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This work demonstrates a method of measuring the fracture
toughness of particulate materials comprised of colloidal sized
particles over a wide range of saturation. Diametral
compression of cylinders containing flaws of controlled length
was used to measure the mode | fracture toughness. The
effect of degree of saturation on the fracture toughness of slip
cast ceramic grade alumina (d50 = 0.7 um) was investigated.
Dry powder compacts have significantly lower fracture
toughness than when the powder compact is nearly fully
saturated. All observations are consistent with the fracture
mechanism being predominantly brittle for the dry samples
but predominantly ductile in the nearly saturated samples.
The additional dissipation that occurs during the ductile
fracture of the nearly saturated samples is due to plastic
deformation in front of the crack tip. This well-known
mechanism for toughening in metals has been quantified for
the first time in soft matter. Analysis of the results indicates
that the size of the plastic dissipation zone is more than an
order of magnitude larger in the nearly saturated materials
compared to the dry material. Understanding the fracture
mechanisms that control the propagation of cracks through
saturated, partially saturated and dry particulate materials
comprised of colloidal sized particles provides additional
insight into understanding drying cracks in paint, other
coatings, ceramics and water treatment sludge.

Introduction

Wet particulate materials comprised of colloidal sized particles
are associated with a range of industries and applications; from
waste water sludge filtration and minerals processing, to paints
and coatings, and the fabrication of advanced ceramics. An
inevitable stage during the processing or application of such wet
particulate materials will be that of drying, which can cause
cracking of the particulate material.'® Such cracking is
detrimental to most applications like paint and ceramics, but
can be helpful in dewatering sludges. In the natural
environment, such cracking commonly occurs when a lake dries
out resulting in “mud cracks”.” & Our general understanding of
such phenomena has advanced significantly in the past couple
of decades.* % 714 Despite these advances, the key material
property that controls whether or not cracking will occur, i.e.,
the fracture toughness, has received little attention.

Curved liquid menisci between the particles on the surface
of the drying particulate material produce a compressive
consolidation stress on the particle network® 717, This causes
the particle network to consolidate and increase its density.
Shrinkage of the drying surface that is constrained by either a

solid substrate or underlying material which is not shrinking,
results in the development of tensile stress at the surface that
is the cause of cracking. Cracking of these particulate bodies has
been found to usually occur during the final stage of drying %3~
512 for slow drying, but may occur earlier during fast drying & 7.
When the rate of evaporation exceeds the rate at which liquid
within the pore network can be transported to the surface, the
particulate body will undergo fast drying.l” Controlling the
conditions to induce slow drying, where the rate of evaporation
is less than the rate of liquid flow through the pore network, will
result in uniform shrinkage of the body reducing the tensile
stresses that lead to cracking.

Work on drying cracking has focused on measuring the
drying stress 32 10,18 gnd determining the critical thickness.® 10
Further work on the drying of films showed that additions of
organic molecules such as binders and plasticizers reduced the
drying stresses.® 12 Surfactants were able to reduce the surface
tension in the liquid phase that reduced the capillary pressure
through the film — further reducing drying stresses.* 10
Moreover, the mechanical properties of the colloidal particles
have been shown to effect the crack formation of drying films,
where the softer particles were able to deform thereby
reducing the extent of the cracking.’® The study of the spacing
of cracks and crack patterns in the drying of particulate
materials has also been investigated.2%-23

The strength and fracture behaviour of dry granular
materials and powder compacts are also of interest, since these
materials are often used in areas of ceramic and metal powder
processing, pharmaceutical and ceramic dental crowns.
However, mechanical testing of such materials is limited by the
configurations available that can accommodate their mostly
brittle behaviour or inability to handle gripping devices. Uniaxial
compression of dry brittle ceramic powder compacts has been
common for some time.?* 2> The diametral compression test,
also known as the Brazilian disk test, has been used as a means
of indirectly measuring the tensile strength of a range of
materials sensitive to normal tensile testing conditions for the
aforementioned reasons. The test compresses either a cylinder
(plane strain) or disk (plane stress) in the diametral plane, i.e.,
along the diameter, to impart a tensile stress orthogonal to the
loading direction, as described in more detail in the fracture
toughness determination section. The diametral compression
test has seen successful application in measuring the tensile
strength of dried powdered compacts?®2?® and moist
agglomerate mixtures3°, whereby the effect of various binder
additives and compaction conditions are of interest on the
materials tensile failure strength. Furthermore, this test has
been adapted to measure the fracture toughness by introducing
a centralised flaw.3! By simple alighment of the internal flaw
with respect to the loading direction, either tensile opening
(mode 1), in-plane shear (mode Il) or mixed mode | and Il
fracture toughness can be determined.3> 33 Extensive
application of the diametral compression test in measuring
fracture toughness has mostly been in the areas of sintered
ceramics3*37 and rocks.3® 3° However, some work has been
carried out that studied the effect of binder and compaction
conditions on the fracture toughness of powder compacts.?% 41



The characterization of mechanical behaviour of wet
particulate materials is less common, albeit there is a large body
of knowledge on the flow of colloidal suspensions and gels.** 43,
Uniaxial compression has been used to measure peak?*?, flow**
45 and yield stresses®® of saturated powder compacts. Triaxial
compression testing is commonly used in the soil mechanics
field,*”> 48 although this provides information about
consolidation and vyield strength rather than toughness.
Quantifying the fracture toughness of saturated particulate
materials has received little attention, however, progress has
been made in modelling the role of plasticity on the rate of crack
growth in drying pastes.*® 50 Sarkar and Tirumkudulu!
measured the ultimate strength of colloidal dispersions forming
a relationship between the critical stress to nucleate cracks and
flaw sizes. Goehring et al.>? studied the role of plasticity on the
cracks formed during the drying of colloidal films. It was shown
that the plastic deformation that occurred around the crack tip
was caused by particle rearrangement and microcracking, and
suggested that increasing the fracture toughness of such films
could be achieved by decreasing the yield stress of the
suspensions. Sengupta and Tirumkudulu? studied the dynamic
behaviour of colloidal films by casting suspension between two
wires and measuring the deflection during drying. The critical
cracking stress was found to vary inversely to the 2/3 power of
the film thickness, while the crack velocity was estimated as
being a function of the various energies involved in crack
propagation and the viscous dissipation of the fluid within the
pore network. Recently, Birk-Braun et al.>* have developed a
clever method to estimate the ratio of fracture toughness to
modulus, which will be useful in situations where these two
parameters cannot easily be independently measured.

The objective of the current study is to develop a method
for testing saturated and dry particulate materials comprised of
colloidal sized particles and investigate the effect of saturation
on the fracture toughness. The materials of interest in this work
are solid-like in behaviour in both the wet and dry state. They
have sufficiently high yield stress that they do not slump under
their own weight, can be handled and can be tested in diametral
compression. In the dry state the van der Waals attraction
between particles is sufficient to provide cohesion that exceeds
the body forces. In the wet state, the bodies are between 80 to
90% saturated. Although the individual particles interact via
electrical double layer repulsion, there is a touching particle
network®® that provides a skeleton with sufficient strength to
support the nearly saturated body. The method directly and
independently measures fracture toughness and elastic
modulus, which in the long run is likely to prove more robust
than indirect measurements. Developing a test to determine
the fracture toughness of both saturated and dry particulate
materials requires careful consideration. The diametral
compression test offers several benefits over other methods
used to measure fracture toughness. For instance, dry
particulate bodies are known to be extremely brittle, even more
so without the addition of binders, whereas the saturated
materials will exhibit a degree of elastic-plastic deformation,
particularly at the points of contact. Conventional geometries
such as notched bars®® or compact tension geometries®” are

difficult to produce from wet materials that do not have high
enough yield stress to hold their own shape under handling and
gravity. The screw method used in soil mechanics®® is also not
suitable for both wet and dry materials and is not soundly based
on fracture mechanics first principles. The diametral
compression test can be used to apply a tensile stress to the
centre of a disk via compression applied at two contact lines
along the diametral axis. The line loads will spread out over a
contact area, which will vary depending on the yield strength of
the material. The distributed load can be accounted for in
determining the fracture stress. Furthermore, gripping of the
sample is not required, which would prove especially difficult
for wet and soft materials. A method that applies a modification
of linear elastic fracture mechanics,”® whereby an effective
crack length was introduced to account for mechanisms of
plastic deformation, was used to determine the mode I fracture
toughness.

Experimental Procedure
Sample preparation and characterisation

Aqueous suspensions were prepared from high purity alpha-
alumina powder (AKP-15, Sumitomo Chemical Co. Ltd, Tokyo
Japan) with a mean particle diameter of 0.7 um. Particle size
distributions and SEM images of the powder can be found in the
literature®®. Three suspensions were prepared containing 0.35,
0.50 and 0.60 volume fraction of solids, which were dispersed
at pH 4.0 (£0.1) using analytical grade HNO; followed by
ultrasonic dispersion (Misonix Sonicators S-4000, Newtown CT,
USA).

Samples were slip cast on plaster of Paris boards by pouring
the suspensions into aluminium cylindrical shaped moulds with
a diameter (2R) of 34.5 mm. Figure 1 shows an annotated
photograph of the moulds and a typical sample. The amount of
suspension cast was pre-determined for each solids volume
fraction so that a consolidated cylinder thicknesses of
approximately 8 mm resulted in each case. This thickness was
selected as it allowed for tests to be carried out under plane
stress conditions, without encountering alignment difficulties
experienced with testing thinner specimens. Flaws were cast
into the specimens using aluminium inserts. The elongated
diamond shaped aluminium inserts (see Figure 1) were attached
to the top of the cylindrical moulds so they sat flush with the
plaster resulting in a sample with a through thickness flaw. The
length of the flaw (2a) was varied between 3.45 mm and
17.25 mm. Flaws with four different non-dimensional crack
lengths (a/R) were produced when the aluminium inserts were
removed from the cast cylinders. The diamond shaped
aluminium inserts were machined such that the tips at either
end comprised a diameter of 0.5 mm. The width of the flaw at
its widest point i.e., the centre of the disk is 1.25 mm. The
casting time, i.e., from when the suspension was poured into
the mould, to when it was removed from the plaster board and
aluminium cylinder, depended on the initial concentration of
the suspensions as follows: 0.5 hours for 0.6 volume fraction,
0.75 hours for 0.5 volume fraction and 3.5 hours for 0.35



volume fraction. The mould was covered with cling wrap to
prevent water loss from the top surface of the casting. In
addition, to prevent moisture loss between demoulding and
mechanical testing of the saturated specimens, which was
never greater than 1 hour, each sample was placed in a zip-tie
bags containing saturated paper towel. The mechanical tests on
the dry samples were conducted after drying in an oven for 24
hours at 80°C. It should be noted that this method of drying
removed all liquid from the samples. This was confirmed via
tests whereby samples were heated for an additional 1 hour at
500°C and found to have less than 0.04% difference in weight
compared to the samples dried at 80°C.

The relative density and saturation for the samples were
measured via the weight difference method, where the volume
of water contained within the wet bodies was determined by
weighting a set of samples after demoulding, then after drying
for a minimum of 24 hrs at 80°C. Archimedes’ method using wax
coating of the powder compacts was used to determine the
relative density of the dried cast cylinders as described in prior
work®. Using this information and the weight loss during
drying, it was possible to determine the fraction of saturation.

The Young’s modulus (E) was determined for both wet and
dry samples for the various volume fraction of solids samples by
measurement of the ultrasonic wave velocity via the through
transmission technique (Pundit 200, Proceq SA, Zurich,
Switzerland). The samples were 34.5 mm in diameter and
15 mm thick. This method was chosen as it has exhibited robust
results for porous and dense particulate ceramics®® and wet
alumina films during drying* measured by other researchers.

Fracture Toughness Determination

The fracture toughness or critical stress intensity factor (Kc) is
determined from the measured fracture stress, the flaw size
and a geometry factor as described below. Diametral

compression was carried out on an Instron® 5848 MicroTester™
with a 2 kN loadcell (Instron — lllinois Tool Works Inc., Norwood
MA, USA). The diametral compression test, also known as the
Brazilian disk test, loads disk shaped specimens along their
diameter to generate a biaxial stress state within the sample.
Figure 2 shows a schematic of the test procedure for vertical
loading along with the corresponding coordinate system.

The analysis is based on the assumption of a homogeneous,
isotropic, linear elastic material. A particulate material
comprised of colloidal sized particles produced by slip casing
from a well dispersed suspension is expected to be
homogeneous on a macroscopic length scale relevant to the
crack extension (many orders of magnitude larger than the
particle size). Objects cast from well dispersed slurries without
additional pressure are known to be isotropic.5> Wet particulate
materials are generally viscoelastic rather than linear elastic.
However, for the samples produced in this work, the high
particle concentration produced materials with storage moduli
several orders of magnitude larger than loss moduli such that
they behave like solids.®*%7 Based on this knowledge, we
conclude the assumptions of homogeneous, isotropic and linear
elastic material are reasonable for our investigation. We discuss
later the role of plasticity beyond the limit of elasticity.

Compressive principle stresses are produced in the direction
of the load and transverse principle tensile stresses
perpendicular to the load, with the shear stresses along the
diameter parallel to the loading direction being zero. At the
centre of the disk, the stresses are at a maximum; assuming line
contact load, the magnitude of the elastic stresses derived from
theory by Hertz®® are;
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Figure 1. Photographs showing the cylindrical moulds and machined aluminium flaw formers (top). The cylinders are 34.5 mm in diameter and approximately 8 mm thick. The

scale of the ruler is in centimetres. Details of the four dimensionless crack lengths used in this study (bottom left) and sample before diametral compression testing with a cast

crack (bottom right). The four dots on the sample are used by the non-contact extensometer to track axial and transverse extensions.
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Figure 2. Schematic showing the geometry and coordinate system (a) of
the diametral compression test (b). p is the pressure acting on the
flattened area due to the applied load P, a is the half angle of the flattened
area. AU is the displacement and a is half the cast flaw length.
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where o, is the stress in the direction perpendicular to the
loading direction (horixontal), o,, is the stress in the direction
parallel to the loading direction (vertical), P is the compressive
load, D is the diameter and t the disk thickness.

In practice, however, specimens exhibiting at least a degree
of elastic-plastic behaviour subjected to diametral compression
have their load distributed over finite areas at the two lines of
contact. In these cases, the simple calculation of the stresses
presented in equations 1 and 2 are not valid so more accurate
calculations need to be used as described next. The distribution
of load also ensures the specimens do not fail by the initiation
of excessive compressive or shear stresses at the interface.®® 26

Hondros’® presented complete solutions of stress as a
function of position for diametrally compressed specimens with
distributed loads valid for both plane stress (disk) and plane
strain (cylinder) loading conditions. In the plain stress case, such
as for the sample geometry used in the present investigation,
the stresses along the diameter (vertical) parallel to the loading
direction as per the schematic in Figure 2(a), are given as:
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where: p is the applied load expressed as pressure, a is the arc
contact angle and r is the location along y axis. Equations 3 to 5
were derived from those presented by Hondros” where the
author presents more complete solutions for any location along
the principle axes in the diametrally compressed samples as
presented in the Supplementary material section. The effect of
the angular width 2Za on the stresses along the vertical diameter
is shown in Figure 3. At the centre of the disk, an increase in the
angular loading width results in greater tensile stresses
perpendicular to the diametral plane along which the crack
extends. Inherently, it is this stress acting in the centre of the
disk along the x axis that leads to the failure of the specimens
containing flaws. However, moving away from the centre of the
disk along the y axis the stress o, becomes compressive, with
the transition point progressing further away from the loading
areas at the outer diameter as the angular width increases.

The contact width between the sample and platens of the
diametral compression tests was recorded with dual layer
pressure sensing film (Sensor Products Inc. Madison, NJ USA).
As load is applied to the 0.19 mm thick film, microcapsules
attached to one layer rupture marking the other layer with a
dark colour. This procedure not only provides the benefit of
recording an accurate contact width??, but any uneven contact
that was present at the point of failure can be detected. The
typical contact widths for dry and wet samples were between
1.5-2.5 mm (2-4°) and 3.5-5.5 mm (12-20°), respectively. Simple
geometry is used to convert the measured widths to arc contact
angles (a) so that equation 3 can be used to determine the
cracking stress.

Aligning the cast flaw parallel to the load in a diametral
compression test will yield the required conditions for pure
mode | fracture, i.e., tensile fracture. Solutions for determining
the fracture toughness, or the critical value of the stress
intensity factor (SIF) Kj., for a disk in diametral compression
have been reported by a number of authors3% 33 72, This study
will apply the solution presented by Atkinson et al.33, which for
a pure mode | type loading condition can be written as;

KIC = JfF,vna (6)



where gy is the failure stress, a is the half crack length as per
Figure 1 and Figure 2, and F; is the non-dimensional shape
coefficient for mode | loading that is a function of the angle ¢
with respect to the loading direction and crack-diameter ratio
a/R (¢ = 0 in the present work). A complicated infinite series
solution for F; was provided by Atkinson et al.33. However, the
authors also provided a simplified five-term truncation of the
complicated series for relative crack sizes in the range
0.1 < a/R < 0.6, which has been shown to be adequate for
most practical applications3* — details of which are provided in
the supplementary material. The F; values used are 1.015 for
a/R =0.1, 1.060 for a/R=0.2, 1.356 for a/R = 0.3, 1.387 for
a/R =0.5. K, is calculated from the F; value, the measured
fracture stress and the flaw length using equation 6.
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Figure 3. Stress distribution along the vertical diameter for angular contact widths
of; 1°, 10°, 20° and 30°. Note: The axes values of stress have been normalised to
2p/m=1.

Results and Discussion

After slip casting, when the materials were still wet, they were
found to be solid-like in behaviour. They have sufficiently high
yield stress that they do not slump under their own weight, can
be handled and can be tested in diametral compression. In the
wet state, the bodies are between 80 to 90% saturated (see
Table 1). Although the individual particles interact via electrical
double layer repulsion, there is a touching particle network>>
that provides a skeleton with sufficient strength to support the
nearly saturated body. The degree of saturation of the bodies
places them in the funicular region rather than the pendular
region.”> 7 In the pendular region it is possible that capillary
forces produce adhesion between particles, but in the funicular
region such capillary adhesion is negligible. After drying, the van
der Waals attraction between particles is sufficient to provide
cohesion that exceeds the body forces.

Figure 4 shows typical load-extension curves for the wet and
dry diametrically compressed specimens. Both were cast from
suspension with 0.6 volume fraction solids with dimensionless
crack lengths of 0.2. The load-displacement curves for both
samples exhibit multiple stages as have been previously

described for diametral compression of powdered compacts’
and rock’®. When the peak load is reached, the crack transitions
from a moderate propagation rate to rapid unstable growth.
Although not shown in Figure 4 in order to conserve the fracture
surfaces, the load of diametrically compressed samples will
continue to fluctuate after failure due to the loading of now two
halves?®. The brittle fracture experienced in the dry samples is
illustrated by the abrupt drop in load after an extension of just
0.056 mm. The wet sample on the other hand exhibited an
extended linear region prior to the onset of unstable crack
growth at an extension of 0.40 mm.

The initial response of the load extension curves in Figure 4
highlight the different behaviour of the wet and dry materials.
The dry sample exhibits an initial non-linear stiffening response,
which is to be expected for materials that do not plastically
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Figure 4. Load-displacement curves of wet and dry samples from the diametral
compression test. Both samples were cast from suspensions of 0.6 volume fraction
solids and the dimensionless crack length of the cast flaws was 0.2.

deform. As the dry sample is loaded, the contact areas or
number of contacts within the particle network would slightly
increase resulting in the initial portion of the curve. The slope of
the curve then increases after this initial stiffening, showing an
almost linear behaviour, to the point of fracture.

The initial nonlinear softening response displayed in the wet
sample may have been due to the locking of the particle
network skeleton. Then the following softening response was
possibly the result of one or multiple occurrences such as; (i)
breakdown of the skeleton®3, (ii) lubrication from the moisture
content of the sample at the contact area that created a slipping
motion, and/or (iii)localised flow of the particle network that
most likely also occurs at the contact areas.

Figure 5 displays the typical fracture
diametrically compressed wet and dry specimens. The wet

surfaces of
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Figure 5. Typical fracture surfaces of wet and dry diametrically compressed samples.
(a) shows a side by side cross section comparison of the wet and dry samples, (b) a
macro image of the wet fracture surface that exhibited wavy surface and high
toughness and (c) a macro image of the dry fracture surface that exhibited smooth
surface and low toughness.

sample in Figure 5(b) is characterised by a rough wavy surface
typical of ductile fracture, where the particulate materials have
undergone a degree of flow or plastic deformation ahead of the
propagating crack tip. Whereas the dry sample in Figure 5(c)
displays an almost perfectly flat surface on the macro scale
consistent with brittle fracture, exhibiting little to no plastic
deformation before failure. These observations are consistent
with those made by Yu and Lange for wet and dry alumina
powder bars tested in three point bending.””

Figure 6 shows the results of the mode | fracture toughness
for the wet and dry samples with respect to the dimensionless
crack length. There is little difference between the samples
produced from the different volume fraction of solids
suspensions with most of the data points falling within the error
bars that represent + 1 standard deviation. This is primarily
because the consolidation during slip casting of the well
dispersed suspensions resulted in similar final solids
concentrations of the samples produced from the three
different initial solids content suspensions. The solids volume
fraction of the bodies cast from 0.35, 0.5 and 0.6 volume
fraction suspensions was 0.674, 0.679 and 0.693 volume
fraction respectively. However, there is a significant difference
between the wet and dry samples, with wet samples exhibiting
a significant increase in toughness over the dry samples
consistent with the higher strength observed for wet samples
by Yu and Lange.”” The same trends, particularly higher
toughness when wet compared to dry, were also found in
another particulate material system, namely, calcium carbonate
with a dsp of approximately 2 um as presented in the
supplementary material. However, the reader may be surprised
to see the increasing trend of fracture toughness with
increasing dimensionless crack length, since the fracture
toughness of a material should be independent of a/R. This
trend is seen in several other investigations®® 7® 72 and can be
explained by reference to the work of Adams et al.>®. As shown
in Figure 3, the stress in the x direction (horizontal) is tensile at
the centre of the disk. The stress near the loading area is
compressive. As the contact area increases due to flattening,
the compressive stress region extends farther from the outer
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Figure 6. Mode | fracture toughness as a function of the dimensionless crack length
for wet and dry samples cast at varying solids volume fraction.

diameter towards the centre of the disk. The longer flaws will
have a reduced tensile stress at their tips and become
influenced by the compressive stress near the contact areas.
Thus the calculated failure stress is greater than the actual
stress at the crack tip when the sample fractures.2°

According to Adams et al.>® one can determine the flaw size

independent critical stress intensity factor as follows.
Rearranging equation (6) results in
2 1
ofF)) = KE—
(opF1)" = Kic — o)

If one plots (O'fFI)Z as a function of 1/a, one would expect a
straight line with slope equal to K2 /7. As shown in Figure 7 the
black square data points do not follow a straight line. Adams et
al.>®, using Irwin’s8! modification for ductile materials, suggests
that the non-linearities in the data can be accounted for by
assuming there is a process zone of radius Aa that is on order of
the size of the plastically deformed region ahead of the crack
tip. An iterative procedure is used to determine the process
zone size and the flaw size independent fracture toughness. The
first step involves plotting (ofF,)z as a function of 1/a. The best
fit to the data is a curve as shown in Figure 7. The first estimate
of K;, i.e., KI(CO), is deduced from the initial linear slope of the
first three data points. Then substituting K,(CO) back into
equation (6) with the failure stress oy, an effective crack length
(@ =a+ Aa) is determined. The first estimate of Aa is
obtained, i.e., Aa(® by subtracting a from a. The next iteration
follows the same procedure, however, (O'fFI)Z is now plotted
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Figure 7. Plot of (O'fF,)Z as a function of the reciprocal crack length (a)~* (square

symbols) and the reciprocal effective crack length (@)~! after 5 iterations, i.e.,
(a+Aa®)t

as a function of (a + Aa(o))_l. The process is repeated until the
solution converges and the best linear fit is achieved as shown
in Figure 7 with the green diamonds after 5 iterations. This
procedure was carried out for the 6 different conditions
presented in Figure 6 (dry and wet for 0.674, 0.679 and 0.693
volume fraction solids samples). The slopes of the best linear
fits were used to calculate the crack length independent critical
stress intensity factors (K;.) for each of the 6 conditions as
presented in Table 1. The K. values for the wet samples are
about five to six times higher than for the corresponding dry
samples.

The fracture toughness of the dry samples did not follow any
trend with respect to the solids concentration over the narrow
range investigated, 0.674 to 0.693 volume fraction. (Note the
narrow range of volume fraction solids investigated resulted
from the consolidation of suspensions ranging from 0.35 to 0.6
volume fraction. This is not surprising because the suspensions
were well dispersed and such suspensions are known to
consolidate to close to the maximum packing fraction even
under relatively low consolidation pressures such as during slip
casting®®). As presented in Table 1 the saturation of the samples
to 88%

increased from 80% as the concentration of the

For the dry samples the process zone was found to be less
than 0.1 mm. The lack of any significant process zone is
consistent with the smooth fracture surface indicative of brittle
fracture shown in Figure 5(c). As shown in Table 1, the process
zone of the wet samples was found to be between 2.0 and 5.8
mm. The larger process zone of the nearly saturated samples
compared to the dry samples is consistent with the significantly
higher fracture toughness of the nearly saturated samples. The
existence of the process zones in the nearly saturated samples
is also consistent with the fracture surface shown in Figure 5(b)
typical of ductile fracture. The nearly saturated samples are
expected to have a finite yield stress which is less than the
fracture stress. The increased process zone size and increased
toughness of the nearly saturated samples are likely due to a
decrease in yield stress of the material as saturation increases.
It is well known that the yield stress of suspensions decreases
with increasing liquid content.*? 43 82

The plastic zone needs to be confined by the un-yielded
material surrounding it to enable the application of linear elastic
fracture mechanics (LEFM). The theory of linear elasticity is
considered valid so long as the process zone size is less than all
relevant length scales, particularly the sample dimensions. The
largest process zone was found to be 5.8 mm in diameter. For
the largest crack length of 17.25 mm (a/R = 0.5), this process
zone is less than all relevant dimensions; such as thickness (8
mm), crack length (a = 8.625 mm) and ligament length (8.625
mm). In cases where the crack length is smaller, the ligament
length increases, thereby increasing the distance from the end
of the process zone to the edge of the sample where fracture
occurs. In addition, assuming a cylindrical process zone and
accounting for the sample thickness, the volume of the process
zone is much smaller than the volume of material being tested.
Therefore, the process zone is confined by the un-yielded
material surrounding it. Although on the border of being
considered acceptable for LEFM, such sample dimensions are
commonly used to measure the fracture toughness of polymer
materials.®378¢ These studies in this well-established field also
apply similar methods of LEFM to determine a process zone size
and intrinsic fracture toughness.

The Young’s modulus (E) values determined from the
ultrasonic measurements are presented in Table 2. The Young’s
moduli of the dry samples increase slightly as a function of solids
content as observed previously.?” 8 The Young’s moduli for the

Table 1. Results of for the Mode | fracture toughness of wet and dry samples employing the iteration procedure to account for the flaw length dependence by the introduction of

a process zone representing the area of plastic deformation.

Wet Dry
Solids Mode I Fracture Process Zone Saturation SOhd.S Volume Mode I Fracture Process Zone  Green Density
Toughness K, fraction Toughness K.
(vol%) (MPa-m”) (mm) (%) (MPa-m*) (mm) (g/cmd)
35 0.0370 5.8 87.7 0.674 0.0059 <0.1 2.677
50 0.0282 2.3 83.0 0.679 0.0040 <0.1 2.697
60 0.0279 2.0 80.2 0.693 0.0056 <0.1 2.750

suspension used in casting, decreased from 0.6 to 0.35 volume
fraction. Although increased saturation is likely to result in
increased toughness, there is no significant trend over the
limited range of saturations investigated.

saturated samples show the opposite trend with solids content
that is likely due to the increasing saturation level of the
samples with lower particle content.8% %0



The critical stress intensity factor in plane stress conditions
can be related to the critical strain energy release rate through
the relationship established by Irwin®!:

GIC = - (8)

where Gy, is the critical strain energy release rate. The critical
strain energy release rate was calculated from the measured
values of E and K. and presented in Table 2. The Griffith’s%?
energy criteria for fracture states that the strain energy
released must equal the energy required to create the two new
surfaces. Even for very brittle materials such as glass and
ceramics, the fracture energy is actually greater than that
needed to create the new surfaces.?*° The energy needed to
create the new surfaces is a minimum bound and in most cases
other dissipation mechanisms exist which increase the fracture
toughness of the material. Irwin®” and Orowan®® modified
Griffith’s theory to include dissipation due to plastic
deformation in metals. The revised expression for the critical
strain energy release rate includes a term for plastic dissipation
and is;

Gie=2y+mw ©

where v is the surface energy of the solid and y,, accounts for
the additional dissipation due to plastic deformation or flow
that occurs in front of the crack tip. y, depends on the yield
stress of the material, the volume of material plastically
deformed and the strain within the deformed area.®®

Assuming that there is no additional dissipation, aside from
creating the new surfaces in the dry samples, we can take 2y as
the value of G, for the dry sample such that 2y is between
0.0051 and 0.0111J/m?2. By subtraction, Vp is between
0.1002 J/m? and 0.1620 J/m? for the nearly saturated samples
as shown in Table 2. These results show that the energy
dissipated though plastic deformation is more than an order of
magnitude greater than that needed to create the new surface
area. These results also confirm the hypothesis of Goehring et
al.®2, and Yu and Lange’’ that decreasing yield stress increases
the toughness of particulate materials.

The ability to measure toughness in both dry and wet
particulate materials opens up the opportunity to measure the
influence of various parameters on the toughness of such
materials. For instance, the volume fraction of solids, particle
size and structure of the particle network will be expected to be
significant factors in the fracture toughness as they are in most
other rheological and mechanical behavior of particulate
materials.*? 43 63,82 Fyrthermore, in wet materials the colloidal
interaction forces are expected to influence the toughness since
they are known to influence the yield stress. Stronger attraction
will increase the yield stress and is expected to reduce the
toughness. Finally, the type of material will influence the
colloidal interactions via the van der Waals interaction which is
different for different types of particulate solids. We have no
reason to believe that any of the factors that influence the

fracture toughness in the wet state will change the fact that the
wet materials have higher toughness than the dry ones. The wet
ones will generally have ability to plastically deform to a greater
extent than dry particulate materials with otherwise the same
characteristics.

Table 2. Young’s modulus and critical strain energy release rate for the wet and dry
samples of varying volume fraction. Included is the determined contribution of the
plastic deformation/flow in the wet samples (y}) to the fracture energy.

Wet Dry
Solids  Young’s Gy Young’s G Yo
Modulus (2y + y,) Modulus  (2y)
(vol%)  (GPa) (J/m2) (GPa) (J/m? (J/m?)
35 7.09 0.1732 29 0.0111 0.1620
50 6.2 0.1053 2.96 0.0051 0.1002
60 5.09 0.1225 4.97 0.0056 0.1169

Conclusions

A method has been developed that for the first time enables
direct quantitative measurements of the fracture toughness of
particulate materials over a wide range of saturations from
nearly saturated to completely dry. The nearly saturated
materials have significantly higher toughness than the dry
materials. This is the first time such difference has been directly
quantified. The fracture surfaces of the nearly saturated
materials are wavy, a characteristic of ductile fracture where
significant plastic deformation occurs ahead of the crack tip.
The dry sample fracture surfaces are smooth indicative of brittle
fracture that occurs without any significant plastic deformation
of the material. Analysis of the fracture toughness
measurements as a function of relative flaw length has been
used to determine the size of the process zone and the flaw size
independent fracture toughness. The additional dissipation due
to the plastic deformation ahead of the crack tip in the wet
materials compared to the dry materials is an order of
magnitude, or more, greater than the energy needed to create
the new surface area. These conclusions will be useful to better
describe and predict drying cracks.
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