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bstract

his paper presents a comparative study of three- and four-point bending tests and diametral compression (DC) tests, used to measure the mechanical
trength of green pressed compacts. The study has been conducted on pressed ceramic test pieces, formed at different pressing conditions. It was
ound that Weibull statistics largely explained the differences in the results of the three-point and four-point bending tests. However, Weibull
tatistics could not explain the much lower mechanical strength obtained with the diametral compression tests. The study establishes a correlation
etween the bending and DC tests; however, this correlation depends on moisture content, which is directly related to the plasticity of the piece.

his finding confirms that the types of mechanical tests studied do not have the same sensitivity to the factors that lead to fracture. The differences

n mechanical strength between the bending and DC tests were explained using a suitable fracture criterion (based on maximum strain) and plastic
eformation.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Dry pressing is an economical yet versatile technique for high
olume production of ceramic parts with low to moderate geo-
etrical complexity. Green mechanical strength is one of the
ost important properties of green pressed bodies, since it is

ssential these compacts should be able to withstand the ther-
al and mechanical stresses they undergo during the pre-firing

tages without deterioration. In addition to green handling con-
ideration, green strength can be indicative of how well a ceramic
rocessing system is working.1–3 Defects originating during the
arliest stages of processing have been shown to persist into the
nal product.4–6 The absence of appropriate green tile mechan-

cal properties leads to product losses (in both unfired and fired
iles), with the ensuing costs involved in disposing of, or reintro-

ucing the arising scrap in the production process, in addition
o the associated environmental impact. Current product losses
rom cracking and breakage of green tiles are estimated at 3%,

∗ Corresponding author.
E-mail address: joseluis.amoros@itc.uji.es (J.L. Amorós).
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hereas fired product losses from cracks in green tiles are esti-
ated at about 2%. This means that in Europe alone, every year,

he product losses associated with cracks and breakages amount
o around 200 million euros, in addition to some 6.25 × 108 kg
f solid wastes that mainly go to landfills.

Historically, green strength has been evaluated using three-
r four-point bending tests, and reported as modulus of rupture.
hese tests have been used to overcome the inherent difficulty
f tensile testing of elastic materials: unwanted stresses from the
ripping devices prevent accurate bulk measurements. A limita-
ion of bend tests is that only the surface is subjected to maximum
tress and failure is initiated by surface rather than bulk flaws.
he diametral compression test, also called the indirect ten-
ile test or Brazilian test, which was introduced around 1950
o measure the tensile strength of concrete7–9, has gained popu-
arity because of simplified piece preparation, simple geometry,
nd quickness of testing. Thus, it was very early implemented
n many technological fields, such as rocks10,11, ceramics12–15,

etal composites16, materials used in dentistry17–19, and materi-

ls used in the processing of pharmaceutical dosage forms.20–24

A significant distinction is to be noted, however, between
he tensile fracture stress obtained from the bending tests and

mailto:joseluis.amoros@itc.uji.es
dx.doi.org/10.1016/j.jeurceramsoc.2007.09.040
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hat obtained from the diametral compression test: the former
ertains to a strictly uniaxial stress state, while the latter is asso-
iated with a transverse compressive stress considerably greater
han the tensile stress. As a result, the tensile fracture stress
btained from the bending test (the uniaxial stress condition)
ill be greater than that derived from the disk test (a biax-

al stress condition). In addition, the ratio of bend strength to
iametral compression strength depends (in a complex way) on
he piece sizes used, and particularly on the nature of the material
tself.25,26 On the other hand, anomalous results may be obtained
rom this test when the material is relatively soft20 or exhibits a
imited plastic deformation before fracture.21–23

In the last three decades, diametral compression has become
he most widely used test in the green strength testing of pressed
eramic compacts.27–30 In the mechanical tests, however, these
ntermediate products can undergo appreciable macroscopic
lastic deformation, depending on their characteristics,31,32 pos-
ibly calling into question the applicability of the diametral
ompression test. However, a literature survey found no study in
hich the different tests for evaluating the mechanical strength
f pressed green ceramic compacts were analysed and com-
ared.
This paper presents a comparative analysis of the different
ethods proposed in the literature for the determination of the
echanical strength of pressed compacts, in terms of simplicity

n interpreting the experimental results and accuracy of these

i
m
(
c

Fig. 1. Flow chart of the test proce

Fig. 2. Schematic illustration of the experi
Ceramic Society 28 (2008) 701–710

esults. In addition, it has been attempted to explain the differ-
nces found between the mechanical strength values obtained
y the different tests.

. Experimental procedure

To conduct the study a granulated industrial spray-dried
ressing powder was used, with a stoneware floor tile-type of
omposition.33 The composition consisted of a mixture of red
llitic-kaolinitic clays with abundant quartz, to which a small
uantity of sodium tripolyphosphate and sodium metasilicate
as added as a suspension dispersant. The mean size of the

pray-dried granules was about 400 �m.
The mechanical tests were performed on test pieces of differ-

ng compactness, ф, formed by pressing (at different pressures,
, and different agglomerate powder moisture contents, Xp). The

est procedure followed is illustrated in the flow chart of Fig. 1. It
hows the importance assigned to the value of test compact bulk
ensity, as noted previously,35,36 since this variable is indicative
f the compact’s internal microstructure.

An Instron model 4502 universal testing machine was used to
erform the mechanical strength tests on the green ceramic bod-

es, loading at a rate of 1 mm/min. Three methods of measuring

echanical strength have been analysed: three-point bending
3B), Fig. 2a; four-point bending (4B), Fig. 2b; and diametral
ompression with direct load application (DC), Fig. 3a.

dure followed. See Ref. [34].

mental 3B (a) and 4B (b) test set-up.
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at present is Weibull statistics, which was ultimately chosen.

The strength data, σ (σ = σDC, σ3B, σ4B, calculated from the
equations in Table 1), have been analysed with the usual two-
parameter empirical formula relating the probability of failure,

Table 1
Equations used for the determination of mechanical strength. The meaning of
the geometric parameters is shown in Figs. 2 and 3

Method Equation
Fig. 3. Diametral compression test. (a) Experimental device with direc

The bending tests were conducted with parallelepiped test
ieces, L.b.h, set on two support rods separated by a distance S,
pplying the load, F, through one single top rod (3B) or through
wo top rods (4B) until fracture at F = FR. Bending tests are
ery sensitive, however, to the surface characteristics of the bar
ace that is subjected to tensile stress (the face opposite the one
nto which the load is applied) and, in addition, the two faces
f the pressed piece usually display quite different surface char-
cteristics, owing to the pressure gradient that develops in the
xial direction during pressing. As a result, in order to determine
he magnitude of both effects on the mechanical strength of the
iece, two series of experiments were prepared, each with six
est pieces, under the same pressing conditions; the bar face sub-
ected to tensile stress in the three-point bending (3B) test was
hanged from one series to the other. It was found that when
he face subjected to tensile stress was also the face onto which
he pressing load had been applied, the strength values obtained
ere 8% higher than when the opposite circumstance occurred.

n view of this, the most unfavourable situation was adopted as
criterion in all the bending tests conducted, i.e., subjecting the

ess pressed face to tensile stress.
In the diametral compression test, the test piece was a disk

ith diameter D and thickness h, and the load F, was applied at
wo diametrically opposite points until fracture at F = FR. This
deal loading (Fig. 3a), produces a biaxial stress distribution
ithin the elastic disk, which was calculated by Hertz in 1895,22

llustrated in Fig. 3b. The Hertzian solution shows that along the
oaded diameter, the normal stress, σx, is tensile and constant:

x = 2F

πDh
(1)

y, parallel to the loaded diameter, is a compressive stress. This
ncreases from 3σx at the centre of the disk to infinity beneath
he loading points. The shear stress is zero along the diameter
lane and hence σx and σy are the principal stresses on the plane.
n practice, the load needs to be distributed over a finite area to
void shear and/or compression failure at the loading points.26
he effects of load distribution are illustrated in Fig. 3b. The
tress distribution near the centre is virtually unaffected by the
hange in load distribution over a moderate area (load area width
.15 times the diameter of the disk).37 Near the ends σx becomes

T

F
D

F

application. (b) Stress distribution along the vertical diametral plane.

ompressive, while the previously high compressive values of
y are considerably reduced, and hence the possibility of disk

racture at the loading points. Thus, assuming that the maximum
ensile principal stress, σx, is responsible for the failure, the
ensile strength, σDC, (Table 1) is obtained by substituting FR
or F in Eq. (1).

Since these green compacts exhibit an appreciable plastic
nd elastic deformation prior to fracture, the applied load is
istributed on a sufficiently large contact area for fracture to
ccur by tension in the diametrical plane of the disk, in prin-
iple without requiring the use of pads or other means of load
istribution. When a thin graphite layer was applied onto the
lates and the track was measured at the edge of the disk after
he test had been conducted, it was verified that, even for the
east deformable disks, the ratio: length of the load distribu-
ion arc/test piece diameter was larger than 0.15. Fracture by
hear was not observed in any of the test pieces. In view of the
oregoing, direct load application was used, as other researchers
ave done, to determine the mechanical strength of the green
ieces.29–30

Given the scatter found in the experimental breaking load val-
es under the same test conditions (owing to the impossibility
f fixing, in an absolutely rigorous and accurate way, the inter-
al microstructure of the test pieces and hence the presence of
mperfections such as pores of varying size, small microcracks,
tc.), it was attempted to apply different statistical theories for
he experimental data treatment. The most widely used theory
hree-point bending (3B) σ3B = 3
2

S

bh2 FR

our-point bending (4B) σ4B = 3
2

S−S′
bh2 FR

iametral compression (DC) σDC = 2
π

1
Dh

FR

R is the load applied at fracture.
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Table 2
Characteristic dimensions of the test pieces and assemblies used in the tests for
determining mechanical strength

Method L (mm) D (mm) S (mm) S’ (mm) b (mm) h (mm)

3B 80 – 60 – 20 7
4
D
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B 80 – 60 30 20 7
C – 40 – – – 7

f, to fracture strength, σ,

f = 1 − exp

[
−

(
σ

σ0

)m]
(2)

here m (Weibull modulus) is a parameter that allows the scatter
f the experimental mechanical strength data to be characterised,
nd σ0 is a normalising factor. The strength data, σ, are ranked
n order and assigned a probability of failure, pf, according to
he formula pf = i/(N + 1), where ‘i’ is the ith piece. The Weibull
odulus, m, is the slope of a plot of ln[ln(1/(1 – pf))] vs. ln(σ).
To apply Weibull statistics, 25 pieces were prepared for each

perating condition. The pieces that failed to meet the constraint
mposed on the bulk density value (Fig. 1) were discarded. More
han 20 pieces were tested in every case.

Table 2 details the dimensions of the test pieces and of the
ssemblies used to conduct the different mechanical rupture tests
llustrated in Figs. 2 and 3.

. Results and discussion

.1. Dry and as-pressed mechanical strength of test pieces
ormed at different pressures and different agglomerate
owder moisture contents, Xp. Comparison between
ifferent tests

Disks and bars were formed under usual industrial pressing
onditions, P = 30 MPa and Xp = 0.05 kg water/kg dry solid, and
nder four other, extreme conditions that yielded very different
ompactnesses, ф and, hence, very different microstructures and
echanical behaviours from those found in industrial practice.
The three types of mechanical tests were conducted on as-

ressed and dry test pieces. The mechanical strength values were
reated by Weibull statistics. In order to compare the results with
hose reported in the literature, the coefficients of variation, CV,
f the measurements, as well as the ratio between the standard
eviation and the mean value of the measurements, σ̄, expressed
s a percentage, were also determined.

Table 3 details the results of the mechanical tests, together
ith the values of the pressing variables, P and Xp, used and the

esulting compactnesses (ф).
In general it was verified that the individual mechanical

trength values, σ, for each series of test pieces fitted the Weibull
tatistics quite well, since the plot of the values lnln(1/ps) vs. lnσ

ielded straight lines (Fig. 4), with correlation coefficients above

.9 in all cases, and above 0.95 in most.

In addition, the measurement scatter was generally small,
ven though appreciable differences existed between the coef-
cients of variation (CV) for each set of measurements. Thus,

fi
i
t
c
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he CV was <6% in all cases, except those corresponding to the
our-point bending (4B) tests of the as-pressed test pieces, σP

4B,
hich yielded high values (about 7% <CV < 10%). Analogously,

he Weibull moduli (m) were generally higher than 20; only the
alues corresponding to the series of test pieces indicated previ-
usly, σP

4B, were considerably lower (10 < m < 15). In any event,
he values obtained for CV and m were, as a whole, of the same
rder as those reported in the literature.26–28

On the other hand, it was verified that, independently of the
ype of test used, the mean mechanical strength values of both the
ry test pieces (σ̄d) and the as-pressed test pieces (σ̄p) increased
onsiderably with compactness (ф) and that, at the same ф, the
ry test pieces were substantially stronger than the as-pressed
est pieces.32,39,40

.1.1. Comparison between three-point bending (3B) and
our-point bending (4B) tests

When the results corresponding to the 3B and 4B tests are
ompared, the mean mechanical strength values of the dry test
ieces, σ̄d

3B, and the as-pressed test pieces, σ̄
p
3B, are observed

o be slightly higher than those obtained by the 4B tests, σ̄d
4B,

nd, σ̄p
4B. These outcomes are consistent with the Weibull theory

nd with a high value of m. In effect, in addition to quantifying
he scatter of the mechanical strength values for a series of test
ieces hypothetically having the same characteristics, Weibull
tatistics allows the mean values of this property, measured by
ifferent tests, to be related based on the concept of the effective
olume, which in turn depends on the volume of the test piece
ubjected to loading and on the type of load applied in each
est.41,42 In the case at hand, the equation that describes the ratio
etween the mean mechanical strength values obtained in the
espective tests is as follows:

σ̄4B

σ̄3B
=

(
2

m + 2

)1/m

(3)

According to this expression, at a high value of m (exceeding
5 in most of the studied series), the values of σ̄4B will be slightly
ower than those of σ̄3B (in this case σ̄4B < 0.9σ̄3B).

It should also be noted that the scatter in the measurements
btained by the 3B tests is smaller than that of the correspond-
ng measurements obtained by the 4B tests, as may be observed
hen the respective values of the Weibull modulus, m, and of

he coefficient of variation, CV, are compared. These results
learly show that the values of the measurement scatter and of the
eibull modulus do not depend exclusively on the microstruc-

ural characteristics of the material, but that other experimental
actors, originating in the mechanical test itself and/or in the test
iece preparation procedure, may also affect the values of these
arameters, at times even quite significantly. Thus, the existence
as been experimentally verified of small compactness, ф, and
hickness gradients along the length of the bar, generally related
o non-uniform distribution of the pressing powder during die

lling and/or differences in punch alignment during the press-

ng operation. These variations will be more critical in the 4B
est than in the 3B test, since in the 4B test the maximum stress
overs the entire surface of the bar face between the two internal
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Table 3
Mean dry (σ̄d) and as-pressed (σ̄p) mechanical strength, Weibull moduli (m), coefficients of variation (CV) and regression coefficient of the fits (R2) obtained in the
different tests with dry and as-pressed test pieces

P (MPa) Xp (kg water/kg dry solid) φ σ̄d
3B (MPa) CV (%) m R2 σ̄

p
3B (MPa) CV (%) m R2

Three-point bending (3B)
15 0.03 0.665 1.10 2.9 42 0.97 0.42 5.8 19 0.96

0.07 0.718 3.10 3.5 35 0.97

30 0.05 0.750 3.33 3.4 30 0.95 1.38 4.9 22 0.95
60 0.03 0.754 3.37 3.3 32 0.93

0.07 0.802 6.55 4.2 29 0.96 2.40 4.7 23 0.97

Four-point bending (4B)
15 0.03 0.665 0.97 5.7 20 0.96 0.35 9.4 11 0.97

0.07 0.718 2.97 4.2 28 0.90

30 0.05 0.750 3.18 4.5 22 0.91 1.30 8.1 13 0.96

60 0.03 0.754 3.25 5.5 18 0.90
0.07 0.802 6.37 4.4 25 0.97 2.35 7.5 15 0.95

Diametral compression (DC)
15 0.03 0.665 0.50 4.3 27 0.94 0.22 3.5 34 0.95

0.07 0.718 1.51 3.0 38 0.90
30 0.05 0.750 1.53 3.5 32 0.93 0.47 3.5 36 0.94

4.0
4.0
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60 0.03 0.754 1.57
0.07 0.802 2.79

upports, in contrast to the 3B test in which this stress is only
ocated at the centre segment of this face.

Similarly, certain deficiencies or errors associated with bend
ests, such as the unequal distribution of moments, twisting or
edging, occur more frequently and their effect is much more

ritical in the 4B than in the 3B test.43
The values of the ratios σ̄d
3B/σ̄d

4B and σ̄
p
3B/σ̄

p
4B of the dry

nd as-pressed bars have been plotted versus the correspond-
ng compactness values, ф, in Fig. 5. The figure shows that the

ig. 4. Weibull plot of results obtained by the three-point bending test for test
pecimens formed at P = 15 MPa and Xp = 0.03 kg water/kg dry solid.

t
c
a
o
b
w

F
s
n

29 0.93
27 0.97 1.01 2.1 40 0.90

ean values of both ratios decrease as test piece compactness
ncreases, tending asymptotically to a value close to 1, at ф = 0.8,
he maximum compactness reached in this study. The values of
oth ratios, σ̄d

3B/σ̄d
4B and σ̄

p
3B/σ̄

p
4B, and of Eq. (3) were used

o calculate the new values of the Weibull modulus, mc. These
alues, calculated in the form 1/mc, have been plotted versus
hose of compactness, ф, in Fig. 6. The figure shows that as
ompactness, ф, increases, the values of 1/mc decrease, tending
symptotically to a very small value (very large mc), at values

f ф = 0.8. Unlike the values of m, detailed in Table 3, obtained
y fitting the individual mechanical strength values to Eq. (2),
hich depended on the type of test and did not display a logi-

ig. 5. Evolution of the ratio of three-point bend strength to four-point bend
trength for as-pressed, σ̄P

3B/σ̄P
4B, and dried, σ̄d

3B/σ̄d
4B, test pieces with compact-

ess, ф.
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gest that the ratio σ̄3B/σ̄DC is influenced by the elasto-plastic
nature of the materials, just as occurred with the measurement
scatter values. Thus, for dry materials, with a small plastic or
ig. 6. Evolution of 1/mc with compactness, ф, for as-pressed and dried pieces.

al variation with piece compactness, ф, the new values of the
eibull modulus, mc, calculated from Eq. (2), only depend on

he characteristics of the material and follow a logical trend.
ndeed, in accordance with the Weibull theory, mc increases
1/mc decreases) as piece compactness, ф, increases, piece com-
actness being directly related to the material’s microstructural
omogeneity. Thus, as pressing pressure, P, and/or the mois-
ure content of the agglomerate, Xp, rises, piece compactness,

, increases and with it, microstructural homogeneity, mainly
wing to the progressive elimination of intergranular pores,
ranule deformation, and granule compaction.32,44,45 These
ransformations are also displayed in a similar way by a progres-
ive reduction of surface heterogeneities in the piece, ultimately
esponsible for the material’s flexural strength.

.1.2. Comparison between diametral compression and
ending tests

The results in Table 3 show that the mean mechanical strength
alues obtained by diametral compression of both the dry disks,

¯ d
DC, and the as-pressed disks, σ̄

p
DC, are much lower than those

btained in the bend tests of both the dry bars, σ̄d
3Band σ̄d

4B, and
he as-pressed bars, σ̄

p
3Band σ̄

p
4B. Furthermore, when the results

f the dry piece tests are compared, the measurement scatter in
he diametral compression tests, σ̄d

DC, (3% < CV < 4.5%) is com-
arable to that found in the 3B tests, σ̄d

3B, (3.5% < CV < 4.5%),
hile it is smaller than that in the 4B tests, σ̄d

4B, (4% < CV < 6%).
owever, when the results of the as-pressed, and hence wetter,
ieces are analysed, the measurement scatter in the diametral
ompression tests, σ̄

p
DC, (2% < CV < 3.5%) is lower than that in

he 3B tests, σ̄p
3B, (5% < CV < 6%), and considerably lower than

hat in the 4B tests, σ̄
p
4B, (7.5% < CV < 9.5%). In addition, the

ecrease in plasticity or ductility of the test pieces (from as-
ressed to dry pieces) led to a rise in measurement scatter in the
ending tests, while the opposite occurred in the diametral com-

ression tests. This behaviour is assignable to the pronounced
ffect that a material’s plasticity has on its mechanical response
uring the test, this being much greater in the diametral com-
ression test than in the bending test. Thus, the as-pressed disks

F
p

Ceramic Society 28 (2008) 701–710

ndergo greater deformation, principally of a plastic nature, at
he edges of the disk in contact with the plate, than the dry disks.
his leads to a greater load distribution, and to a reduction in the
dverse effects stemming from poor disk alignment between the
lates or from the presence of geometrical irregularities at the
dges of the disk. The graphite marking test showed, in fact, that
he ratio: length of the load distribution arc/test piece diameter
ncreased considerably with the material’s moisture content, X,
oing from a value of 0.15 ± 0.02 for dry test pieces, X = 0.00 kg
ater/kg dry solid, to a value of 0.20 ± 0.02 for as-pressed disks

t X = Xp = 0.05 kg water/kg dry solid, even reaching 0.25 ± 0.02
or values of X = Xp = 0.07 kg water/kg dry solid. Either factor,
r a combination of both, will probably contribute to reducing
he measurement scatter obtained in the diametral compression,
C, of wet test pieces.
In regard to the Weibull modulus, m, this behaves as might

e expected, if it is taken into account that the increased mea-
urement scatter (higher CV) involves a decrease in m.

The mechanical strength values of the as-pressed bars, σ
p
3B,

nd dry bars, σd
3B, obtained in the 3B tests have been plotted

ersus the corresponding diametral compression data, σ
p
DC and

d
DC, in Fig. 7. The plots obtained after treatment of the results
rom the 4B tests, σ

p
4B and σd

4B, and from the diametral com-
ression tests, σp

DC and σd
DC, are quite similar and have therefore

een omitted.
It may be observed that the results corresponding to the dry

est pieces fit quite well a straight line that passes through the
rigin, indicating that the ratio σ̄d

3B/σ̄d
DC = 2.20 is practically

ndependent of the operating variables used in forming and,
herefore, of the materials’ microstructural characteristics. In
ontrast, the results corresponding to the as-pressed test pieces
epart notably from the foregoing linearity, and better fit another
traight line of greater slope, σ̄p

3B/σ̄
p
DC = 2.5 These results sug-
ig. 7. Relation between three-point bend strength, σ̄3B, and diametral com-
ression strength, σ̄DC, for as-pressed and dried pieces.
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ermanent deformation, the ratio σ̄d
3B/σ̄d

DC is smaller than that
orresponding to the as-pressed test pieces, σ̄

p
3B/σ̄

p
DC, which

ave a larger plastic deformation.

.2. Analysis of the discrepancy between the mechanical
trength values obtained in the bending and in the diametral
ompression tests

It has generally been observed in the literature that the
trength values obtained in diametral compression testing, DC,
re always much lower than for other uniaxial tests, such as
hree-point bending, 3B, and four-point bending, 4B. This dis-
repancy has been noted in materials that display clearly elastic
ehaviour, such as rocks,26 plaster of Paris,25 ceramics,12–15

oncrete,8,9 as well as in elasto-plastic materials, metal matrix
omposites,16 tablets,20,21 etc.

Many reasons have been suggested to explain this discrep-
ncy:

(i) The piece size effect, though not of itself explaining, in
principle, the high σ̄3B/σ̄DC ratio obtained, is a factor that
may to some extent decrease the value of the ratio. Thus,
in accordance with the Weibull theory, the ratio between
the mean mechanical strength values (σ̄3B/σ̄DC)w and the
ratio of the effective volumes of the pieces in diametral
compression, VDC, and three-point bending, V3B, is:
(

σ̄3B

σ̄DC

)
W

=
(

VDC

V3B

)1/m

(4)

The effective volume of the pieces in three-point bend-
ing, V3B, was calculated from the dimensions of the bar
(Table 2), setting a value of m = 20 for the Weibull mod-
ulus and using the appropriate equation.42 This yielded
V3B = 58 mm3. The same procedure was followed, using
the appropriate equation,46 to calculate the effective vol-
ume of the pieces in diametral compression, which yielded
VDC = 556 mm3. Substituting these values into Eq. (4) gives
(σ̄3B/σ̄DC)W = 1.12. In this case, the ‘volume effect’ is
found to be moderate, because despite the great difference
in effective volume of the pieces, VDC � V3B, the value of
the Weibull modulus is also high, m ≥ 20.

(ii) It has also been suggested,12,26 that fracture in brittle mate-
rials occurs when the maximum tensile strain reaches a
critical value (maximum tensile strain criterion), rather
than the maximum tensile stress (maximum tensile stress
criterion). In the case of bending tests, both criteria are
equivalent, since there is only tensile stress at the point of
the fracture. However, in the diametral disk test (Fig. 3b),
the centre of the disk is subjected to a compressive stress,
σy, perpendicular to the tensile stress, σx, and the strains
produced by the two stresses are in the same direction. As
a result, the disk breaking stress must be multiplied by a

factor of (1 + 3ν), where ν is Poisson’s ratio, to convert the
combined tensile and compressive stress at the centre of the
disk to the effective uniaxial stress in accordance with the
maximum strain criterion. If plastic flow occurs before brit-
Ceramic Society 28 (2008) 701–710 707

tle fracture, then ν will be 0.5 instead of a lower value to be
expected in the elastic region (ν = 0.20–0.30). Therefore, in
accordance with the maximum tensile strain criterion, the
ratio between bending strength, σ̄3B, and diametral com-
pression strength,σ̄DC, will be:

(
σ̄3B

σ̄DC

)
SC

= (1 + 3υ) = 1.6 − 2.5 (5)

depending on whether the behaviour of the material
prior to fracture is plastic (σ̄3B/σ̄DC)SC = 2.5, or elas-
tic (σ̄3B/σ̄DC)SC = 1.6. This fracture criterion, suggested
by various researchers,12,26 thus seems to provide a good
explanation for the discrepancy, particularly if the material
becomes plastic prior to fracture, as occurs in the present
case, which is set out below.

iii) Some researchers,18,26,37 believe that failure may be
attributed not only to the development of a tensile crack
centre, but also to higher shear and compressive stresses
which may be generated peripherically at the borderline
of the loaded area. In the present case, since the widths
of the loaded area are quite large (point 3.1.2) this is not
very likely to be the cause of the discrepancy. A theoretical
and numerical study37 found that loaded area widths simi-
lar to those in this study assure, at least theoretically, crack
initiation at the centre of the disk. In the present study, all
pieces exhibited normal tensile fracture. No piece displayed
compression or shear failure at the loading points.

iv) Another possible cause of this discrepancy stems from the
fact that during the diametral compression test most real
materials do not display linear elastic behaviour, one of the
basic requirements of the Hertzian solution (Fig. 3b), which
is why the stress distribution in the diametrical plane of the
disk and, in particular, the tensile stress, σx, responsible for
the fracture may depart significantly from the theoretical
value (Eq. (1)) used to calculate σDC (Table 1). In mate-
rials as brittle as tungsten carbide14 it has been verified
that whereas this material can remain elastic to the point of
fracture in a bending test, it undergoes appreciable plastic
flow before fracture in a disk test. This was suggested to be
largely responsible for the fact that the maximum tensile
stress at fracture is appreciably less in the disk test than
in the bending test (σ̄DC/σ̄B = 0.5). The load–deformation
curves corresponding to the bending test of the dry bars
and to the diametral compression test of the dry disks, both
formed at P = 30 MPa and Xp = 0.05 kg water/kg dry solid,
have been plotted in Fig. 8. It may be observed that in
both curves, after a slight initial concave curvature asso-
ciated with crushing at the contact points and/or elastic
deformation of the measurement system,32,37 a straight
stretch follows, characteristic of the material’s linear elas-
tic response. In both cases, the departure from linearity
(caused by crack propagation,31,32 and/or plastic flow of the

material22,23 which defines the yield stress, σyield, always
occurs before fracture of the test piece, σDC and σ3B. How-
ever, comparison of these curves clearly shows that the
straight stretch is shorter in the diametral compression test
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F iametral compression (b), for dried specimens formed at P = 30 MPa and Xp = 0.05 kg
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Fig. 9. Map proposed 21 to verify the validity of the Hertzian equation (Eq. (1)).
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ig. 8. Stress–strain curve, obtained by the three-point bending test (a) and by d
ater/kg dry solid.

than in the bending test. The same occurs with the ratio
of the yield stress, σyield/rupture stress, σDC and σ3B, for
both tests. These results are consistent with the literature,
since they show that the plastic response of the material,
in the diametral compression test, DC, begins to appear
much sooner than in the three-point bending test, even for
the drier disks, which are the most brittle. In addition, in
the diametral compression test, DC, the material yields at
much lower stresses, σyield, than the rupture stresses, �DC.

In the case of plastically deforming materials, finite element
imulations have confirmed a significant change in the maximum
rincipal stress field (magnitude and location), rendering the
quation for estimating tensile strength, σDC, (Table 1) invalid.22

map to verify the validity of this Hertzian equation has been
roposed.22 The ratio of the material’s elastic to plastic prop-
rties, σyield/E, and the diametral strain at fracture in diametral
ompression, (U/D)R, define this map. In view of this, based on
he bending tests of the dry bars, X = 0.00 kg water/kg dry solid,
ormed under typical industrial pressing conditions (P = 30 MPa
nd Xp = 0.05 kg water/kg dry solid), the elastic modulus, E, and
ield stress, σY, have been calculated. This last property has
een determined as the value of the stress at which a departure
f 1% occurs in the linearity of the load–deformation curve. The
alues obtained were: σY/E = 0.85 × 10−3 and (U/D)R = 10−2.
hese values lie in the Invalid Hertz Conditions region of the
ap (Fig. 9) since, for these plastically deforming materials, a
aximum tensile stress of up to 2–3 times the elastic solution

Eq. (1)), located away from the compact centre, was obtained
y simulation. As a result, these tensile stresses will lead to the
nitial formation of microcracks outside the centre of the disk at
much smaller load, F, than the load required to cause rupture
n the centre of the disk in accordance with the elastic solution,
R (Table 1). Therefore, this seems to be one of the causes that
est explain the high σ̄3B/σ̄DC ratio obtained experimentally in
his study.
he solid point represents the property ratio, σyield/E, and failure strain, (U/D)R,
f dried specimens formed at P = 30 MPa and Xp = 0.05 kg water/kg dry solid.

. Conclusions

The mean mechanical strength values obtained in this study
by the three-point bending (3B) tests were slightly higher
than those obtained by the four-point bending tests (4B).
This result can be only partly explained by Weibull statis-
tics, so that some other factors, such as compactness gradients
or thickness variations in the piece may play an important
role.
The ratio between mechanical strength of the 3B and 4B tests,
in as-pressed and dry test pieces, decreased when compactness

increased. This is equivalent to a reduction of the inverse of
the Weibull modulus (1/m), and is due to a more homogeneous
microstructure (lower crack size scatter) of the pieces.
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Although there was a correlation between mechanical strength
in bending and diametral compression, mechanical strength
was much lower in diametral compression (DC) than in the
bending tests (3B or 4B). This finding cannot be explained
by differences in effective volume between bending and DC,
derived from the Weibull statistics. The difference in mechan-
ical strength can be explained by using the maximum strain
fracture criterion (instead of the maximum stress) and the
presence of some plastic deformation, though some other fac-
tors such as the shear stress near the contact may be non-
negligible.
The standard deviation of the dry test pieces was similar in
the DC and 3B tests. When the as-pressed pieces were tested,
however, the scatter was lower with diametral compression.
The decreased scatter in the as-pressed DC pieces is likely to
be associated with a higher plastic deformation.
The stress–strain curves in the bending and DC tests confirmed
that plastic deformation was larger in diametral compression.
This finding is consistent with a map proposed in the literature
to define the area of valid Hertz conditions, which indicates
that, for the test pieces and experimental conditions used, the
assumption of elastic behaviour is not met.
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