity of cutting and
grinding which always introduce surface residual streases. This was an
important consideration since residual stresses are known to influence
significantly the orack propagation resistance of most materials (see for
example [45]). The morphclogy of the microstructure of the material is shown
in fig.1.3. The fracture mode of the material is predominantly transgranular
as shown clearly in fig.1.4 where brittle fracture of the glaus phage is
clearly visible as well. This agrees with the findings of Mussler and
co-workers [13] for pure alumina of the same grain size. Some workers however
have reported predominantly intergranular fracture surfaces for even larger
grain-gizer pure alumina e.g.[26].

1.2.2. The double torsion techni

The majority of the techniques used in the messwrement of the fracture
toughness of ceramic materials have a crack length dependence on K.[ [96] which
necessitates the measurement of the crack length during testing or the making
of a nunber of assumptions about the crack length characteristics. The
Double-Torsion (DT) technique however, has teen shown by compliance analysis
[48], to be a "constant K" technijue, i.e. the stress intensity K is
independent of the crack length (assuming that there is no crack tip shielding
or other crack path-related effect on the total streass intensity).

The technique was first introduced by Outwater and Gerry [46] and was
subsequently developed by Kies and Clark [47] and later by Williame and XEvans
[48] and Pletka and co-workers [49]. The early developments showed that the
crack velocity wvas constant for a constant load and that there was good
correlation between orack length derived from compliance analysis and that
measured by direct methods. A schematic diagram showing the typical specimen
shape and loading configuration (used in this work) is shown in fig.1.5. The
side groove is cut onto the specimen in order to facilitate straight crack
propagation. The stress intensity KI under this loading geometry (assuming
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Fig.1.3.Morphology of the ADS96R alumina used in his work. Optical
micrograph x1000.

Fig.1.4.Typical fracture surface of ADSS6R illustrating the transgranular
fracture mode. Fracture of the glass phase is algo visible.
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Fig.1.5.Schematic Aiagram illustrating specimen and loading geometry of the
double torsion specimen as utilised by Pletka et al (49) and in this

work.
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plane strein oconditions at the crack tip) is given by [4R,50]:

£ -, [l

where P = the load
v = Poisson’s ratio
W_, w, d, dn = goometric parsmeters defined in fig. 1.65.

t = 1-0.6302t+1.20te"/ t. a correction factor for thick specimens (49]
(t = 2d/W).

The critical stress intensity factor KIc (fracture toughness) can be
caloulated using equation 1.7 when fracture is entirely mechanical, i.e. by
carrying out the test at relatively high strain-rates (48,50].

The technique has been used widely because of a number of other advantages
other than the independence of KI on crack length : the loading configuration
is very simple and lends itself to teating at high temperatures or hostile
environments or in-situ measurements (such as those used in f.his work). Also,
the sample preparation is particularly simple and lends itself to routine use.
The utilization of compressive loading, as compared to tensile loading needed
in other tests such as the DCB configuration, makes the DT technique ideal for
slow crack growth investigations. This can be carried out by a load-relaxation
experiment or by an incremental method and since the crack vetocity, v, is
related to the instantaneous load and the corresponding load relaxation rate,
it can be be measured over a range of K’I [48,50,51).

A nunber of questions have been raised as to whether the mode of fracture in
the double torsion specimen is indeed Mode I, but Evans and co-workers
(48,50]) showed that the correlation between Gc values measured by other
techniques with values calculated using the analysis given above support the
conclusion that DT specimens fail in Mode T fracture.

The crack front of the double torsion specimen is curved and extends further

along the tensile surface than the compressive sw.lace. Michalske and
co-workers [52] showed by measuring the crack velocity as a function of the
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position along the crack front, that the crack front shape remains oconstant
over the load plateau region. They showed also that this satisfies the
rwsuaption that 3aA/a¢ = thicinmess, where A = crack surface area and ¢ = crack
extension which is central to the analysis of the IT tachnique. In addition,
ﬂxernn:eofl(.ldaualn‘ormkfrontmmrlyeq\nl to the experimental
soatter in a double-~cantilever-beam type test which agrees with the findings
ol Evans [50].

Because of the stability of creck propagation, the simple loeding geocmetry
and the ocapability of long crack lengths the DT technique lends itself very
eaiily to R-curve behaviour investigations. This has been done in the present
work by using a specially designed rig in a scanning electron microscope. The
K‘I at various crack lengths was determined using eqn.i1.7 by following the
loading procedure discussed later.

1.2.3. Grein growth studjes.

In order to study the influence of grain size on the R-curve characteristics
of the material, specimens with different average grain size were prepared by
aging ADS96R specimens at 1500°C and 1660°C. Yor varying periods of time. The
average grain size was determined by the linear intercept method over a large

number of grains. The results obtained are plotted in fig.1.6. against Jt
according to the grain growth relation [53]:

d%e dZ + S exp(-a/RT) 1.8

where:
d, = initial grain size.
T = Tempersture,
Q = activation energy and
C = a constant dependent on the surface energy.

The present report deals with the results obtained on specimens with a small
difference in grain size (up to 1.5 variation) but these will be extended in
the near future to include specimens with coarser grain structure.
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1.3, In-situ dvnamic obmervaticns of fracture in 96%-Al,Q, Ly DT and jts
R-curve behaviour.

1.3.1, General Considerations.

Understanding of the micromechanics of the fracture process can be aided
substantially by observing dynamically the actual mechanics of crack
propagation. In this way a large number of questions pertaining to the
fracture process can be successfully addressed and the variocus theories on the
fracture micromechanics &nd failure modes can be tested. For this reason we
have developed an in-gsitu facility for fracturing specimens under various
loading conditions and has used it successfully for investigating the fracture
process of polymeric composites and other materials [54-56]. This facility has
now been improved by the development of further loading configurations (such
as a high stress compression rig) and the stiffening of the existing rigs to
enable the investigation of the fracture processes of very rigid materials
such au ceramics. The only other similar rig described in the literature was
used by Wu and co-workers [57] to study the character of cracks in conjunction
with an X-ray microradiographic technique but it did not have any capability
for dynamic testing and observation of crack growth dynsmics but only for
static observation under load.

Due to the simplicity of the loading configuration and the stability of
crack propagation in the double torsion technique, the in-situ SHEM
investigations of crack propagation and R-curve behaviour of 96% A1203 were
carried out using the DT configuration in a specially constructed instrumented
4-point rig shown in fig.1.7. This is the first time that this technique has
been used to investigate the R-curve behaviour of ceramics. The majority of
the work reported in the literature involved the use of either a 3-point bend
specimen (which limits one to very short crack lengths) or the double
cantilever beam technique which, although it allows measurements of KI at long
crack lengths, is dependent on accurate measurement. of the crack length for
the calculation of K.I In addition, this is the first time that the crack
length has been measured very accurately using a scanning electron microscope
during loading.

BRI | S




23

Fig.1.7.The double-torsion testing rig used for in-situ dynamic testing in an
SEM.

Fig.1.8.The in-situ testing arrangement showing the SEM, the strain gauges,
the recorder, the power supply and the video equipment.
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The rig is instrumented for both stress and strain using strain gauges with
capabilities for loading at a wide range of strain-rates via two reducc -3
connected to a DC motor. The experiments sre recorded on video tape which
enables the direct correlation of physical events with variations in load etc
and subsequent detailed study of the physical processes involved. The rig and
accompanying equipment used during testing is shown in fig.1.8.

The DT specimens used were cut from the substrate material to a final size
of approximately 25x55mm, were grooved along one side using a 0.4mm diamond
wheel and a narrow notch wes cut using a 0.15mm high speed diamond wheel with
the geometry suggested by Pletka and co-workers [49]. Following notching, an
initial crack was introduced by driving a small wedge into the notch. The
loading conditions as suggested by Pletka and co-workers [49] were followed in
all experiments and the loading-rate was varied from approximately 10um/min in
the case of the crack path observations up to approximately 50um/min for the
measurements of KI in the R-curve studies. The specimens were very accurately
aligned in the rig and preloaded to approx. 20% of maximum load prior to the
start of the experiments. The loading symmetry between the sides of the
specimens was monitored continuously during the tests to ensure straight crack
propagation (which was not always achieved). For the R-curve investigations
only the undeviated portion of the cracks was used in the calculations.
Furthermore, in a number of cases the crack initiated by popping-in to a
length of few mm and thus not all specimens in the R-curve studies yielded
results in the low—crack length regime. Even with the strictest alignment and
monitoring procedures only about 30% of the specimens used for the R-curve
tests yielded acceptable results due to either a very long pop-in crack or
too-early crack deviation.

1.3.2. Dynamic observations of fracture in ADS96R A1293-'-
Using the in-situ rig described above with the DT configuration it has been

possible to monitor the growth and propagation of cracks through the material
very accurately (practically "grain by grain") in conjunction with the video
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recordings. Although it is not possible to fully describe these observations
using "still" photographs, the salient features of the observations can
nevertheless be eagily appreciated.

The crack was observed in ali cases to be particularly straight and
transgranular, deviating or becoming intergranular only on interaction with
particularly small grains or when grain boundaries were encountered at a small
angle to the crack path. This is illustrated in fig.1.9. whevre the sequence of
photographs show the advancing transgranular crack meeting a low-angle grain
boundary resulting in deviation and subsequent return to a transgranular
fracture mode.

Extensive crack bifurcation was observed in all specimens and some examples
are shown in fig.1.10. This phenomenon has been observed before and is
believed to be one of the bridging mechanisms involved in R-curve behaviour by
providing a larger real fracture surface area than that calculated from the
apparent crack length. This is discussed with more examples in the next
section. Some, but by no means extensive, secondary microcracking was also
observed propagating from the primary crack and one example is shown in fig
1.11.

Elastic crack tip closure was observed in all specimens by reducing the load
to approximately 10X of maximum and an example is shown in fig.1.12. The crack
was observed to close almost completely up to a distance of approximately 0.5
mm from the crack tip. On reloading the crack was obzerved to follow the same
primary crack path except in cases of crack bifurcation when it was sometimes
observed to follow a new crack path as will be discussed in the next section.

1.3 t O

The DT configuration has enabled measurements of KI as a function of crack
length extension to be obtained for longer cracks than in ary other work in
the literature. We have shown, by reaching well into the steady-state region
(KIO) , that, at least in this material, the crack length over which crack

surface interactions act, is very extensive and depends on the microstructure.
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Fig.1.9a,b.Example of crack mode change from transgranular to intergranular
on encounter with a grain boundary at a low angle (near centre) and
subsequent return to transgranular fracture mode.




Fig.1.11.An example of secondary microcracking on a fmcf:ure ‘sgx:fape“.

27

-

T N

F T 2N

-

.,‘c h
. b SR )

-

- [
LIS VPR SV S

T s




28

*(p) Uy UMOYS B® UDTIBOTJTuPem JIYBTY
" 4 J9pun udA® 2[qTSTAUT 3sowrs 8T dI
¥oeIO 9] *3ansoTo d13-3ORIO pue UoTJEXe[ad OFISBI3 JO atdwexs =<.v...awwwa.uam




’_’ﬂwmv;-—_,‘,_-.-@ P
L

29

The combined results of K‘I versus crack length (measured from the notch tip)
for 6 as-sintered specimens are showa in fig.1.13. Preliminary resultas for
aged specimens with mean grain size of 5.6im and 6.6.m, are shown in fig.1.14,
where a close-fit line for the as-uintered results has been included for
comparison. It is difficult to meake a comparison between these results and
others reported in the literature because no work has been reported in the
literature on the R-curve behaviour of this particular material for large
crack lengths, but a number of observations may be made by examining the
results obtained:

(1) The Double Torsion technique can be used successfully to investigate
the R-curve behaviour of ceramics. Since the measurement or KI is independent.
of crack length, the increase in KI with crack length observed is indeed due
to a physical process involving the crack faces behind the crack tip.

(2) There is a very large "crack-wake bridging zone" (up to 12mm in the
case of the as-sintered specimens) of the order of 200 grain diameters. Large
bridging zones of the same order of magnitude have also been observed before
by Swain [26] and Swanson and co-workers [27] for coarse grained pure alumina.
However, the presant material displays predominantly transgranular fracture
behaviour (approximately 80%), whereas most of the observations of R-curve
behaviour reported in the literature were on wmaterials displaying
predominantly intergranular fracture behaviour (e.g. [24-26,34]).

(3) There appears to be an almost linear increase of KI with crack length
up to the steady state value <K1c)' This appears to be at variance with the
results obtained for other materials which show a smoother increase and
transition between the increasing KI region and the plateau region. The
gradient of the increasing portion of the curve appears to increase
significantly with increasing grain size. This agreeas qualitatively with the
results of Steinbrech and co-workers [24]. Further work is planred in order to
fully characterise this phenomenon and the infiuence of grain size.

(4) The steady-state fracture toughness of the material appears to be a
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weal! - incressing function of grain size which agrees with the results of
Mussler et al (13]). This observation will be examined fully in the next phase
of the work. By extrapolation, the KIc for the as-sintered material measured

in this work (2.3 ¢ 0.2 MPaJ/m) is close to the result (= 2.8 MPaJ/m) obtained
by Cook et al [29] for a coarse~grained AD96 alumina.

The phenomenological model of Mai and Lesm [28)] (described in section 1.1)
has been used to analyse the results obtained in this work for the as-sintered
specimens. Using trial values of bridge spacing d = 50m ( from observation =

10 grain diameters) and steady-stote bridging length, 40° = 12m (from the
results), approximete iteration of the T equations gave the besat fit form = 0
as found also by Mai and Lawn [28) for the results of Swain [27], with T

1.4 MPa/m and T, = 2.5 MPa/a which are close to the axperimental results shown
in fig.1.13. However, using the experimentally determined values, we obtain

that, for ideal line cracks, u 1,m which appears to be significantly
amaller than that observed by in-situ SEM (see micrographs presented in the

next section). The bridging stress, p* also appears to be low (« 5MPa for me0
to = 15MPa for m = 2), although the fracture energy of the bridges was found

to be of the order of 5 J/m* which is comparable with typicali fracture surface
energies. Thus it appears that the model proposed by Mai and Lawn is capable
of giving approximate estimates of the R-curve parameters but needs to be
refined further. The main problem appears to be their choice of the streas
separation function (equation 1.4). A better choice for this function may
possibly be made by consideration of the actual physical processes involved in
the bridging effect. This aspect is being dealt with in the present work by
in-situ SEM observations and a number of possible mechanisms have been
propvsed, as detailed in the next section. The question of the correct
separation function will be addressed in the near future.
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1.4, DISCUSSION

This part of the report presents preliminary results on the R-curve
characteristics of 96% Alzos-clau syastem. Consequently it is not yet poasible
to arrive at a definite relationship between the R-curve behaviour of the
material and its microstructural parameters. However the R-curve behaviour of
the as-sintered material has been well-characterised and the in-situ dynamic
SEM inveatigations have provided a great deal of information on the actual
physical processes that oocur behind the crack tip in the crack wake which
give rise to the R-curve behaviour.

As mentioned in the review section, three ocompletely independent mechanisms
have been proposed as explanations for the R-curve behaviour:{(i) a
microcracking process zone around the crack tip as discussed by Kreher and
Pompe [18], (ii) bridging due to unbroken ligaments behind the crack tip as
proposed by Swansc.. und co-workers [27] and, to a leaser extent, (iii)
bridging due tc compressional thermal expansion anisotropy stresses exhibited
by abnormally large grains as suggested by Swain (26]. All three of these
possible processes have been studied during the in-situ investigations but no
evidence at all has been found for the first and third mechanisms: no
extensive microcracking was evident anywhere near the crack tip even at the
highest magnification examinations. It must be noted that dissipation of the
large - amounts of energy that is needed to explain the results (discussed
later) would result in very extensive microcracking especially close to the
crack tip, if this mechanism is indeed present. By considering the crack
closure microphotographs in fig.1.12 it is evident that if there was any
extensive transgranular microcracking present it would prubably have been
observed. Furthermore, no evidence of any abnormally large grains was found
along the crack path, at least in such densities as to contribute
gsignificantly to the energy dissipation observed as hypothesised by Swain
[26}1.

However, strong evidence has been found for the second type of mechanism
proposed: bridging due to unbroken ligaments behind the crack tip. This has
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been observed in numerous regions along all the cracks exsmined during crack
opening and propagation. Figs. 1.15 and 1.16. show clearly two exsmples of
crack bifurcation regulting in a ligament which is still attached strongly to
the (apparently) separated crack face so as to result in crack path deviation
on further increase in load. Some evidence of crack bifurcation similar to
that ghown in figs. 1.15 and 1.16 has also been observed by Swanson et al [27]
and Reichl and Steinbrech (34], by optical microscopy of cracks in Alzoa. In
some cases of grain bridging, the eventual fracturing of the bridge was
accompanied by substantial energy release, resulting in actual loes of a part
of the bridging ligament as illustrated in the example shown in fig.1.17.

In addition to bridging ligaments, wedged grains acting also as bridging
elements were observed between the crack faces as shown clearly in fig.1.18.
The microcracking evident on the bridging ligament shosn in fig.1.18a
(arrowed), for example, indicates that there are high bending and frictional
stresgses on the ligament due to the movement of the separating faces and the
wedging action of the surrounding grains. This mechanism would thus be
expected to contribute substantially to energy dissipation and is discursed in
some detail later.

Another possible mechaniam of energy dissipation observed was tractional
forces between irregular protuberances on the separating faces. A possible
example is shown in fig.1.19. where the area of contact between the two
oppoging grains is clearly visible. However, because of the predominantly
regular nature of the transgranular cracks in this material, this particular
event was observed only infrequently and thus it is not thought to contribute
a significant amount to the energy dissipation.

Prior to attempting an analysis of the various mechanisms in terms of their
energy dissipation characteristics, it is instructive to consider the possible
contribution of the bridging ligaments observed to the total stress intensity
measured. By accurate examination of the video tapes and the evidence obtained
during the teats, it appears that the area density of unbroken ligaments
diastributed about the crack faces may be as high as 10-15%, which agrees with
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Fig.1.17.Complete loss of upper half of bridging grain in a) due to large
energy release following bridge fracture.
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the calculations of Reichl and Steinbrech [34]. From the basic energy equation
for the amount of energy needed per unit area for fast fracture:

2
Gc=KIc/E 1.9

where Gc = Energy per unit area needed for the formation of new crack surface
E = Young’s modulus of the material,

it can be seen that the observed increase of K.I from 1.7 to 2.25 (a ratio of
1.3) over the interaction zone requires an additional energy input of the

order of = 1.2 J/m?® (75%). This must be provided by, firstly, fracturing of
the unbroken ligaments which, by fracture area considerations, appear to
contribute possibly 1/4 to 1/3 of the ¢total needed. The balance must be
provided by other mechanisms such as elastic bending of the ligaments,
friction of "locked" grains and friction and bending of the wedged grains
observed. The area density of these wedged ligamentary grains appears to be at

<, 82KX  25kU W0D:13MM S- 80088 P:-80@12
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Fig.1.19.An example of tractional interaction between grains on the crack
surfaces.
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least 0.5-2%. and their contribution to the energy dissipation is discussed
below.

A simple analysis of the forces involved under these circumstances indicates
that there are three possible modes of energy dissipation whose relative
contributions would be dictated by the particular configuration of the wedged
grain:

1.Ene issipated in bendi asti i t tc _fracture,

This mechanism has been alluded to by a number of workers in the past in
terms of bending of the bridging ligaments by the movement of the separating
crack faces. It is of-course also present in the case of the wedged grains.
However, a simple model of the maximum energy dissipation that can be expected
shows that the contribution of this mechanism to the energy dissipation is

increase observed:

extremely small and cannot account by any means for the GI

Consider an elastic bridging ligament in the form of the elastic beam shown
in fig.1.20. The aim is to calculate the work done in bending the beam until

|
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Fig.1.20.Schematic diagram of an elastic bridging ligament.
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it breaks. For this configuration:

3
Fe¢
&= qE 1.10
where E = Young’s modulus of the material and
. . bt?
I = Moment of inertia = TV

The energy stored in the beam when loaded by a force F is:

3
1 72
g=2F6= L 1.11

The maximum force is that which will just break the beam. Thco stress at the
beam surface is:

Fet - 1.12

=X

0ofct
| ]

This will be maximm at fracture (approximately equal to the modulus of
rupture of the bulk material). Substituting for F in eqn.1.11. we get at
fracture:

2
o] el
L. 1.13

g=3 E E-Z

[\

[ ]

Now the increase in toughness 4G observed in this work (aKz/E) is:

2
2 o eI
AGtNagﬂ-é-Na E it 1.14

where Na = number of ligaments or wedged grains per unit area = f/#b
(f=fraction of area of interface covered by bridging ligaments)
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Substituting for I, Na and setting t = grain size = d we obtain:

1 an:x
4G = 3z £ =2 d 1.15

Taking E = 300 GPa, amx=400MPa, 46 = 1.2 to 4.0 J/m? and d = 5um and
solving for f we find:

f =8 to 27 1.16

which obviously shows that the elastic bending of the bridging ligaments
cainot account for the increase in GI observed.

._Ene dissipated by a ed i ainst friction.

A wedged grain locked into both crack faces, as shown schematically in
fig.1.21, would be expected to dissipate energy in the form of work done
against friction by its motion relative to the constraining grains. The
frictional stress under these circumstances is:

O 2O 1.17

where u is the coefficient of friction and ¢ the average stress exerted
by one grain on another

Then the increase in toughness 4G is given by:

4 =N_po aeh? 1.18

Setting Na. = f/d?, h = d/4 to d/8 (from SEM observations) and ¢ = d, we
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Vidt 27 &

Fig.1.21.Schematic diagram of a wedged grain working against friction due to
the relative mction of the crack faces.

find:

and taking values of y = 0.5, d = 5 um, 4G = 1.2 J/m? and ¢ = 400 MPa as the
maximum stress exerted by the restraining material, possibly due to the
thermal expansion anisotropy exhibited by the material, as before, we find:

3 2

fx5x10" to 2x 10 1.20

Thus only 0.5 to 2% of the grains need to be interlocked and subject to
frictional forces to account for the energy dissipation measured.




In the case of a grain wedged at an angle between other grains on both aides
of a crack as shown schematically in fig.1.22 and observed in this work
(fig.1.18), work is done against friction between the grain and the
restraining material on both sides of the crack as the grain rotates and
finally pulls free. The frictional forces would be expected to be present at
the areas marked by arrows in fig.1.22 and increase in magnitude as the crack
opens and the grain rotates. In addition, it is possible that the bending
stresses iniuced by the rotating grain may result in the nucleation of
secondary cracks in the restraining material, as was observed in fig.1.18a.

If the maximum stress acting across the sliding surface is % ax’ and the

. e . 2 .
area over which these frictional forces act is oad in {(where dnin is the

smaller dimension of the grain and a the area fraction subject to frictional
forces « 1/4), then the work done against friction at both sides of the crack
in rotating the grain through an angle ¢ isa:

g=2yamad2 e 0 1.21

min
where 4 is the coefficient of friction and ¢ the moment arm =~ dmin/z

The total work done in rotating the grain over n/4 (average over all
possible rotations between 0 and w/2) is:

4
G=lye=3

]+
”

dpin

where Na and f are defined as before and the area of an elliptical grain has

n
been taken as Tldmindmx'
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possible secondary microcracking

Fig.1.22.Schematic of an angled wedged grain rotating against friction
by the relative motion of the crack faces.
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After a rotation of =n/4 the grain would possibly be subject to the
frictional mechanism proposed in (2) above. If it pulls free the total energy
dissipated would be:

A-apfo-x——d 1.22
Taking d /Apin = 4 and & o 174 we find:

bro 4

A4 = 75 £ Opex dnin

'l'nkinza_xa400m’adma5p-uﬂ&ul-Z.I/m’weobtainfinally:
f =0.02 to 0.08 1.23

which thus indicates that only 2 to 8% of the grains need be wedged as above
to account for the phencmenon.

From the in-situ SEM observations and the simpie analysis presented above,
it would appear that the mechanism proposed in (3) above in conjunction with
that analysed in (2) may account for the R-curve phenomenon in
non-transforming ceramics. Furthermore, the similarities between the
microstructures in most types of ceramics indicate that the above mechanisms
may be active in all ceramics containing elongated grains.

The feasibility of the mechanisms discussed in (2) and (3) above will be
further investigated by measuring the energy dissipation per cycle (during a h
loading/unloading cycle with and without primary crack propagation) and by 1
quantitative examinations of the final fracture surface topology by
three-dimensional SEM imaging.




The mechanical behaviour of brittle materials both under tension and
compression have been of interest to engineers and architects since very early
times. Although research cn the properties of materials in the wodern sense
only developed during the past two to three centuries, the monumental
structures that have remained since ancient times such as the monuments of
Mesopotamia and Ancient Egypt, indicate some empirical knowledge of the
comparative properties of the materials which were used. L:ater, the Ancient
Greeks and the Ronans actively studied engineering and there is evidence to
suggest that aome knowledge of the comparative properties of materials was
being used in everyday life.

Although the wmechanical properties of materials have been studied
extensively during the past three centuries, the elucidation of the mechanics
of brittle fracture in tension is mainly due to the pioneering work of
Griffitk [58] in 1920 and, later, Orowan [59] and Irwin [60] and has been
expanded during the last few decades by many workers [3] to f:rm a new branch
of Engineering: Fracture Mechanics. It is now well understood that fracture on
the atomic scale is always a tensile process in which opening displacements
result in separation of the crack faces. In brittle materials i.=. materials
which display almost no plasticity at normal temperature and pressure
conditions, such as most siiicate rocks, ceramics etc, separation of the crack
faces requires the attaimment of the cohesive strength of the solid by
concentrating tensile stresses in localised regions such as sharp flaws,
pre-existing microcracks, micropores etc. Initiation and propagation of cracks
from 3uch regions of stress concentration takes place when the Mode I stresa
intensity KI reaches a critical value KIc , known as the fracture toughness of
the material and is governed by the elastic and cchesive properties of the

material. Thus, although the material parameters that affect K o 3re still the
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subject of much research, the phenomenology and mechaniasms of brittle fracture
under tension are quite well understood (see e.g. [3]).

In contrast however, although the mechanical behaviour of bhrittle structural
materials such as atone, brick and cement were of interest to early civil
engineers, the systamatic study of their compreasive properties, such as their
strength, only dates from the 2nd half of the 19th century [{61]. The first
attempt at a theoretical understanding of compressive fracture was also
carried out by Griffith in 1924 (62] who was the first to consider the effects
of cracks in brittle solids subjected to compression. The main difference
between tensile and compressive fracture is that in tension, fracture is
unstable due to the energetically favourable propagation of a single crack,
whereas in compression, fracture is initially stable due to the slow
propagation of initiated cracks until they interact to cause final failure,

In a solid with randomly oriented stress concentrating flaws, such as
pre-existing microcracks, under triaxial compression, fracture can take place
locally when sghear stresses produced by unequal stress levels digsplace the
surfaces of the pre-existing microcracks against facial frictional forces
[63,64) and produce tensile streasses near the tips of the microcracks as shown
schematically in fig 2.1 [65-67]. In general, when the stress intensity at the
tips exceeds the critical stress intengity of the material (in most materials
at a stress approx. half their uniaxial compressive strength), secondary
cracks (wing or sigmoidal cracks) initiate at the tips and propagate parallel
to the direction of maximum compressive stress (al in fig 2.1) and
perpendicular to the direction of minimm compressive stress (03 in fig 2.1).
As the applied axial compressive stress increases, the number of secondary
cracks that initiate increases and, macroscopically, the specimen displays
substantial dilatancy. If oy = 0, i.e. under purely uniaxial compression, the
secondary cracks can grow to tens of times the size of the original microcrack
until eventual overall fracture of the body by "slabbing" parallel to the
direction of maximmp compressive stress as shown. schematically in fig 2.2a.
When the transverse confining compressive stress, o, is greater than zero, the
number of secondary microcracks initizting at regions of stress concentrations
increases but they grow to only a few times the length of the original
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Fig.2.1.Schematic diagram of Mode I crack initiation (a) due to a
pre-existing inclined crack in a brittle material, and (b) its

propagation parallel
(@,). (From [65]).
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microcracks [65]. When the density of the pre-existing flaws is high, as for
example in the case of rocks etc, many microflaw-secondary crack aystems csn
interact synergistically to cause overall fracture. The form of the final
failure depends on the level of the confining transverse compressive stress.
At low to intermediate confining stress levels a sample with uniformly
distributed microflaws would be expected to fail in a shear mode when a number
of flaw-secondary orack systems combine en-echelon to form a shear zone
[656,68) as shown in fig 2.2b. However, it is possible for a apecimen to fail
by "slabbing" if it contains a small number of large flaws (of size wany times
the grain size). In this case the secondary coracks can grow long enough
parallel to each other and to the diraction of the maximum compressive atress
to cause final fracture. It is thus possible to distinguish between extrinsic
and intrinsic compressive failure (65], depending on whether final failure was
due to a single crack (or a very small number of non-interacting cracks)
initiated at an inherent large flaw or due to the interaction of a large
number of small cracks initiated at numerous small microstructural flaws such
as grain boundaries, ' micropores, etc. At higher levels of confining
compressive stress a large number of secondary cracks initiate and the
specimen displays substantial dilatancy and pseudo-plasticity with large scale
deformation as shown in fig.2.2c (68]). In the case of compression under
moderate confining pressure, the experimental evidence suggests that the
effective fracture energy which is now in an in-plane shear Mode II can be
several orders of magnitude higher than the tensile fracture toughness KIc
[65].

It must be noted that under very high confining pressures, most brittle,
crystalline inorganic solids can wundergo true plastic deformation by
dislocation glide even at low temperatures [65]. Thus, this discussion of
cavoresgsive fracture limita itself to pressures up to approximately the
campressive strength of the materials in question.

Both from the scientific and industrial point of view the understanding of
compressive fracture of brittle solids and the establishment of specific

constitutive relations for inelastic deformation between the various
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parameters is extremely important. Failure by compressive fracture can occur
in a wide range of applications, from ones that do not in general have
catastrophic consequences, such as rock machining operations, to cases where
failure can have catastrophic consequences such the stability of mine shafts,
various civil engineering applications and even the stability of missile
cesings [65]. Thus, constitutive equations and a detailed understanding of
compressive fracture can help in solving a variety of problems both in
designing using brittle materials and in constructing failure surfaces for
particular materials which can give direct information on the stress state at

failure.

The theoretical developments of brittle fracture in compression have
followed two complementary approaches: the phenomenological approach which is
based on the deformation behaviour of the material and tries to relate the
total deformation of the material or deformation increments with the pressure
and the effective stress. In these models (reviewed in [65]) the shear
localization due to ' the co-operative interaction of a number of
flaw-microcrack systems is treated as a volume phenomenon in which the onset
of instability can be hastened by initial flaws. In this respect they are
empirical continuum models and the material behaviour is described by
parameters obtained from averages of physical quantities. Recently Costin and
co-workers [69-71] have developed a phenomenological model of the damage

mechanics of compressive fracture using a continum model based on the -

mechanics of microcrack growth and interaction. By considering experimental
results, they showed that they could use the model (incorporating a number of
adjustable parameters) to simulate the behavicur of brittle rock under
relatively complex states and predict, at least qualitatively, the location
and orientation of major fractures et high levels of damage.

The alternative approach is the mechanistic approach in which the initiation
and growth of cracks under compression is modelled by considering the stress
concentrations at sharp pre-existing flaws in the material and is treated
using standard Fracture Mechanics in the same way as tensile cracks. However,
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whereas the initiation and initial propegation stress is well understood [e.g.
62-64,72,73]), the subsequent progressive synergistic interaction of a number
of small neighbouring flaw-microcrack systems which leads to either a shear
zone or gross deformation is less well understood. A number of reports [74,80]
have established that extrinsic failure can occur when a large body under
compression is subjected to compression and that in the case of a large mumber
of flaw-microcrack systems the shear-zone instability develops when the length
of individual cracks is comparable to their spacing. Kachanov [81] has
attempted to develop a physical theory of inelastic behaviour of rocks by
considering the initiation and propegation of the secondary microcracks and
showed that inelastic behaviour resulting from crack face sliding and crack
propagation is generally path-dependent and, like plasticity, can be described
only for arbitrary stress histories by incremental relations. His model does
not consider the applied stress modification by the extension of the
microcracks and thus it cannot be extrapolated to the condition for microcrack

interaction and shear zone formation.

The micromechanics of compressive microfracture under triaxial conditions
have also been modelled recently by Nemat-Naser and Horii [63] and Ashby and
Hallam [66] who considered analytically the growth and subsequent interaction
of microcracks initiated at pre-existing sharp flaws inclined to the direction
of maximum compressive stress and Sammis and Ashby [68] who developed an
analytical model for the initiation and propagation of microcracks from
spherical pores in 2 and 3 dimensions. The theoretical models for both extreme
types of flaws (spherical pores and sharp cracks) lead to approximately
identical expressions for the crack initiation relationship between the axial
stress o, and the radial stress o, = 0,, (0,>0,) which can be written as:

[
where the constants c, and c, depend on the nature of the flaws.
When cracks nucleate from spherical holes the constant c, was predicted to
be about 3.1 to 3.4 [68] and when they nucleate from cracks it has been
predicted [63,66] to depend on the coefficient of friction between the sliding
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faces, u, and may range for example between approx. 2.5 and 3.5. if u ranges
between 0.5 and 0.7. Experimental results on crack initiation in Westerly
granite (quoted in [81]) suggest a value of c, of approx. 2.8 for both pores
and cracks. The constant c, is predicted to depend in both cases on the
fracture toughness KIc and the flaw size 2a. When the flaws are spherical

pores, c = 1.6KIC/J1E° where 2a is the diameter of the pores and L, is a

measure of the roughness of the pore (the length of the initial cracks

associated with the pore). When the flaws are sharp cracks, c = 3.1KIC/J_11_8.
where 2a is the length of the inclined crack. The experimental data on crack
initiation quoted in [82] indicated a value for c, of « 60 MPa which would
indicate a crack half length of ~ 0.85 mm which is not unreasonable. Thus it
appears that the above models are supported by data on crack initiation in
rocks under triaxial compression. The fact that the form of the equation 3.1
as well as the constants are almost identical for both extreme types of flaw,
indicates that eqn. 2.1 may be considered as a general criterion equation for
damage initiation in compression [82]. In the present work, data on crack
initiation in Plaster of Paris specimens of various densities and flaw sigzes
subjected to uniaxial compression appear to support equation 2.1 as well, as
discussed later in this section.

Ashby and co-workers [66,68] treated intersctions by considering the
"bending" of the ligaments of non-fractured material between microcracks but
it was succesful only in the case of extensive overlap between cracks. Very
recently they extended this physical approach and have succeeded in the
construction of fracture initiation and failure surfaces and have paved the
way for the development of a theory of damage mechanics of brittle solids
[82]. This has enabled the stress-strain and failure characteristics of
various materials under compression to be derived from a knowledge of only
their elastic properties and defect population and distribution.

In the case of hydrostatic compression. the applied hydrostatic stress, p,
on a porous brittle material gives rise to an anisotropic stress distribution
in the material around a spherical flaw of radius a as shown schematically in
fig.2.3a. This deformed region can be represented by a deformed sphere of

R O R B e Pty s |~ wia S I



54

=
\ / 0~ L
\4 4 -7 ] N ~ ~
/./ N .
/ : z b \
O
\.// \ \\‘/ T
pore -—
~ @) | ] it e T
\ . Ot
< /
/\\ flaw /
\\ // N 3 "
- O
‘T__ _ X p o

(a) (b)

Fig.2.3.Stresses around a spherical pore subjected to hydrostatic pressure p
(a) and (b) their variation with distance from pore r (equations 2.2).

radius b>>a. The stresses in a unit volume of the deformed sphere can be
represented by the radial stress o. and the two equal tangential stresses o 0
and o,,. It can be shown [83] that the stresses around a spherical hole
subjected to hydrostatic compression are given by:

b? (r? - a?)
g = g —r ————— 2.2a
r r® (b® - a?)

b* (a® + 2r?)
o, =0, = -p 2.2b
& F 2r? (b? - a?)

According to these relations, as we move 2away from the pore all stress
components asymptotically approach the hydrostatic stress level, -p, but,
whereas the radial component, 9. decreases from 0 at r = atox -patr = b,
the tangential components increase from a minimum value = -3/2 p/(1-f) (where

f = a*/b* is the volume fraction of pores in the material) at the pore
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surface, r = a, tox -pat r = b as shown in fig.2.3b., The presence of a
maximm of tangential stress at the surface of the pore means that fracture
under hydrostatic compression will initiate near the surface of the largest
pore present in the material.

Applying the fracture nurleation equation 2.1 (which still holds with the
stresses o, and o, replaced by the corresponding radial and tangential
components of the applied hydrostatic stress as long as |o,|>|o,| ) to the
case of hydrostatic compression of porous brittle materials, we find (since 9.
is less compressive than ae):

9y ®C; 0, ~C, 2.3

1.6 Ko
JuapLQ

where ¢, ~ 3.1 and c_ = as before for holes.

Substituting for o. and ao' we obtain:

b* (a® + 2r?) b?® (r? - a?)
-p. + ¢,p,, — ———— = -C 2.4
0 oor? (b? - &%) N pa (b2 - a?) °
3
using f = %, and solving for Pin (the hydrostatic stress for fracture

initiation) we finally find:

2r3/a? (1-f)c,
= 2.5
1+2¢,-2(c,-1)r¥/a?

Pin

The dependence of equation 2.5 on r/a allows us to calculate the value of
Pin that would be required to initiate fracture at various distances from the
hole surface as a function of the volume fraction of holes, f and the fracture
toughness of the material, KIc' Fig.2.4. shows that Pin increases sharply and
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reaches an asymptote at r/a = ¥(1+2c,)/(2c,-2) (= 1.2 for ¢, = 3.1) at which
point fracture would be expected to initiate.

The above model predicts that an enclosed cavity will collapse under
hydrostatic compression by fracture near its surface and, once the collapse
has initiated, it will continue, due to the effective increase in its size, a.
Thus, for a material failing due to the collapee of spherical pores, the
fracture initiation stress should be close to or coincide with the final
fracture streas. This is observed frequently in the case of rock drilling and
similar operations. In the present work the fracture initiation and final
fracture surfaces were measured for specimens of Plaster of Paris under
hydrostatic compression and the results appear to support the above model as
will be discussed later in this section.

2.2, jief review of the literat th ;ive fracture of ceramics.

The experimental invesfigation of the compressive strength and failure
characteristics of ceramics is imperative both for the provision of strength
data for the design of ceramic load-bearing components and structural elements
and for the provision of accurate microstructural data to enable theoreticians
to construct new theories on compressive fracture and to test existing
theories. The current and potential applications of ceramics range from
high-strength high-temperature applications such as jet and internal
combustion engine components to high-wear resistance applications such as
those relating to impact and erosion. In most applications the components are
subjected to very complex stress situations involving both compressive and
tensile stresses. The main difficulty in measuring the compressive strength
characteristics of brittle materials concerns the need for very accurate
alignment procedures in order to avoid any bending moments on the specimens.
This invariably has resulted in large fluctuatioris between resuits reported in
the literature for similar materials.

Although a fairly large amount of information on the failure characteristics
of brittle structural materials with large densities of pre-existing faults,
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such as rock and concrete, hags been reported in the literature
(61,63,65,72-80]), only a very limited number of studies on the compressive
strength [84-91] and the microstructural failure characteristics [92-94] of
"high-technology"” ceramics has been reported. All the data found in the
literature have been summarized in Table 2.1.

The first reported careful measurement of the uniaxial compressive strength
was of a low density A1203 ceramic [91] using cubic specimens compressed by
lubricated WC-Co anvils and resulted in a very high compressive strength for
this type of specimen (see Table 2.1). Another early systematic investigation
of the compressive strength of 99.5% Alzo3 under various multiaxial stress
states [86] utilised straight walled tubular specimens for both uniaxial and
biaxial compression tests and found that the ratio of uniaxial compressive
strength to tensile strength was 7.5 whereas the ratio of biaxial compressive
stress to tensile strength was as high as 22. At about the same time Sedlacek
{(87] carried out compressive and tensile strength measurements on rings of

similar material (99.5% AlL,O,, grain size x 20sm, p = 3.85g/cn’) and reported
a compressive to tensile strength ratio of = 14.

Later, Sines and Adams [84,88-90] developed very accurate experimental
techniques for measuring the uniaxial and biaxial compressive strengths of
strong very brittle materials such as ceramics. They measured the compressive
and tensile strength of thin tapered walled cylinders of identical material to
that used in [86,87] and found that the biaxial compressive strength was only
=«5% higher than the uniaxial compressive strength (actually the 1:0.01
compressive stength) and approx. 18 times the tensile strength. It was
reported that for that specimen configuration and loading geometry (the
gspecimen had a gauge wall thickness of ~3mm) the compressive strength of the
material did not vary significantly with transverse compressive load. This was
in contradiction with the previous published work but they explained their
results by suggesting that previous investigators may not have paid enough
attention to the extreme difficulty in aligning the loading system in uniaxial
tests. Their results show 1little scatter and it appears that the scatter
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Table 2.1. Literature results on the compressive strength of ceramics

Material Axial fracture Ref.
strength, GPa

Uniaxial C i

99.5% A1203 : 1/4" ground cube 3.1 91
99.5% A1203 : open-ended thin-walled rings 3.09 + 0.25 87
99.5% A’ gt open-ended thin-walled rings 1.75 86
99.5% A1203 : short rods 3.0 - 3.8 = 92
"82% Zirconia" : thin-walled cylinders 0.16 + 0.01 84
Biaxijal Campression {g"_:gz

99.5% Alzo : open-ended thin-walled rings (1:0.5) 3.0 86
99.5% A1203 : thin-walled cylinders (1:0.01) $ 3.40 + 0.15 88
99.5% Ale3 ¢ thin-walled cylinders (1:0.1) $ 3.75 + 0.08 88
99.5% A1203 ¢ thin-walled cylinders (1:0.5) $ 3.55 + 0.16 88
99.5% A1203 : thin-walled cylinders (1:0.8) $ 3.64 + 0.1 88
99.5% A1203 : thin-walled cylinders (1:1) $ 3.21 + 0.16 @ 88

* : increases with incr. strain rate, @ : cracked on preloading

$ : stress rate x 2.5 MPa/sec x 7x10-6 sec-1

decreases with increasing transverse compressive stress as one would expect
assuming weakest-link failure statistics (88]. The observed independence of
failure level to confining stress level contrasts with the findings of the
strong dependence of compressive strength on transverse stress for rock and
concrete and will be discussed briefly later.

Adams and Sines [90] also investigated the onset of spalling in their
tubular A1203 specimens and found that spalling away from the ends of the
specimens initiates at only 25% of failure stress and that a considerable

proportion of the surface area of the specimens is spalled at failure. They

calculated that a very large number of flaws (==|=106 to =107) initiate cracks

prior to final failure.
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The effectsof strain-rate, temperature and enviromment on the uniaxial
compressive strength of high density 1\1203 were studied by Lankford [92,93]
using cylindric 1 rod specimens taking care to avoid misalignment problems and
adverse effects of specimen preparation flaws. He reported that the
compressive strength increased monotonically with strain rate (up to 45% over

nine orders of magnitude increase in é) but no significant difference was
obgerved in different environments (air, HZO and inert atmosphere). The effect
of temperature in the range -200°C to 900°C was more complex and similar to
the effect on the tensile strength [93]. The atrength was observed to decrease
with increasing temperature, increase suddenly to a maximum at approx. 200eC
and then decrease again. The extrapolated strength at absolute zero was
indicated as 4.2GPa as compared to an ambient temperature value of =«3GPa. He
also carried out acoustic emission and SEM microscopic investigations of
deformed specimens and reported that the rate dependent mechanism is
deformation twinning which is thermally activated, initiates at 25%-50% of the
failure stress level and nucleates microcracks at twin/grain boundary
intersections. He found that crack growth is not important until the later
stages of microfracture coalescence. It was suggested that twinning was one of
the mechanisms of crack nucleation beneath sharp indenters, during impect of
sharp particles in erosive situations (in which twinning and associated
lateral crack formation [95,96] can persist to high impact velocities) and
possibly during tensile deformation at low temperatures.

The compressive strength of only two other ceramic materials was found in
the literature: Sines and Adams [84] reported the results of careful
experiments on the uniaxial compr ss. e and tensile strength of "82% dense
Zirconia" (no other information given) using their specimen configuration as
used for the A1203 tests and found a compressive to tensile strength ratio of
x7.5. Tappin et al [85] reported biaxial measurements on reaction-sintered SiC
tubular specimens. They measured the tensile/tensile and tensile/compressive
failure stress for as-sintered, notched and indented specimens and found that
although the compressive-tensile fracture ratio at the same transverse tensile
stress was approximately constant in all cases at 6, the absolute value of
the fracture stress decreased from the untreated to the notched to the
indented specimens.
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The effects of compressive cycling on the crack growth of various ceramics
(:‘\1203 and MgO-PSZ) has been reported by Suresh and co-workers (see e.g. [94])
who found that the application of cyclic compressive loads to notched plates
of ceramics leads to stable crack growth in a direction perpendicular to the
compressive direction. These findings seem to corroborate the findings
reported by Lankford [96] in connection with the nucleation of lateral
microcracks at points of compressive impact by sharp particles. They
calculated that a far-field compresasive stress induces a tensile residual
stress at the notch tip and, by considering a number of different brittle
systems, developed a generalized constitutive formulation to explain the
phenomenon .

It would be instructive to compare the findings reported above on the
compressive behaviour of ceramics to those reported for rocks and cements in

order to try to arrive at any possible correlations between the bulk and
microstructural compressive failure characteristics and the density and
distribution of flaws in a brittle material.

Because of their extreme importance in engineering and earth sciences, rocks
and concrete are the most widely studied brittle materials both in terms of
their compressive failure characteristics and their deformation behaviour. By
their nature and processes of formation rocks contain a very large density and
wide distribution of flaws such as pre-existing macro- and microcracks, pores,
weak grains and interphase boundaries which have been found to be strong crack
initiators [65]. The large density of flaws results in a large initial
compressive compliance which decreases sharply with increasing applied
compressive stress to the level of the compliance of an uncracked solid
saample ([65,75]. The compressive strength of .uocks has been found to be
strongly dependent on confining compressive stress with up to a ten-fold
increase in compressive strength achieved by a small increment in the mean
stress as discussed in [65] and shown in fig.2.5. Similar results have also
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been reported for concrete [65]. Brace and co-workers (reported in (65] and
{75]) have shown that brittle rocks tested in triaxial compression show
dilatancy when the difference between the maximum stress and the transverse
stress (°1'°3) reaches 1/3 to 1/5 of the maximum value. Significant increase
in void density which results in dilatation is due primarily to inelastic
deformation in the radial direction which has been attributed to
stress-induced microcracking parallel to 9y SEM studies of the micromechanics
of dilatancy and compressive fracture by in-situ [97] or post failure [65,75]
techniques have shown that the stress-induced cracks are sharp-tipped,
relatively straight, are oriented approximately parallel to the maximum
compressive stress and are mostly transgrannular. Tapponier and Brace [75]
have concluded that dilatancy is primarily the consequence of two types of
fracture: the widening and extension of pre-existing flaws and the initiation
and propagation of cracks at sites with high contrast in elastic moduli such
as transverse grain Dboundaries between different materials. All
microstructural studies of compressive fracture indicate that the the
stress-induced cracks are the result of Mode I growth in tension with no
evidence of either Mode II or Mode III growth of pre-existing microcracks
prior to the onset of failure. This agrees with the predictions of the
microcrack extension models driven by the shear offset of pre-existing cracks.
Significantly, localized deformation extending over a continuum element wit 1
grains of all mineral types was not observed in any SEM investigation until
the sample had been deformed well into the post-failure stage [65]. Thus it
appears that a continuum deescription of the mechanical behaviour of a brittle
polycrystalline material such as rock is adequate onir over a continuum
element large enough for the effects of g rain scale inhomogeneity and
anisotropy to average out.

The contrasting results on the effects of transverse confining pressure on
the cuwrmressive strength of rocks and ceramics as discussed above appear to
indicote that the crack nucleation and propagation characteristics in the two
different classes of brittle materials may be governed by the nature, density
and distribution of pre-existing flaws in the samples. As reported by Lankford

Pouger




64

[96], crack nucleation and propagation in a high-density high-strength A1203
ceramic, which contains a very small density of pre-existing microcracks, is
governed mainly by the amount of deformation twinning and not as much by
extension of pre-existing microcracks as evidenced from his acoustic emission
deformation studies. Thus, crack initiation in high density materials appears
to be less dependent than the propagation of these cracks, on the level of any
transverse compressive stress confining the specimen. The results reported by
Sines and Adams suggest however that even crack propagation of initiated
cracks is not inhibited to any significant degree by confining pressure. In
contrast, the compressive fracture characteristics of rocks, cememt and other
materials with large densities of pre-existing flaws of various sizes, depend
primarily on the extension of existing microcracks by shear offset. Any
confining transverse compressive stress would be expected to increase
significantly the frictional force across pre-existing crack faces and thus
increase the compressive stress needed to initiate and propegate wing cracks
in the material. In this regard it would be particularly important to carry
out in-situ SEM compressive fracture studies of brittle materials with a wide
range of flaw ard microcrack distribution in order to ascertain whether there
is a threshold microcrack density and/or size at which deformation twinning
stops playing an important role in the fracture process and sigmoidal
extension of existing microcracks begins to predominate. The future work in
this project will attempt to address this question.
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2 3. Experimental study of the failure characteristics of a model brittle

mater .

In order to study the failure mechanisms of brittle materials under
compression it was decided to avoid high strength '"real” materials that
present the normal preraration difficulties and study a model brittle material
that could be manufactured easily. The motivation behind this line of action
was the neerd to investigate the effects of flaw distribution and density on
the compressive and tensile failure characteristics and possible correlations
with the micromechanics of failure.

A number of considerations were taken into account in deciding the material
to be used for these studies:

a. It should be easy to manufacture to various densities.

b. It should easily allow the incorporation of controlled density and
distribution of flaws.

c. It should not display any microplasticity up to the fracture load.

d. It shculd have low enough strength in tension and compression to
enable strength measurements at easily accessible loads under various
stress states.

A material that appears to incorporate the above properties is Calcium
Sulphate Hemihydrate or Plaster of Paris and it was decidecd to use it as the
model brittle material for these studies.

2.3.1. The material

Plaster of Paris is essentially Calcium Sulphate Hemihydrate, CaSO4.‘/ 2 HaO
and is made by heating gypsum between 120°C - 160°C :

08304.2 H,0 £——— CaSO .1/3 H,0 + 1%/, H,0

4
When plaster of Paris is mixed with water the reverse reaction takes place:
water is reabsorbed with <the formation of gypsum. This takes place by the
production of localised regions of gypsum because hemihydrate has about five

times the solubility of gypsum in water. The reaction is exothermic and
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results in a coherent mass through the interlocking needle shaped gypsum
crystals. From the above equation it can be seen that only 18.6wtX water is
needed for rehydration. Because the amount of water used in setting far
exceeds the amount required for rehydration to enable casting, the excess
water evaporates which results in a highly porous product. The true density of

the hemihydrate is about 2750 kg/m? and that of the dihydrate about 2320

kg/m®, so a contraction on setting would be expected but the arrangement of
the crystals is such that setting results in a volume expansicn of approx.
0.5% (in the case of a mixture of P/W = 100/70 [98]. Some of the properties of
the material as found in the literature are tabulated in Table 2.2

Table 2.2.Some properties of Plaster of Paris reported in the literature [98].

Properties of dried mixture with P/W wt.ratio = 100/70

Molecular weiguu (08804 = 93.8%, H,0 = 6.2%) 154.186 [99]
Density, Kg/m? : 1.06

Ult. Compr. Strength, MPa 12.76

Modulus of rupture, MPa 7.4

Internal surface area, m®/kg ~500

Mean pore radius, um ~2

Volume porosity, ~50%
Permeability to air, cm?s-!/cm water 2x10-?
Permeability to water, cm?s-!/cm Hg 10-4

Set plaster of Paris is very sensitive to any temperature treatment as the
hydrated gypsum crystals lose water and convert to hemihydrate with very
serious loss in mechanical properties as detailed in the Appendix (98].

The CaSO4. Y/a HZO starting powder was obtained from British Drug House. All
specimens were made by mixing thoroughly &a predetermined amount of

CaSO4.‘/ 2 H20 (determined from the preliminary investigations) with distilled
water, removing all air trapped in the suspension and casting into split
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rectangular (approx.size 10x10x100mm) or cylindrical (approx.size 10mm
diameter x 80mm height) moulds shown in fig.2.6 and allowing them to cure for
a minimum period of 7 days until fully cured. The effects of curing time,
powder to water ratio, curing temperature etc on some mechanical and elastic
properties of the specimens are included in the Appendix. Specimens of higher
density than that of the as-cast specimens were obtained by forcing some of
the water out of the mould immediately after casting. The morphology of
as-cast and higher density specimens is shown in fig.2.7. The material appears
to be predominantly mechanically bonded with probably some degree oi weak
chemical bonding between the grains due to the low solubility of \33804 in
water. Figure 2.7 shows clearly the i1i¢h degree of cross—linking and the very
high degree of microporosiiy between the grains due to the water used in the
castin? procegss. The grains have a high aspect ration (up to approx. 10) and
average size of approx. 2-3um x 10-15um. SEM examination of the grains after
large amounts of deformation indicated that the grains are brittle without any
evidence of microplasticity. In addition, the samples contain small numbers of
approximately spherical pores probably due to trapped water during casting,
which decrease in size with increasing bulk density of the material, as shown
in fig.2.8. These pores were found to be the main sources of failure in the
material. Great care was taken always during production to avoid contamination

of the specimens during casting, such as lint, dust etc.
Determination e theoreti i ensity of the material,

It was found necessary to determine the maximm theoretical density of
cast material in order to obtain a quantitative measure of the total porosity
of the specimens. The density of set plaster varies widely with preparation
conditions and so it was not possible to rely on the density given in the
literature. In addition, because of the rehydration reaction the final
theoretical density of the material may no* be equal to the theoretical
density of gypsum. The determination was carried out by compressing constant

amounts of water reacted and dried CaSO4. Y/ HZO powder isostatically under
increasing pressure up to approx. 500MPa and then measuring the density of the
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Fig.2.6.0ne of the split plastic moulds used to cast the CaSO4 specimens.

. :
S 16 K :9MM $:90080 P:00003
1,16K%X 25KV WD:9 Oan %8 _

1,21KX 15K0 WD-8MM $:90000 P: 00010

Fig.2.7.Morphology of the Plaster of Paris specimens: a): 50X relative density
and b): T0% density.
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15KY WO - 8MM S 88888 P:8gvu3

Fig.2.8.Low-magnification photographs of fracture surfaces of
relative density and (b): 70% relative density specimens.

(a)

50%
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resulting compacts. The results are shown in fig.2.9. By extrapolation the

maximum theoretical density of cast material was determined to be 2.35 kg/m®.

As mentioned, the material contains a large number of spherical pores
produced by water trapped in the mixture during casting. These pores were
found to decrease in size for the higher density material. From fractographic
analysis of fractured specimens it is obvious that they play a major role in
the fracture process under all loading conditions. In order to compare the
data for crack initiation under compression with the predictions of Ashby et
al [66,68], the mean pore size as a function of of the density of the
specimens was determined by measuring a number of pores (minimum 5 randomly
selected fracture surfaces) for each density level. The results are shown in
fig.2.10.

2.3.2. The mechanical and elastic properties of the material.

Due to the sensitivity of the elastic and mechanical properties of the
material to the various processing parameters and environmental factors (see
Appendix) and the scarcity of any reliable information in the literature, it
wag decided to measure the elastic and the mechanical properties of the
material as functions of the relative density and associated pore size prior
to investigating its failure characteristics., The properties measured
included: the Young's modulus (by four-point bending (Ebend) and under
uniaxial compression (Ecomp))’ the modulus of rupture under 3- and 4-point
bending (1‘4)1%3 and I‘DR4) , the fracture toughness, K'Ic' by 4-point
straight-edge-notched-beam (SENB), the uniaxial tensile strength (o t) and the
uniaxial compressive strength (°c) . In addition, the compressive strength
under purely hydrostatic conditions was also messured, in order to construct
the failure surface of the material and compare with the theoretical
predictions (the compressive strength under triaxial axisymmetric conditions
will be measured in the immediate future). The results for the as-cast

material are summarised in Table 2.3.
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Table 2.3. Summary of the properties of the as-cast material.
Processaing perageters.
Ratio of powder to water, by weight 100:62.5
Curing time, minimm, days 7

Curing temperature, °C 20 # §
Relative humidity during curing, % 60 +20

Physical properties

Theoretical density, g/cm? 2.35

Total porosity content, % 51 + 2
Mean diameter of spherical macropores, um 21
Mean diameter of micropores, um
Mean grain size, um

Elastj | Mechanical ties.

Young’'s modulus, GPa ' (bending)
Young’s modulus, GPa (uniaxial compression)
Modulus of rupture (3-point bending, 75% water), MPa
Modulus of Rupture (4-point bending), MPa

Weibull modiuiius,

Fracture toughness (SENB), MPam'/?
Uniaxial compressive strength, MPa
Hydrostatic compressive strength, MPa
Uniaxial tensile strength, MPa
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These experiments were carried out to measure both the three- and
four-point. bending modulus of rupture of the material as well as the Young's
modulus in bending. They were carried out using rectangular specimens of cross
section 10 £0.lmm x 10 #0.lmm and a length of approx. 90mm. All the specimens
were very lightly ground using 1000 grade SiC paper prior to testing in order
to remove the outer layer of the specimens which was found to have a different
morphology to the bulk of the specimens. The parallelism of the specimens was
within 0.1% (0.0lmm). The MOR tests were carried out on a rigid bending jig
used predominantly for testing ceramics on an INSTRON 100kN testing press with
a 0-100N load cell at a loading rate of 50um/min and the MOR values were
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calculated using the well-known equations:

Pad
mR3 = =BT 2.6
Pdsd
ma4 = <87 2.7
where

P = fracture load (N)
s = the roller span in the case of I‘I)R3 = 5]1.0mm in all experiments.
4s = the difference between major and minor spans in MOR, .

I = 2nd moment of area of specimen = bd?/12 (b = width of specimen)
d = height of specimen.

All the specimens displayed purely elastic behaviour up to fast fracture and
no plasticity was evident in any of the tests. The determination of the
Young’s modulus of the material was carried out by calibrating the
load-extension characteristic of the material using an precision ground steel
specimen of identical size to the CaSO4 specimens and calculating the gradient
dP/dx of the load-deflection curve. For these measurements it was found
necessary to cycle the specimens a minimum of six times by loading to approx.
70% of fracture load until the gradient of the load-deflection reached a
maximum (usually after approx. three cycles), prior to calculating the
gradient of the curve. This is thought to be due to the need for "bedding in"
the specimens on the rollers of the bending jig. It was found that cycling
reduced the fracture load substantially probably due to some fatigue
microcracking and thus the MOR measurements were carried out on fresh
specimens. The Young’s modulus for four-point tending was calculated using
basic elastic deflection theory as:

_ dP AB’ .
Frend = & “4Ba’ 2.8
The final values of MOR,, bm4 and E.| ) for the as-cast specimens are
tabulated in Table 2.3. and the variation of M’)R4 with relative density and
associated pore size is shown in fig.2.11. The variations of the above

quantities with processing parameters are discussed in the Appendix.
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b. The fracture toughness testa.

The measurement of the fracture toughness of a weak material such as this
presents special problems mainly related to the effect of a finite radius of
curvature of the notch. However, the microstructure of the material ensured
that although the notching of the specimen was carried out using a sharp razor
blade of tip radius approx. 0.03mmn, there was always a sharp microcrack
beneath the notch of depth comparable to the grain size. This was corroborated
by the relative inscnsitivity of the fracture toughness to small variations in
notch width. The fracture toughness measurements were carried out on identical
rectangular specimens as the ones used for the bending tests in four
point-bending using a straight edge notch beam configuration on the INSTRON
100kN testing press using a 0-100N load cell. The loading rate was kept
constant at 50um/min. The calculation of KIc was carried out using the
analysis of Strawley and Gross [100]:

P 48 g
Kie = B0@ "4 2o ™ 2.9

where I = 1,9887-1.326a-(3.49-0.68a+1.35a?)a({l-a)/(1+x)?2
a=a/d, a = notch depth
P = load at fracture, N.
b = width of specimen

d = height of specimen
4s = span difference in 4-point bending.

The K’Ic value for as-cast material is included in Table 2.3. The variation
of K'Ic with relative density and associated pore size is shown in fig. 2.12.
The variation of KIc with processing parameters is discussed in the Appendix.

c. The_tensjle strength tests.

These proved to be the most difficult tests to carry out due to the extreme
difficulty in aligning the samples and their very low strength. In order to
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avoid any misalignment bending stresses as well as premature cracking of the
specimens in the grips, special rubberised split grips were designed which
provided effective gripping of the specimens without high hoop stresses. The
tests were carried out with cylindrical gauged specimens on the INSTRON 100kN
testing press using a 0-100N load cell with self-aligning specimen holders at
a loading rate of 50um/min. The specimens were aligned extremely carefully and
only results of specimens that fractured in the middle of the gauge length
were accepted. The specimen shape and size is shown in fig.2.13 together with
the rubberized grips. In all tests the specimens displayed pure elastic
behaviour without any evidence of plasticity up to the fracture load. The
results are tabulated in Table 2.3 and the variation of o, with relative
density and associated pore size is shown in fig.2.14. No experiments were

carried out on the effect of processing parameters on the tensile strength.
1. T iaxial . test

These tests were carried out on cylindrical as-cast and high density
specimens using the INSTRON 100kN testing press with a 0-5kN load cell at a
loading rate of 100um/min. To avoid possible misalignment problems the
specimens were prepared very carefully prior to testing by grinding the ends
manually on 1000 grade SiC paper using a specially designed spring loaded
polishing Jjig. This preparation procedure resulted in parallelism to better
than 5um/cm and perpendicularity with respect to the sides of better than
0.20. To avoid chipping and spalling of the ends of the specimen and reduce
friction between anvils and specimen surface, soft paper shims were used in
all tests. All the tests displayed a significant amount of dilatation after
macrofracture initiation (as evidenced by a sudden change in the gradient of
the load-contraction curve) and, near final fracture the gpecimen displayed
very strong pseudo-plastic characteristics. On failure, the load dropped by
approx. 20%-25% of fracture load and then displayed cyclic behaviour
indicating very stable crack propagation. In most cases the cyclic behaviour
continued even after a total strain of up to 15% with only minor reduction in
the load range between min and maximum, as shown in fig. 2.15 which is a

load—contraction curve for one of the tests. Later in-situ optical and SEM
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Fig.2.13. i i l
£ 3.0ne of the tensile specimens used for measuring the tensile strength.
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observations of the fracture process indicated that in most cases the initial
drop in load corresponded to a shear crack at approx. 30° to the compression
axis whereas the load cycling corresponded to the development of longitudinal
and further shear macrofractures.

The Young’s modulus, E comp’ of the specimens was calculated from the
gradic:t of the load-contraction curve after calibrating the system with a
precision ground WC-Co cylindrical sample of similar dimensions. The Young'’s
modulus obtained from these tests was found to be very close to the value
obtained from the bending tests. The final results for the as-cast specimens
are included in Table 2.3. The variation of compressive fracture initiation
and final fracture stress and Young’s modulus with relative density and
associated pore size are shown in fig.2.16 and 2.17 resp. The variation of the
compressive strength and Young’s modulus with processing parameters is shown

in the Appendix.
e. The hydrostatic compression tests.

These tests were carried out as part of the construction of the failure
surface of the material (see next section) and in order to compare the results
with the theoretical predictions. The specimens used for these tests were
short cylinders of approx. size 10mm diameter x 10mm height. The isostatic
compression conditions were achieved by enclosing the specimens in a double
latex rubber sheath and then pressurizing the encapsulated specimens in
distilled water in specially designed PTFE capsules in a high-pressure vessel
as shown in fig.2.18, This arrangement has been used successfully before by
one of the authors to compress single crystals up to pressures of more than 1
GPa. This is achieved by the use of the double "O" rings to form a compressive
seal with the PTFE plug and cup. The arrangement ensures also that no air is
trapped in the capsule since it seals hydrostatically only on application of a
significant pressure. The tests were carried out on the INSTRON 100kN testing
press with a 0-100kN load cell at a load rate of 100.m/min. All the specimens
displayed an elastic response up to the point of fracture initiation which was
evidenced by a change in linearity of the curve with associated small steps.
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Fig.2.18. The PTFE cell used in the Hydrostatic compression experiments
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In addition, some pseudoplasticity was observed prior to final collapse. At
final collapse the load dropped by varying amounts depending on the specimen
probebly due to different size of the fracture initiating pores. After this
initial collapse the load recovered slowly to load levels higher than the
initial collapse value as the specimen was compacted by the hydrostatic stress
as shown schematically in fig.2.19. Some cycling was observed after the
initial collapse in this case as well but the load fluctuations ranged over a
smalier amplitude. The final results for the as-cast material are tabulated in
table 2.3 and the variation of dhydr with relative density and associated pore

size is shown in fig.2.20.

These tests have been planned to be carried out in the immediate future in
order to try toc obtain information on triexial compressive stress failure
characteristics and thus they will only be introduced here very briefly. They
will be carried out on enclosed specimens using the compression cell
arrangement shown in fig 2.21. The confining pressure will be provided
hydrostatically by a hydraulic piston enlosing the main piston which will
provide the axial compressive stress. The failure characteristics will be
monitored by recording changes in the axial load-contraction curve under
various confining pressure conditions.

2.3.3. The failure surface.

The failure surfaces of the material at three density levels have been
calculated from the results obtained above and are shown in fig.2.22. where it
has been assumed that the failure characteristics are symmetric about o, = o,.
It can be seen that the failure envelope increases very significantly with
decreasing porosity content (from 50% porosity to approx. 30% porosity) (or
pore size). The stress for fracture initistion appears to be approx. 80% of
the maximum stress at fracture in the case of uniaxial compression and about
60X in the case of hydrostatic compreesion depending on the density of the
material, whereas the fracture initiation stress under tension coincides with

the maximum stress at fracture as would be expect¢d for a brittle material.
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The present results may be compared with the predictions of Ashby and
co-workers [66,68] on the initiation of compressive fracture:

In the case of uniaxial compression o, = 0 and equation 2.1 simplifies to:

o, = -1.6KIC/JnapL° (holes) or o, = -3.11(10/Jnac (cracks) 2.10
where ap and a_ are the dimensions of pores and the cracks respectively.

and thus a plot of uniaxial fracture initiation stress (as determined by the

first non-linearity of the load-contraction curve) versus KIC/Jn—a' should be
linear through the origin and yield a "best-fit" value for L,. The plot is
shown in fig. 2.23 and shows that the fracture initiation model fits the
cbservations very well and the calculated (best-fit) value for L  is = 1.5.
which is reasonable considering the morphology of the material (the
needle-like crystals increase the effective flaw size of a pore by many times
and thus the far-field effect can be considered as large crack).

In order to compare the hydrostatic compression model introduced in section
2,1 above (equation 2.5) with the results obtained in this work, the
hydrostatic fracture initiation stress, Pin has been plotted versus (1-f )K'[c
in 1ig.2.24. It is clear that the results can be described quite well by a
linear relation through the origin as suggested by the model. From this graph
the "best-fit" wvalue of r/a is x 1.2 which agrees with the "critical” r/a
value predicted by the model and with the value of L, found for the uniaxial
compression case above. Thus fracture initiation in this material occurs very
close to the pore surface as predicted by the model. More work will be carried
out in this regard to assess further the feasibility of this model.

Due to the fact that no triaxial axisymmetric experiments have been carried
out as yet, it is not possible to fully analyse the failure surface with
respect to the effects of stress system and microstructure on the failure
characteristics. It will be analysed and discussed in detail in the near
future.
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In order to study the fracture characteristics of the material under
compression two in-situ studies of fracture under uniaxial compression were
carried out, firstly with optical microscopy and secondly in the Scanning
Electron Microscope. In the case of optical microscopy this involved the use
of a 35mm camera fitted with a macro-lens to enable focusing at a long
distance at a meximum megnification of approximately 4x. A number of
photographs were taken for a number of compression tests at irregular
intervals and one set of results are snown in fig.2.25 which corresponds to
the load-contraction curve shown schematically in fig.2.15. In the case of the
SEM studies the specimens were compressed using an instrumented compression
Jjig shown in fig.2.26 especially designed for uniaxial compression with
capabilities of compression at low load rates. All the in-situ tests were
recorded on video which, in conjuction with the load-contraction diagram,
enabled accurate analysis of the fracture process. The specimens used for the
in-situ observations were rectangular to enable accurate focusing during
observation. A series of photographs of an SEM in-situ test of an as-sintered
specimen is shown in fig.2.28.

By examining these figures and taking into consideration the fracture
characteristics of all the specimens a number of observations may be made for
uniaxial compression:

a. In most cases fracture was initiated by the formation of a shear
mecrocrack which was oriented at approximately 30<-45° with the compression
axis. In many cases this shear crack was axisymmetric resulting in a
cup-and-cone type of failure as shown clearly in fig.2.27a. This initial crack
precipitated a load drop of approx. 25% of fracture load. In almost all cases
the shear crack nucleation site could be identified as a large flaw on the
surface (pore etc) (fig.2.28).

b. In some cases, on increasing strain, there was a small recovery of the
load (x10X) and a further drop due to the propagation of a second shear crack
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Fig.2.25.Sequence of optical photographs of a Plaster of Paris specimen
being tested under uniaxial compression. Refer to fig.2.15. for the
relevant load-contraction curve.
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Fig.2.25. continued.
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Fig.2.26.The low-stress compression jig used for the in-situ SEM observations.
The cubic specimen is visible in the centre of the jig.

Fig.2.27a.Shear zone formation during
uniaxial compression of Plaster of Paris.
Note the almost complete "cup-and-cone"
type fracture of the specimen on the left.

I:"iz.z.27b.Specimen after initial collapse

in interrupted hydrostatic compression test.
Fracture initiatiun site is visible near top
surface.
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Fig.2.28.In-situ SEM uniaxial compression of Plaster of Paris. (a): unloaded
specimen, (b)-(f) after approx 0.5% strain, ((c)-(f): details of (b)),
(g): after approx.1.2X% strain, (h): after approx.2% strain and (i):
after 2.5% strain (near final collapse).
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usually associated with the first (£ig.2.28). The first crack may or may not
continue propagating.

c. On further increase in strain the process enters a stable phase with
extensive load cycling during crack propagation, with the load in some cases
reaching 95X of fracture load as sghown in f£fig.2.15. During this period
longitudinal cracks start nucleating and propagate parallel to the axial
(compression) direction as shown in fig.2.25 and 2.28b-g. This is the longest
stage and may continue up to strains of «10%. Throughout this stage the
specimen has substantiai load carrying capeacity.

d. The final stage is reached when the longitudinal cracks have propagated
stably to the ends of the specimen and slabbing of the specimen has become
severe as shown in the last frames of figs.2.25 and 2.28. At this point the
load decreases significantly as the specimen loses load carrying capacity.

Due to the nature of the material it was not possible to carry out extensive
high magnificatiom SEM examination of the specimens, but it appeared that
there was very little interaction between cracks unless they were very close
to one another. In many cases new cracks were obsgerved to ini‘iate very close
to existing cracks and propagate stably parallel to one another without
obvious interaction.

In the case of hydrostatic compression, some specimens were examined after
interrupted tests as well as after final collapse. Fig.2.27b shows a specimen
from a test interrupted after initial collapse. The fracture initiation region
is shown clearly near the top surface marking the presence of a sub-surface
pore. Some specimens examined after initial collapse but before reaching a
high stress level were observed to have been reduced to a form akin to coarse
agglomerate powder. Specimens allowed to reach high stress levels were
obgserved to form high density compacts but of low strength probably due to the
presence of air in the ‘spec'men.

It is planned to continue the microstructural fractographic analysis in the
near future with the aim of clarifying the underlying mechanisms involved in
the fracture process.
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PLANS FOR FUTURE WORK

It is planned to continue both aspects of the work reported in this report
in order to complete the investigations on the micromechanics of the R-curve
behaviour of ceramics and the characterization and utilization of CaSO4 as a
model cersmic material.

In the first case it is also planned to carry out KIc-crack length
measurements using short Double Cantilever Beam specimens in-gitu in the SEM
in order to check and verify the prerent findings and to investigate the
effects, if any, of loading geometry on the R-curve behaviour of the material.
A "jig" for this purpose has already been built and is currently being tested.
In addition, it is planned to carry out a number of high resolution in-situ
experiments in an advanced SEM in order to try to study more clearly the
bridges observed between the crack faces.

In the case of the CaSO4.‘/ 2 Hy0 modelling experiments, it is planned to
continue and extend the work by investigating the effects of various coherent
and incoherent inclusions on the mechanical properties and the fracture
characteristics of the material. It is hoped to be able to utilize the
material to model the damsge mechanics theory developed recently.

In addition to the above, it is planned to initiate investigations on the
compressive fracture of structural ceramics both from the microstructural and
mechanistic point of view. In this respect, a new "jig" has already been
designed and is being built for in-situ SEM compression studies at high
stresses in order to study the micromechanics of ceramic compressive fracture.
The investigations will encompass a number of different ceramic materials as
well as composite ceramics.
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The mechanical properties of the Plaster of Paris specimens were found to be
very sensitive to small variations in the processing parameters, such as

water:;powder ratio, curing time, curing temperature and ambient temperature
and humidity during curing. In addition, the mechanical properties of the cast
specimens were found to be affected by any subsequent heat treatements (such
as those that could be used to accelerate curing etc), and testing procedures
(such as cyciing during bending tests). In order to quantify the above effects
and thus establish the optimum processing and measuring procedures to be used
to ensure reproducibility, extensive tests were carried out prior to any
property measurement. The main results obtained are summarised in this
appendix.

The effect of curing duration at room temperature and 40%-60% relative
humidity on the Modulus of Rupture in 3-point bending of specimens prepared
with a 75% water/powder ratio is shown in fig.Al. It can be seen that a
minimum of 7 days’ curing is required to ensure that the MOR reaches a
constant value and thus all tests were carried out on specimens aged for a
minimum of 7 days.

During measurements of the bending strength of the material, it was found
that the stiffness and hence the measured Young’s modulus increased
significantly after cycling between loads of approx. zero to approx. 70% of
fracture load, while the MOR measured was found to decrease sharply. This was
probably due to the high stress concentrations existing at the roller-sample
positions. The Young's modulus was found to reach a constant (plateau) value
after about 6 cycles as shown in fig.A.2., which agrees with that obtained by
unixial compression. The MCR, however, was found to decrease monotonically
with cycling, possibly due to microcracking, giving erroneous values after
cycling as shown in fig.A.3.
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The influence of subsequent heat treatments on the mechanical properties is
showm in figures A.4 to A.8. It can be seen that, although heating at 50°C for
prolonged periods does not substantially affect the properties, heat
treataents at higher temperatures, even for short periods, have a very
pronounced adverse effect on the MOR, Young's modulus, KIc and compressive
strength, due to the dehydration of the gypsum crystals. The effect of the
water:powder ratio (62.5% to 75%) is also shown in these figures. The general
effect of increasing the water content o«f the mixture is to decrease the
mechanical a d elastic properties, piubably due to the larger porosity
content.

From these results as well as other general observations on the influence of
environmental factors on the properties of the material, it was decided to use
a 62.5X water:powder ratio and cure the specimens firstly in the mould for 24
hours and then for a minimun of 7 days in the laboratory under ambient
temperature conditions and relative humidity within the range of 40-60X%.
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