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Abstract

Inappropriate mechanical properties of spray-dried powder compacts lead to significant green product losses, entailing considerable costs in ceramic
tile manufacture as well as serious environmental problems. In addition, green strength can be indicative of how well a ceramic processing system

is working.

In this study, granules were prepared by spray drying a red clay slurry used in floor tile manufacture. The resulting granules were characterised
and their porosity, morphology, and mechanical behaviour were determined.

The study analyses the fracture properties of green ceramic materials using Linear Elastic Fracture Mechanics (LEFM), which has been widely
used for fired materials, but whose application to green compacts has drawn much less attention. Two types of tests for determining fracture
parameters (fracture toughness, fracture energy, and crack size) in green materials are also critically examined. Finally, the fracture parameters
have been correlated to the microstructural characteristics of the compacts, in particular to granule size and the topography of the fracture.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Green mechanical strength is a key property in green pressed
bodies, since it is essential these compacts should be able to
withstand, without damage, the thermal and mechanical stresses
they undergo during the pre-firing stages. In addition to green
handling considerations, green strength can be indicative of how
well a ceramic processing system is working =3, Defects orig-
inating in the earliest processing stages have been shown to
persist into the final product 3. Current product losses from
cracking and breakage of green tiles are estimated at 3%, while
fired product losses from cracks in green tiles are estimated
at about 2%. This means that in Europe alone, every year, the
losses associated with tile cracks and breakage amount to about
200 million euros, in addition to some 625 000 tons of solid
wastes that mainly go to landfills. Powder compact strength is
also of interest from a scientific viewpoint, since it provides
information on the packing structure and particle interaction
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forces. The strength of green bodies has thus been the subject of
numerous studies. In order appropriately to explain a material’s
mechanical behaviour during fracture and to attempt to relate
a material’s mechanical strength to its microstructural charac-
teristics, or to try to explain the role of ceramic processing in
mechanical strength, it has often been necessary to use fracture
theories such as Linear Elastic Fracture Mechanics (LEFM).
Indeed once tensile strength, o¢, and fracture toughness, Kic,
have been determined, critical crack size, a, can be calculated
using LEFM. This approach is very interesting when the critical
crack size can be related to processing conditions or microstruc-
tural characteristics. Few attempts have been made, however, to
apply LEFM to failure in green bodies. For porous particulate
solids with low volume fractions of polymeric binders, Adams
et al. 8, and later Ennis et al. 2, obtained fracture toughness,
K I‘E, from the fracture stress of straight-notched bars, o, by the
three-point bend test (single-edge notched beam) SENB, using
the following equation:

Kit = Yo(a)'/? 1)

where a is effective crack length and Y is a function of a,
the geometry and loading of the body '°. The value of a is
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given by the sum of notch depth ag, and a quantity o/, obtained
together with Kf*c by fitting the pairs of values (o, ag) to the
equation:

1/2

Kit = Yo(ag + d) 2

For these researchers critical crack size, a’, does not represent
a natural flaw size but a process zone ahead of the crack tip
where microcracking occurs, since critical crack size, which is
several times larger than particle size, is not sensitive to binder
composition, porosity, or particle size.

Bortzmeyer et al. !! determined the fracture toughness of
a green zirconia body, also using three-point bend bars with a
straight notch (SENB). To calculate fracture toughness, KIBC,
they applied Eq. (2), assuming that notch depth, ag, practically
coincided with effective crack length, a. This is an acceptable
assumption when the critical crack size, @, is much smaller than
ap.

Bortzmeyer calculated critical crack size, according to the
most common procedure, from bending strength, o¢, and the
value of K FC’ from the following equation:

[ Kic :
= (%) v

The critical crack size, a (about 200 wm) calculated in this
fashion was much larger than the maximum pore size (about
0.2 wm), determined by mercury porosimetry, and depended on
forming conditions. Thus, critical crack size, a, decreased as
pressed compact density increased.

Lan et al. ' determined the fracture toughness of spray-dried
alumina powder compacts from the fracture work per unit cross-
sectional area, G¢, and the elastic modulus, E, using the equation
derived by Irwin:

Kic = (EGo)'/? 4

Gc was obtained by integrating the load—displacement curve
of the unnotched bars tested at a very low cross-head displace-
ment rate (=20 um min’l), because the fracture behaviour of
the green bars at this rate was non-catastrophic. Critical crack
size, a, obtained from Eq. (3), was found to be independent
of compaction pressure, compact relative density, and granule
hardness. In addition, the critical crack size, a (about 300 pm)
was five or six times the granule size.

More recently, Zhang and Green '3 and Uppalapati and Green
14 determined the fracture toughness of spray-dried powder com-
pacts by notched diametral compression tests. Surprisingly, the
calculated critical crack sizes, a, obtained from Eq. (3), increased
with increased compaction stress. Just as the other researchers,
they found that the magnitudes of the calculated critical crack
sizes were relatively large (about 1 mm), several times the gran-
ule size (about 200 wm). It is hypothesised that subcritical crack
growth can occur prior to failure at sites where the voids and
defects in the compact coalesce, resulting in the large critical
crack size. However, the effect of pressing pressure on critical
crack size is inexplicable.

The chevron-notched three-point bend test (CNB) is often
used to measure the fracture toughness of brittle materials such

as ceramics, since it is a relatively simple experimental pro-
cedure while, in brittle materials, use of the chevron-notched
specimen alleviates the problem of introducing pre-cracks in the
sample. In addition, it is possible to calculate fracture toughness
without measuring crack length or the load point displace-
ment, using only the maximum load value recorded during the
test 1. In addition, once the continuous load—deflection curves
have been obtained, the fracture work can be calculated, since
crack extension is always controlled. Chevron-notch geome-
try presents an increasingly larger crack front to the advancing
crack, thus forcing the crack to extend in a stable manner over
the complete area of the chevron notch. This requirement can-
not be readily achieved by standard three-point beam bending
tests (notched or unnotched). Furthermore, with the CNB pro-
cedure, fracture toughness is practically independent of notch
width %17 in contrast to what occurs with the SENB test
11,18

Despite the advantages of the CNB test, and though it has
been considered appropriate for the determination of toughness
in highly porous materials, it even being recommended for green
bodies %20, the test has never been used to characterise spray-
dried powder compacts. Similarly, a literature search found no
study on the effect of granule size on the fracture properties of
green powder compacts, even though this characteristic has a
notable effect on green 2123 and fired 2* mechanical properties.
Moreover, an examination of the effect of granule size on green
characteristics and properties becomes of even greater interest
if it is taken into account that almost all studies are conducted
with granules obtained in pilot spray-driers, the granules thus
being smaller than those produced on an industrial scale. This
study has sought, first, to apply LEFM to the failure of spray-
dried pressed compacts, and to determine the effect of granule
size on body fracture properties and the relation between these
properties and the microstructural characteristics of the pieces.
Secondly, a comparative study has been conducted of the three-
point bend test with straight-notched bars (SENB), the most
widely used procedure, and the chevron-notched three-point
bend test (CNB), with a view to using the latter in subsequent
studies.

2. Experimental
2.1. Materials and slurry preparation

Slurries of stoneware floor tile compositions were obtained
2l They were prepared in industrial discontinuous ball mills
(SACMIMTD 380) by mixing red clays, wastewater, and defloc-
culant (tripolyphosphate—metasilicate 3:1 in weight). The water
used was very hard; its specific electrical conductivity was
1980 pS/cm. In order to select the optimum solids and defloccu-
lant content, flow curves were determined using a Bolin CS-50
rheometer. The flow curves of slurries with the optimum defloc-
culant content (0.75 wt%) and different volume fraction (¢) are
shown as examples in Fig. 1.

In order to attempt to relate resulting granule characteristics,
such as morphology and porosity, to the rheological behaviour of
the slurries 23, the flow curves were fitted to the Casson equation
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Fig. 1. Influence of volume fraction, ¢, on the slurry flow curve. The data have
been fitted to the Casson model, Eq. (5).

26.

05 = 05 4 o703 (5)
where 7 is the shear stress, 7y the apparent yield stress,  the
shear rate, and 1, a viscosity limit for infinite shear rate.

The values of 7y and 7. for these suspensions have been
plotted in Fig. 2. Both are observed to increase with ¢, the
effect of ¢ on 7y being very pronounced for values of ¢ > 0.425.
Since appropriate slurry discharge from industrial discontinu-
ous mills requires that slurry rheological behaviour at low shear
rates should be characterised by low apparent yield stress (zy),
in view of the results of Fig. 2, a volume fraction of ¢ = 0.40
was selected as optimum solids content. The particle size dis-
tribution of the milled powder, measured by X-ray scattering,
Sedigraph, is plotted in Fig. 3.

2.2. Spray drying and powder characterisation

An industrial spray drier (SACMI ATM 110) was used to
obtain ceramic granules. The spray drier is classified as a mixed
flow spray drier, based on the directions of air and product flow
through the drying chamber 2’. The atomisers are spray pressure
nozzles, through which slurry is pumped at high pressure. The
spray nozzles are mounted on a series of radially arranged lances
in the middle of the chamber, hot air being fed into the top
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Fig. 2. Influence of volume fraction, ¢, on 7y and 1 of the Casson model, Eq.

(5).
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Fig. 3. Slurry particle size distribution.

of the chamber. The maximum water evaporation capacity is
11 000kg/h. The tower inlet temperature was about 550 °C and
the exhaust air temperature was above 100 °C.

The granule size distribution of the resulting powder, SD, was
log normal with a geometric median diameter of 345 um and
geometric standard deviation of 230 wm. The SD powder was
separated by hand sieving into two granule size fractions: coarse
(400-500 pm), C, and fine (100-200 pwm), F. The pore size dis-
tribution in the granules was determined by mercury intrusion
porosimetry.

Granules were also examined using electron microscopy. The
relative volume of the single large internal cavity present in the
hollow granules was determined for the F and C powders using
standard quantitative stereological methods on polished cross-
sections of the granule samples mounted in epoxy 2. At least
130 cross-sections were counted for each fraction.

Prior to compaction, the moisture content of the three pow-
ders was adjusted to 0.05 kg water/kg dry solid, and the powders
obtained were stored for at least 72h. Compaction curves
were prepared by compacting 20 g samples of the three spray-
dried powders at a rate of 1 mm/min in a cylindrical steel die,
40 mm in diameter, using a universal testing machine. Load and
displacement were automatically recorded up to a maximum
pressure of 40 MPa. Once the final dimensions of the resulting
compact had been determined, the log pressure—compactness
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Fig. 4. Compaction curve of the fine fraction, F. Determination of apparent yield
pressure, Py.
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Fig. 5. Single-edge notched three-point bend specimen.

response (compaction diagram) could be back-calculated from
the load—displacement curves. Corrections for springback and
the deformation were made, as described by Mort et al. 28, The
apparent yield pressure, Py, was determined from the inter-
section of two straight lines fitted to the low-pressure and
high-pressure legs of the compaction diagram 2°-32 (Fig. 4).
Apparent yield pressure, Py, is believed to be a measure of the
granule strength 2%30-33 Five experiments were conducted for
each powder.

In order directly to measure granule mechanical strength, oG,
at least 15 individual granules were tested by subjecting them to
compression stress, recording the force with a 10 N Instron load

cell. Mechanical strength, oG, was calculated from the equation
34.

2.8Fg
2
nDg

(6)

ofG =
where Dg is granule diameter and Fg the breaking load.

2.3. Pressing and characterisation of the bars

Bars for mechanical testing were formed by pressing each
powder in a 80 mm x 20 mm rectangular steel die in a hydraulic
laboratory press, using a maximum pressure of 30 MPa and
powder moisture content of 0.05 kg water/kg dry solid (indus-
trial pressing conditions). The resulting bars were then dried at
110 °C for 3 h. Bulk density of the dry bars was determined by
mercury displacement 3> and bar pore diameter distribution was
determined by mercury intrusion porosimetry.

Surface topography profiles of the dried compacts were
obtained by a non-contacting laser profilometer. Surface profile
roughness was quantified by calculating the average roughness,
R;, and root mean square profile height, Ry 3637 The surface
area above any valley depth was calculated from the digitised
surface profile. This bearing—area curve is also called the Abbott
curve®s.

In order to determine test bar flexural strength, o, and
Young’s modulus, E, the 80 mm x 20 mm x 7 mm bars were
broken in three-point bending. The distance between two roller
supports was S =60 mm. Cross-head speed during all mechani-
cal testing was 1 mm/min.

The following tests were used to determine fracture toughness
and fracture work:

1) Single-edge notched beam test (SENB).

The test specimen was a bar of length L =80 mm, width
b=20mm, and thickness #=12mm. A number of notches,
0.3 mm wide and of different depth, ag <8 mm, were made
in the centre of the bar by abrasive cutting with wheels.
The bar was positioned centrally on two roller supports a
distance S=60mm apart with the notch on the underside
(Fig. 5). Fracture toughness was calculated according to the
Adams et al. ©8, and Bortzmeyer et al. ' methods, indi-
cated above. The method of calculating fracture work per
unit cross-sectional area, Gé, depended on crack stability,
which was governed for these materials by notch depth, ag.

For stable fracture, according to Adams et al. 6-8.
U
Go=—" @)
b(h — a)

«—p—

Fig. 6. Chevron-notched three-point bend specimen.
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Fig. 7. Typical granules used to prepare specimens for mechanical testing: (a) fine granule, F and (b) coarse granule, C.

where U is fracture work, obtained by integrating the
load—displacement curve.
ii) Chevron-notched three-point bend test (CNB).

The test specimen was a bar of 80 mm x 20 mm x 12 mm
with a chevron notch (Fig. 6), known as the Tattersall-Tappin
specimen configuration. The characteristic dimensions of the
notchare: o) =ey/h=1and ag =ep/h =0.2, the value o] = 1 being
preferred 3°.

Fracture toughness, KICC, was calculated as follows:

P,
C max
KIC = 7Ymin

where Ppax 18 the maximum fracture load, and Yy, the minimum
geometry correction factor, which depends on the dimensions of
the notched specimen.*°

The fracture work per unit cross-sectional area, Gg, was
calculated from the following equation:*°

GE = v
€7 bh[1 - 1/2(a1 + ap)]

®

3. Results and discussion
3.1. Granule characteristics

Fig. 7 shows typical granules that were used in this study.
Granule characteristics are listed in Table 1. The uncertainty cor-
responds to a 95% statistical confidence level. The granules were
hollow, roughly spherical, and contained a single large spherical

Table 1
Granule characteristics

cavity connected to the external surface by a single large channel.
This result is consistent with the mechanism proposed for spray
drying a deflocculated slurry.?>?7 It is believed that clay parti-
cles, atalow slurry apparent yield stress, are drawn to the droplet
surface with the capillarly induced moisture flow to form a rigid
shell. A partial vacuum forms inside the droplet, so that the
granules collapse near the end of the drying process. In contrast,
when the slurry yield stress is sufficiently high to immobilise the
particles against the drag force from the migrating water, solid
granules are formed.

Polished cross-sections of a coarse granule, C, and fine gran-
ule, F, are shown in Fig. 8. The coarse granules displayed the
highest ratio of large internal cavity size to granule size. This
finding is consistent with the volume fraction values of the large
voids of the granules, determined by quantitative stereology
(Table 1).

The intragranular porosity distribution curves (interstitial
voids in the granule primary particle packing) for the C, F, and
SD powders were identical (Fig. 9). Pores larger than 10 pm
were found in the pore size distribution in packed beds of F
and C spray-dried granules before pressing. However, they were
assumed to correspond to the space between granules and were
omitted in this figure, which shows that the most frequent pore
size (about 0.30 wm) is about 10 times smaller that the average
particle size (about 3 wm, Fig. 3). This result is consistent with
the observed granule morphology and the rheological character-
istics of the slurry, so that dense particle packing results from
the dispersed slurry.

As may be observed in Fig. 9, the pore size distributions of
the F and C spray-dried granules after pressing at 30 MPa are

Powder Intragranular pore volume Volume fraction of large voids Apparent yield pressure, Py (MPa) Granule mechanical strength,
(cm3/g) in granules osg (MPa)

SD 0.197 £ 0.002 - 0.44 £ 0.03 -

F 0.196 £ 0.002 0.065 £+ 0.016 0.48 £+ 0.04 1.38 £ 0.18

C 0.197 £ 0.002 0.107 £ 0.021 0.28 £+ 0.02 0.64 £ 0.15
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Fig. 8. Polished cross-sections showing the internal structure of typical granules: (a) fine granule, F and (b) coarse granule, C.

monomodal (intergranular pores are not detected) and there are
no differences between the curves corresponding to the F and C
sets of bars. Table 1 shows further that apparent yield pressure
of the powder increases as average granule size decreases, espe-
cially when the F and C powders are compared. This behaviour,
commonly observed in spray-dried powders *!~#3, basically
occurs here because increased granule size is accompanied by
a considerable increase in the relative size of the single large
internal cavity.

Table 1 also gives granule mechanical strength, calculated
from Eq. (6). This equation assumes that the granule is homoge-
neous and solid, and that fracture starts at the granule centre 44,
which is not true for the granules used. This equation is custom-
arily used, nonetheless, to characterise granules mechanically,
whether the granules are hollow or solid. In the studied case,
when granule diameter increases, centre cavity size increases
more markedly, which might explain the difference in mechan-
ical strength between the F and C fractions.

Comparison of the values of oG and Pf shows that both follow
the same trend when granule size is varied.

3.2. Mechanical strength and Young’s modulus

The mechanical strength, of, and Young’s modulus, E, of
the test bars made under standard pressing conditions from

S
(8]

— — Before pressing, C
—— Before pressing, F
= m After pressing, C

w After pressing, F

Pore volume frequency (cm?3/g)
o

o

0.001 0.01 0.1 1 10
Pore diameter (um)

Fig. 9. Intragranular pore size distribution in packed beds of spray-dried gran-
ules before pressing and after pressing at 30 MPa, for fine granules, F, and coarse
granules, C.

the as-received spray-dried powder, SD, its coarse fraction, C,
and fine fraction, F, are detailed in Table 2. Twelve bars were
tested for each powder. The table includes the average compact-
ness values, ¢, of the test bars. It shows that, at the forming
values used (pressing pressure =30MPa and pressing mois-
ture = 0.05 kg water/kg dry solid), bar compactness, ¢, and pore
size distribution (Fig. 9) are practically independent of granule
size 3143, Only small differences are to be observed between
the values of ¢ corresponding to the F and C series. The same
applies to the elastic modulus, E. In contrast, the effect of aver-
age granule size on bar strength is significant as already observed
in other studies.?!??

3.3. Fracture toughness

To illustrate the problems of applying a simple linear analysis
like that of Bortzmeyer et al. ', Fig. 10 displays a plot of K E: as
a function of ao/h for the three sets of bars, calculated from Eq.
(2), assuming that @ = ayp; i.e. notch depth, ag, coincides with
effective crack length, a. It shows, as noted in the introduction,
that for high ag/h values, the values of K Fc are independent of this
ratio. In contrast, for low ag/h values, the values of K PC decrease
as ag/h decreases, this effect being greater as average granule
size increases. It also shows that the value of ag/h beyond which
K 11%: no longer depends on this parameter increases with granule
size. Both facts suggest that critical crack size, @/, increases with
average granule size. In addition, the average toughness value,
K E:, is observed to depend very little on granule size (Fig. 10,
Table 3). Indeed, the differences between the average values of

Table 2

Compactness, ¢, mechanical strength, o, and Young’s modulus, E, of the sets of
bars made from the as-received spray-dried powder, SD, coarse powder fraction,
C, and fine powder fraction, F

Set ) of (MPa) E (GPa)

SD 0.7381 £ 6 x 1074 3.33 £ 0.05 3.32 +£0.04
F 0.7370 £ 1 x 1073 3.56 + 0.07 3.20 £+ 0.06
C 0.7423 £ 5x 1074 3.07 £ 0.07 3.44 + 0.07
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Fig. 10. Plots of K?C, as a function of agp/h, calculated from Eq. (2) for the SD,

C, and F sets of bars.

Table 3
Fracture toughness values of the SD, C, and F sets of bars, obtained using
different procedures

Set KE. (MPam'?) K& (MPam'?) KG (MPam'?)
SD 0.147 + 0.003 0.175 % 0.005 0.168 = 0.004
F 0.142 + 0.004 0.160 % 0.002 0.159 % 0.004
C 0.150 + 0.008 0.180 % 0.007 0.175 + 0.003

KFC for each series are of very little significance, since they are
smaller than the measurement scatter. In view of the results of
Fig. 10, the procedure used by Adams,% for the simultaneous
calculation of Kf*c and &’ was applied. According to this author,
when the values of the fracture stress of notched bars, o, are
initially plotted versus 1/(Y+/ag + @), for values of a’ =0, the
curved line shown in Fig. 11 is obtained. Values of ¢’ are then
judiciously introduced until, by means of an iterative process,
the optimal value of @’ is obtained which linearises the foregoing
curve (Fig. 11). The slope of this straight line is K%- Table 3
presents the values of Kfc and Table 5 details the values of @’
obtained by this method for the three series.

The results of the chevron-notched three-point bend test, K ICC,
for the three sets, which each comprised 12 bars, are given in
Table 3. The results indicate that the values of Kf*c and KICC

3.5
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0 a'=0.45 mm

o
o

0 5 10 15 20 25 30
Yy G va (mme)

Fig. 11. Plots of o as a function of 1/Y+/ao + a’ from notched bars prepared
with coarse granules, C.
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Fig. 12. Experimental load—deflection curves for SENB specimens of the stan-
dard set, SD.

corresponding to each series practically coincide and are slightly
higher than those obtained by the Bortzmeyer procedure, KFC,
which assumes a’ to be negligible in the toughness calculation.
Furthermore, a slight dependence may be observed of K?C and
K ICC on average granule size, especially when the results of the
extreme series F and C are compared. The fact that the elastic
modulus, E, follows the same trend as K f?: and K ICC for the F and
C series, to which also extreme values of Pf and oG correspond,
suggests a slight influence of granule hardness or deformability
on these mechanical properties.

3.4. Fracture work G‘é and Gg

The method of calculating Gé, using the single-edge notched
beam test, depends on crack stability. Each set of bars exhib-
ited a range of fracture stabilities depending on notch size, ag.
Usually only the bars with the highest notch depths displayed
fully stable fracture in the three sets. Typical force—deflection
curves for notched bars, displaying increased fracture stability
with increasing notch depth, are shown in Fig. 12 for the standard
set, SD. This behaviour is analogous to that found by Adams ©.
Fig. 13 presents the plot for the standard set, SD, of the values of
Gé calculated from Eq. (7), considering the following two cases:
a =aganda = ag + d’, where @’ =0.45 mm, the value obtained
for this series by the Adams procedure. In both cases, the values

16.00

14.00

e3=a,

Oa=a,+a’

0.00 T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7

a’h
Fig. 13. Variation of Gé with a/ h, for the SD set, considering: (i) @ = ap and
(ii) @ = ag + @', where a’ =0.45 mm.
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Table 4
Fracture work, Gé and Gg, and fracture toughness values (K%C)A and (K%C)C,
calculated from Eq. (4), for the SD, C, and F sets of bars

Table 5
Critical crack size calculated from Eq. (2), &', and critical crack size calculated
from Eq. (3), a, of the values (KQ), a(KG), and (KE.), a(KE.)

Set GAUMY) (K10 MPam'?)  (GS" /m?)  (K')" (MPam!?)  Set d' (mm) a(KE.) (mm) a(K) (mm)
SD 828 +£0.73 0.166 % 0.007 8.67 £0.20  0.170 £ 0.002 SD 0.45 £ 0.05 0.65 £ 0.03 0.68 £ 0.03
F  835+£056 0.163 £ 0.009 8.54 £0.17  0.165 £ 0.002 F 0.35 + 0.05 0.55 + 0.03 0.56 + 0.02
C  930+084 0179 £ 0.011 972 £026  0.183 £ 0.003 C 0.95 + 0.07 0.89 £ 0.06 0.92 £ 0.05

of Gé decrease as fracture stability increases (a/h increases)
until reaching a practically constant value for the largest a/h
values, corresponding to a completely stable fracture. In addi-
tion, when the value a’ =0.45 mm is considered in the fracture
work calculation, the calculated values of Gé are a little higher.
The other series behave similarly to the analysed series. The val-
ues of Gé corresponding to each series are detailed in Table 4.
Each value of Gé is the average of the bars with the highest
a/ h values (4 or 5 specimens), for which Gé moves around an
average value.

Unlike the SENB test, crack extension is always controlled
(stable fracture) in the CNB test, as Fig. 14 shows. The values of
Gg were calculated from Eq. (9) for the three sets. The results
are given in Table 4. Comparison of the values of Gg with those
of Gé shows that the average fracture work values obtained by
the CNB test, GS, are slightly higher than those obtained by
the SENB test, Gé, though the differences cannot be consid-
ered significant, since they are smaller than the measurement
scatter in the SENB test. Furthermore, the measurement scatter
corresponding to the CNB test is observed to be much smaller
than that of the SENB test. In addition, comparison of the F and
C series results shows that the values of G¢, just like those of
Kjc and E, increase slightly with average granule size, probably
because of the greater compactness of the bars obtained with the
coarsest granules as a result of greater granule deformability.

The values of K}C have been calculated from the values of
Young’s modulus, E (Table 2) and Gé and Gg (Table 4), using
Eq. (4). The results are given in Table 4. Comparison of the

values of (K%C)A and (K%C)C calculated from Eq. (4) (Table 4)
with the experimentally determined values, K IBC, K fAC’ and K%

25

20 1

Load (N)

10 1

0 0.1 0.2 0.3 0.4 0.5 06
Deflection (mm)

Fig. 14. Experimental load—deflection curve for a CNB specimen of the standard
set, SD.

(Table 3) shows that, with the exception of the values of KFC
(obtained according to the Bortzmeyer procedure), the other pro-
cedures yield very similar toughness values for each series. In
regard to the measurement scatter, however, the results obtained
for (K%C)A from G2, applying the Irwin equation, are clearly
unfavourable.

3.5. Critical crack size, @', and a. Relation to the textural
characteristics of the piece

Table 5 gives the values of critical crack size, @', calculated
by the Adams procedure, Eq. (2), and the values of critical crack
size, a, calculated from Eq. (3), using the fracture toughness val-
ues obtained according to the Bortzmeyer procedure, a(K FC), or
those obtained by the CNB test, a(KFC). Although there is a
certain difference between the values obtained by the different
procedures, the values of @’ and a increase monotonically with
average granule size. In addition, critical crack size, whether
calculated as @’ or a, was about twice the granule size, in con-
trast to the results obtained by other researchers, who reported
much higher values for this relation®%!1-14_ The marked effect
of granule size on critical crack size and, hence, on bar mechan-
ical strength, o¢ (since the effect of granule size on toughness
is small) may be expected to manifest itself in certain textu-
ral or microstructural, surface and/or internal characteristics of
the compact in relation to original granule size. The external
and fracture surfaces of the F and C sets of bars were there-
fore observed, first, by SEM (Fig. 15). The external surface of
these pieces was then characterised, quantitatively determining
the surface topography (Fig. 16) with a non-contacting laser pro-
filometer. The bearing—area curves were also used to quantify
the surface topography (Fig. 17a). In this figure the depth of the
valleys in the surface profile has been plotted versus the surface
above a given depth, expressed as a percentage. The graph shows
that valley depth, which is proportional to the size of the inter-
granular voids, is smaller for the F compact than the C compact,
since the bearing—area curve of the F compact lies above that of
the C compact. Analogously, the valley depth distribution curve
of the C compact surface profile is shifted to notably larger values
than the corresponding F compact curve (Fig. 17b). In addition,
the values of the surface density of deep valleys (above 10 pm),
of average roughness, R,, and root mean square profile height,
Ry, corresponding to the F compact are significantly smaller than
those of the C compact (Table 6). In contrast, the total surface
density of valleys is greater for the F compact, since the surface
density of intergranular voids increases as granule size decreases
(Fig. 15a and b).



J.L. Amords et al. / Journal of the European Ceramic Society 28 (2008) 2823-2834 2831

wD /1

1040 02 miiar grua: 1 mda (1916.1)

Finos (1916N)

Fig. 15. SEM micrographs of pressed surfaces and fracture surfaces of C (a and c¢) and F (b and d) bars.

These findings clearly evidence notable textural and  porosity is no longer detected by mercury porosimetry (Fig. 9),
microstructural differences between the F and C compacts, both the boundaries between the granules and the porous areas around
at the surface and inside the pieces. The differences are caused  the granules remain clearly visible, especially at the compact sur-
by the persistence of distinct granules, under the typical form- face (Fig. 15a and b). Indeed, these surfaces are a result of the
ing conditions used in industrial practice: though intergranular ~ pressing action of the punch face against the top surface of the
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Fig. 16. Topographic profilometer images of test bar surfaces: (a) fine compact, F and (b) coarse compact, C.
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Fig. 17. (a) Bearing—area curves for F and C compacts. (b) Valley depth distribution for F and C compacts.
Table 6
Summary of the topographic results for the F and C compacts
Set Surface density of deep valleys (>10 wm) (no. of valleys/mm?) Total surface density of valleys (no. of valleys/mm?) R, (pm) Rq (pm)
F 32+£02 210 £+ 20 1.4 +02 20+ 04
C 44 £02 180 £ 15 35+04 4.6 £05

powder in the die. Friction between the powder and punch may
slightly exaggerate the number of defects compared with the
interior of the compacts. Nevertheless, the pressed surface still
provides a good indication of the large intergranular pores and
granule boundaries 2°. Two typical defects are clearly visible
in Fig. 15a and b: large intergranular pores and granule inter-
faces between two compacting granules, defect size obviously
depending on granule size.

Although these micrographs (Fig. 15a and b) apparently dis-
play many large pores in the green bodies, Fig. 9 shows that the
large pores are not determined by mercury porosimetry. This
seemingly conflicting outcome occurs because the volume frac-
tion of the void space around the unfractured granules becomes
negligibly small compared with the total volume fraction of
pores.

In addition, the typical fracture surfaces of spray-dried com-
pacts C and F exhibit a mixture of transgranular and intergranular
failure, since there are still granules left whose contacts with
other granules are weak (intergranular failure); however, most
such contacts are strong, since few granules are distinguished at
the compact fracture surface (transgranular failure) (Fig. 15¢
and d). Since crack paths follow the weakest links (namely,
intergranular boundaries or voids), cracks may be expected to
originate at these defects, flaw size being very similar to original
granule size. On the other hand, no significant subcritical crack
growth by coalescence of microcracks originating at a defect
is needed to reach critical crack size and subsequent fracture
in these compacts, because critical crack size is only a little
larger than the granules. This last finding contrast to the results
reported by other researchers, in which it was found that this
fracture mechanism (subcritical crack growth) needed to develop

considerably %12-14_ Although there are important differences
between the characteristics of the compacts studied in this paper
and those that appear in the literature cited previously (gran-
ule size, compact porosity, nature of the material, and particle
size distribution), the authors believe that the use of polymer
binders in forming the pieces is the most important reason for
the pieces to display, during fracture, significant subcritical crack
growth or a process zone ahead of the crack tip. Spray-dried
compacts thus exhibit viscoelastic properties '4, unlike those
obtained in this study, which had no organic binders and were
dry, and therefore displayed much more elastic behaviour ', The
viscoelastic behaviour noted may be attributed to the ductibil-
ity of the organic binder, which is moreover highly dependent
on relative humidity. Therefore, bonds between particles can
undergo larger shear displacement before failure, thus result-
ing in increased failure strength and non-linear behaviour of the
load—displacement curve. In addition, at 50% relative humid-
ity (ambient conditions), at which many mechanical strength
tests are conducted, the ductibility of the organic binder and the
compact is high.

4. Conclusions

The following conclusions may be drawn from the study:

e Under optimum rheological conditions of the slurry, i.e. max-
imum solids content (¢ = 0.40) compatible with low apparent
yield stress (ty < 10 Pa), the granules obtained by spray dry-
ing were hollow (containing a single large open void or crater)
and displayed high particle packing density.
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e When the as-received spray-dried powder (SD), the coarse

powder fraction, C (400-500 wm) and the fine powder frac-
tion, F (100-200 pm), obtained by hand sieving SD, were
characterised, the relative volume of the single large inter-
nal cavity was observed to be notably larger in the coarser
granules than in the finer ones. The remaining studied mor-
phological and structural characteristics did not alter with
granule size.

The apparent yield pressure, Py, and the granule strength,
osg, of the C fraction was much smaller than those of the
F fraction, owing to the smaller relative volume of the large
internal cavity of the latter.

Fracture toughness, determined by the SENB method,
depended on the relative depth of the notch when the notch
was small. In addition, this dependence was a function of
granule size. Such behaviour may be explained by consider-
ing the existence of a crack or process area whose size is not
negligible in relation to that of the notch.

The fracture toughness values obtained by the SENB method,
considering a non-negligible crack length in relation to the
notch, were very similar to those obtained by the chevron-
notched beam (CNB) procedure, which does not require
specification of a crack length in order to calculate tough-
ness, and is not as sensitive as the SENB method to notch
width.

As the relative depth of the notch increased in the SENB test,
fracture became more stable. For sufficiently deep notches,
the energy obtained approached that determined by the CNB
test, in which fracture was always stable. The measurement
scatter found with the CNB method was smaller than that
found with the SENB method.

The values of Kic, Gc, and E increased slightly with granule
size, possibly as a result of the greater deformability and lower
strength of the coarse granules.

Crack size or process zone length increased with granule size.
In addition, the value determined for this length was twice
the size of the granule, unlike the results obtained by other
researchers, who report much larger crack lengths.

Compact topography, with the determination of the surface
density of the deep valleys and surface roughness of test bars
prepared from either fine or coarse granules, displayed signif-
icant differences, which were correlatable to the crack length
values obtained from LEFM. In addition, these defects might
initiate fracture of the compact, so that coalescence phenom-
ena might have a more limited extension than that suggested
by other authors.
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