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Mechanical behaviour of a low-clay translucent whiteware
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Abstract

A novel low-clay translucent whiteware body, using mostly non-plastic prefired materials and only a small amount of clay, was fabricated
by slip casting and the effect of slip’s solid content and sintering temperature on the mechanical behaviour was investigated. The degree
of densification in the sintered specimens was determined by measuring the bulk density. The mechanical behaviour was determined by
measuring the flexural strength and fracture toughness. Young’s modulus and hardness were also measured. X-ray diffraction (XRD) and
scanning electron microscopy (SEM) studies were carried out to analyse the microstructure.

The flexural strength and fracture toughness increase with both increasing the slip’s solid content and the sintering temperature up to a
certain level, but further increase in solid content and sintering temperature had an adverse effect on the properties. The maximum flexural
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trength (∼135 MPa) and fracture toughness (∼1.85 MPa m1/2) values were attained with specimens produced from a slip having 45
olid content at a sintering temperature of 1350◦C. It was found that the amount and distribution of closed pores, their size and possi
ith each other control the flexural strength and fracture toughness of the low-clay translucent whiteware.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Two high quality whitewares, bone china and hard porce-
ain, are currently in production and they dominate the top end
f the tableware market. Both bone china and hard porcelain
re white and translucent. Bone china is highly crystalline
aterial1 (about 70% crystalline and 30% glass) which is

esistant to edge chipping.2 Strengths of∼100 MPa1,3 and a
racture toughness of∼2 MPa m1/2 (Ref. 4) have been mea-
ured. Unfortunately, the glazes used on bone china tend to
e more easily scratched than those on hard porcelains. Hard
orcelain is highly glassy (approximately 70% glass and 30%
rystalline material) and its edges tend to chip easily.5 It
as lower toughness value and strength than bone china: a
IC value of∼1.2–1.6 MPa m1/2 (Refs. 4 and 6) has been re-
orted; strengths are typically in the range of 40–80 MPa.3,6–9

owever, the glazes on hard porcelain, which are rich in sil-
ca, are both chemically highly durable and abrasion resistant.
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ax: +90 262 6538490.

E-mail address: capoglu@penta.gyte.edu.tr (A. Capoglu).

A novel translucent whiteware which has an appear
comparable with bone china or hard porcelain, to be chi
sistant like bone china, and to be coated with a glaze simi
those applied to hard porcelain was developed recently10,11

The novel whiteware differs from conventional whitewa
in a way that is made by using mostly (88% of the wh
ware) non-plastic prefired materials. A further feature of
whiteware was the use of low clay content of 12% ra
than the usual 30–60%. This has been done to overcom
deleterious effects that arise from anisotropic firing shr
age, which results from clay particle alignment. Howe
low clay usage has lowered the green strength which
measured and found to be∼0.7 MPa.12 This material is go
ing to be referred as the low-clay whiteware from onwa
The low-clay whiteware was to be composed of∼65% anor
thite (CaO·Al2O3·2SiO2) as the major phase with∼10%
mullite (3Al2O3·2SiO2) and∼25% glass as minor phas
A high crystalline to glass ratio is required to maximise
strength.13

Mechanical behaviour of bone china and hard porce
has long been studied and those studies were review
detail in the literature.4,6 Since the low-clay whiteware w
955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2004.10.019
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developed to combine the best features of bone china and hard
porcelain its mechanical behaviour as well as the other tech-
nological properties should be established. Therefore, this
study was carried out aiming to assess the mechanical be-
haviour of the low-clay whiteware.

Flexural strength is the most widely used method to char-
acterize the mechanical behaviour of ceramic materials be-
cause of its simplicity. On the other hand, even tough fracture
toughness is a very important mechanical property; the data
is very limited on whitewares.4 Strength (σf ) and fracture
toughness (KIC) can be related for a ceramic material which
fails in a brittle manner using the basic equation:

σf = KIC

Yc1/2 (1)

wherec is the flaw size andY is the geometry factor. Hence,
the strength of a ceramic material is a function of its tough-
ness and flaw size. Therefore, the material should satisfy two
objectives in order to obtain better strength behaviour: max-
imize the fracture toughness and minimize the flaw size.9

An increase in fracture toughness of whiteware can be
achieved by increasing the crystalline/glassy phase ratio. Be-
sides an increase in crystallinity, crack deflection, i.e., prop-
agation of crack front around grains and second phase for-
mation is the main mechanism that contributes to an increase
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Niihra26 obtained an empirical equation for Palmqvist
cracks. This equation is selected because it best describes
the cracks formed in this study.
(

KICφ

Ha1/2

) (
H

Eφ

)0.4

= 0.035

(
l

a

)−1/2

(2)

whereH is the Vickers hardness,E is Young’s modulus,2a = d
is the diagonal of the indentation,φ is the constrain factor, and
l is the crack length emanating from the ends of the diagonal
indentations. By arranging the above equation one can obtain
the fracture toughness

KIC = 9.052× 10−3(H3/5 · E2/5 · d · l−1/2) (3)

Blendell4 obtained an empirical equation using curve fit-
ting method to experimental data for Palmqvist and median
cracks. Blendell equation is included in this study for com-
parison purposes because it was employed by Batista et al.4

in their study on fracture toughness of bone china and hard
porcelain.

KIC = 0.0303(Ha1/2)

(
E

H

)2/5

log
(

8.4
a

c

)
(4)

wherec is the crack length from the centre of the indentation
to the crack tip.

In the present study, the low-clay whiteware body slips
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n fracture toughness.14 Therefore, an increase in crystal s
nd second phase formation are desirable. It was report
everal authors that alumina,15 cristobalite,16 silica fume,17

ice husk ash18,19and mullite7 in whitewares each strength
he fired body.

Flaw size, which may be assumed to be a functio
orosity,20 varies considerably for whiteware material
hich porosity may be as high as 15%. Flaw size ma

educed by decreasing the porosity of the material an
aking the pores smaller and homogeneously distrib

hroughout the material. In order to reduce the pore si
igh packing density of the green body and optimizatio

he processing conditions are essential.2,21

Vickers indentation technique is a simple and econo
ethod for the determination of the fracture toughnes

eramic materials.22 In this method, the specimen surfac
ndented and immediate post-indentation crack size is
ured. Cracks may form in two different ways dependin
he fracture toughness of material and the indentation
almqvist and median.23,24 A crack withc < 3.5a is usually

n the Palmqvist region andc � a is assumed to be we
eveloped median crack.25 Various equations are propos

n order to determine the fracture toughness from Vic
ndentation cracks for both crack geometries.

able 1
hemical composition of clays

Al2O3 SiO2 C

tandard Porcelain English China Clay 37.0 48.0
krainian ball clay 34.0 49.0
aving different solid content were prepared and specim
ere produced by slip casting. The mechanical properti

he low-clay whiteware have been investigated as func
f slip’s solid content and sintering temperature using

ering study, flexural strength and fracture toughness
urement, X-ray diffraction (XRD), scanning electron
roscopy (SEM) and energy dispersive spectroscopy (E
echniques. The results obtained from the low-clay whitew
re also compared to those of hard porcelain and bone c

. Experimental procedure

Test specimens were prepared by slip casting with
aving different solid content (40, 42.5, 45, 47.5
0 vol.%). The low-clay whiteware slip has been formula
s 50 wt.% coarse prefired material, 38 wt.% fine prefired

erial, 6 wt.% China clay (Standard Porcelain English C
lay), and 6 wt.% Ukrainian ball clay (WBB). Compositio
f the clays are given inTable 1. The composition and prep
ation method of the prefired materials were explained in
ail elsewhere.10,11 The particle size distributions of coar
nd fine prefired materials are given inFig. 1. The particle
ize distributions of the milled powders were analysed

MgO Na2O K2O Fe2O3 TiO2 L.O.I.

0.3 0.1 1.6 0.65 0.02
0.3 0.2 1.2 1.6 1.3 12
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Fig. 1. The particle size distributions of coarse and fine prefired materials.

Coulter Multisizer Accu Comp 1.19 particle size analyser.
For the slip preparation first, fine prefired material, China
clay and Ukrainian ball clay were mixed with distilled wa-
ter in a porcelain pot half filled with alumina milling balls
for about 1 h. Then, the coarse prefired material was added
and milled together for further 15 min. In order to produce
a castable slip the viscosity should be adjusted. This is done
by adding appropriate amounts of deflocculant while the slip
was being mechanically stirred. On the completion of vis-
cosity adjustment the slip was transferred to plastic container
and aged for at least a week before any casting carried out.

Cylindrical rod specimens were cast to quantify the
changes in fired densities, flexural strength, and fracture
toughness with solid content and sintering temperatures. To
do that a particular slip was poured in a cylindrical plaster
mould and the amount of water absorbed by the mould walls
was progressively replaced with slip until the whole mould
was filled with the green cast specimen and a solid rod was
obtained. The green cylindrical rods were 10 mm in diame-
ter and approximately 80 mm in length. After withdrawal of
the mould, specimens were dried at 110◦C for an overnight.
Cylindrical rods produced with various solid content were
then fired at temperatures from 1330 to 1410◦C with soak-
ing times of 3 h, in the Nabertherm chamber kiln.

The densities after firing were determined from the vol-
ume of rods and their masses. The flexural strength of sintered
c rsal
t ing
t d of
1 rface
c num-
b solid
c

pol-
i teste
w
T 13 s

on each indentation. The cracks were measured using the
microscope attachment on the microhardness tester immedi-
ately after indentation. Crack measurements were only made
on indents that were well defined without chipping and for
which the cracks did not terminate at pores. In addition it
was ensured that crack dimensions met the requirement of
c < 3.5a for the validity of Eqs.(3) and(4). After indenta-
tion, the surface layers of a few randomly chosen samples
were polished away to confirm that the assumed Palmqvist
crack system was created. For Palmqvist cracks the crack
will become detached from the inverted pyramid of the in-
dent, whilst median cracks the crack will always remain con-
nected.

In order to use the dedicated equations for the cal-
culation of fracture toughness it is necessary to have a
value of Young’s modulus which was measured by the
three-point bending test, using a jig for accurately mea-
suring the displacement of the center of each test bar
with a differential transformer (LVDT, RDP Electronics,
Model E25). Young’s modulus measurements were car-
ried out on rectangular bars which were polished to have
dimensions of approximately 4 mm× 5 mm× 65 mm with
a lower span distance of 50 mm and crosshead speed of
1 mm/min.

The crystalline phases present in the microstructure of
sintered samples were identified by XRD and SEM tech-
n ere
s
u
r cal-
i ser-
v
p bra-
s were
c ps
X with
E ruc-
t ages
( us-
i oft-
w

3

me-
c dur-
i sin-
t

st-
i stri-
b eira
a in
h size
d om-
b par-
ylindrical rods were measured with an electronic unive
ester (Model 5569, Instron Ltd.) by a three-point bend
est with a lower span of 60 mm and crosshead spee
mm/min, based on ASTM standard C1161-90. The su
onditions of tested specimens were as-sintered. The
er of samples used varied between 8 and 10 for each
ontent and sintering temperature.

Vickers microhardness values were determined on the
shed surface of the fired samples using a microhardness
ith a Vickers indenter (Instron Wolpert® Testor 2100®).
he samples were submitted to 10 loads of 9.8 N for
r

iques. For XRD, powdered form of sintered samples w
canned from 2θ = 10–70◦, at a scanning speed of 1◦/min,
sing a RIGAKU 2200 DMAX diffractometer (with Cu K�
adiation) at 40 kV and 40 mA. The diffractometer was
brated with a silicon standard before use. For SEM ob
ations, specimens were polished using 6, 3, 1�m diamond
astes after grinding with silicon carbide powders as a
ive and lubricated with water. The polished surfaces
hemically etched in 5% HF solution for 2 min. A Philli
L30 SFEG scanning electron microscope equipped
DAX detector (operating at 20 kV) was used for microst

ural examination of samples with secondary electron im
SEI) used predominantly. Microanalysis was performed
ng the embedded EDX digital controller and control s
are.

. Results and discussion

Two processing parameters that would influence the
hanical behaviour of the novel whiteware investigated
ng this study were the solid content of the slip and the
ering temperature.

In order to maximise the solid volume fraction of a ca
ng slip it is necessary to optimise the particle size di
ution of the starting material. As it was shown by Ferr
nd Diz27 and Taruta et al.,28 that it is possible to obta
igh density slip cast bodies by using bimodal particle
istributions in which fine and coarse particles are c
ined in an appropriate proportion and size ratio. The
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Fig. 2. (a) Densification and (b) flexural strength behaviour of the low-clay
whiteware as a function of slip’s solid content.

ticle size distributions of coarse and fine prefired materials
used in this study are given inFig. 1. The analysis show a
bimodal distribution presenting two maximum points, which
are centred at around 1�m (fine prefired) and 10�m (coarse
prefired). The ratio between coarse and fine particle sizes
is around 10, which is large enough for efficient particle
packing.21

The effect of solid content on the densification and flex-
ural strength behaviour of slip cast specimens is given
in Fig. 2a and b where the bulk densities and flexural
strength of the specimens after firing at 1350◦C for 3 h
are plotted against the solid content of the slip. As the
solid content increases, bulk density and flexural strength
of the body continued to increase, reached a maximum
and then decreased. It appears that there is a limit on
solid content of the slip to achieve optimum results. Up
to 45 vol.% solid content the results show gradual im-
provements however, further increase in slip’s solid con-
tent has an adverse effect on the properties. This behaviour
could be explained in terms of changes in packing arrange-
ment with the solid content. Slips having solid content up
to 45 vol.% would allow the particles to rearrange them-
selves in a more closely packed structure. However, the

coarse and fine particles in slips having higher solid con-
tent than 45 vol.% may form flocs which creates more open
structure which in turn produces lower bulk density during
sintering.29,30

The amount of closed porosity was calculated by sub-
tracting the ratio between bulk density and powder density
from unity. Powder density of a sintered specimen of the low-
clay whiteware was measured by He pycnometer and found
to be 2.86 g/cm3. The maximum bulk density attained with
specimens produced from slips having 45 vol.% solid con-
tent at a sintering temperature of 1350◦C was 2.52 g/cm3.
The calculated volume percent of closed porosity is found
to be 12. This value represents the minimum porosity level
attained in this study and showed some variations both with
solid content of the slip and sintering temperature reaching
up to 15%. The difference between minimum and maximum
density values would produce approximately 20% change in
the amount of porosity.Fig. 3a–d is the SEM micrographs
of the sintered samples produced from slips having solid
contents of 40, 42.5, 45 and 50 vol.%, respectively, show-
ing the effect of solid content on morphology of porosities.
The sample produced from 40 vol.% solid containing slip
(Fig. 3a) contained small and generally interconnected large
pores both in large numbers as a result of incomplete den-
sification. It was observed that the size and the number of
large pores appeared to decrease as the solid content was
i am-
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ncreased up to 45 vol.%. The 45 vol.% solid content s
le contained essentially isolated small round pores in r
mall numbers (Fig. 3c). However, when the samples w
roduced from a slip above 45 vol.% solid content, it
bserved that the size of pores appeared to increase
Fig. 3d).

Fig. 4 shows the X-ray diffraction traces of samples
ered at 1350◦C as a function of solid content. The cr
alline phases identified in all the specimens are ano
CaO·Al2O3·2SiO2) being the major crystalline phase a
ullite (3Al2O3·2SiO2) as minor crystalline phase labell
s (a) and (m), respectively. Some glassy phases are
resent. The peak intensities of crystalline phases did
ignificantly alter with the change of solid content indica
hat the degree of crystallinity was similar. The SEM im
iven inFig. 5a shows the highly crystalline microstructu
f the low-clay whiteware.Fig. 5 b and c shows anorthi
nd mullite crystals, respectively, in higher magnificat
he EDX analysis inFig. 5d and e confirms the formatio
f anorthite (marked as a) and mullite crystals (marke
). The glassy phase (marked as g), which is etched

o reveal the crystalline phases, are distributed betwee
rystals.

To observe the effect of sintering temperature on dens
ion and flexural strength behaviour specimens with 45 v
olid content were sintered from 1330 to 1410◦C with 20◦C
ntervals. The results are shown inFig. 6a and b. Upon hea
ng, bulk density of the whiteware increased, reached a m

um, and then decreased. The decrease in density after
ng maximum is attributed to “bloating” (i.e., pore volume
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Fig. 3. SEM micrographs of the sintered samples of the low-clay whiteware produced from slips having solid contents of 40, 42.5, 45 and 50 vol.%, respectively,
showing the effect of solid content on morphology of the porosities.

expansion), which arises from higher pressures (at high tem-
peratures) of gases entrapped within closed pores. The flexu-
ral strength of the whiteware varied proportionally to its bulk
density. The flexural strength increased with an increase in
sintering temperature up to 1350◦C, attained a maximum and
upon further heating decreased with a corresponding decrease
in density. The relationship between the flexural strength and
bulk density can be clearly seen inFig. 7where the data from
varying slip content and sintering temperature experiments
are pooled. The increase in strength is approximately 30%.

The maximum flexural strength obtained from low-clay
whiteware is about 135 MPa which is higher than that of

Fig. 4. XRD traces of low-clay whiteware samples as a function of slip’s
s d m,
r

bone china and hard porcelain. The high strength value of
bone china compared to hard porcelain was attributed to its
high crystalline content.4 Previous quantitative X-ray analy-
sis study31 on prefired material had shown that this material
contained∼76% anorthite and∼8% mullite crystals with
the remainder being glass stating highly crystalline structure.
However, the specimens produced from different amounts
of solid containing slip and sintered at different tempera-
tures showed some measurable differences in their flexural
strength. The high strength and the variation in strength be-
haviour could not be explained only by its high crystalline
content. SEM results clearly support that reduction in poros-
ity plays an important role for the increase in flexural strength
of the low-clay whiteware.

The strength is a function of the fracture toughness and
the characteristic defect size of the material. Hence, the in-
crease in strength may be explained by an increase in fracture
toughness, a decrease in pore size or both. In order to correlate
the changes in flexural strength with the fracture toughness
it was necessary to determine the fracture toughness of the
low-clay whiteware. The fracture toughness values were de-
termined by means of Vickers indentation method. It was
observed for the applied load, 9.8 N, that Palmqvist (Fig. 8)
rather than median cracks developed; therefore, the models
given in the introduction section were chosen for calculating
the fracture toughness. To be able to calculate the fracture
t s
olid content showing anorthite and mullite formation labelled as a an
espectively.
 oughness by using Eqs.(3) and (4) the values of Vicker
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Fig. 5. (a) SEI of an etched low-clay translucent whiteware sintered at 1350◦C showing highly crystalline microstructure and (b) anorthite, (c) mullite, and
glass formation labelled as a, m, and g, respectively. EDX spectra obtained from (d) anorthite and (e) mullite crystals.

hardness and Young’s modulus are required.Table 2pro-
vides Young’s modulus and Vickers hardness values of the
low-clay whiteware as functions of slips solid content and
sintering temperature. It was observed that Young’s modulus
values show some variation both with solid content and sin-
tering temperatures. This is because samples were containing
different amounts of porosity, presence of which, as in gen-
eral degrades Young’s modulus.32 On the other hand, such
a correlation was not observed in hardness values because
measurements were made only at sites free of porosity.

Using Eqs.(3)and(4), the fracture toughness values given
in Fig. 9a and b were obtained. Both methods produced very

similar results. The fracture toughness showed some varia-
tion both with solid content and sintering temperature. X-ray
analysis showed that there were no measurable differences
in the degree of crystallinity in these samples; hence, the
increase in toughness cannot be attributed to increasing crys-
tallinity or changing ratios of anorthite and mullite crystalline
phases. On the other hand, there is considerable increase in
the density of the material.Fig. 10 shows the relationship
between the fracture toughness and bulk density. A slight in-
crease, approximately 10%, in the fracture toughness was
observed with increasing bulk density. Assuming a linear
relation,33 and extrapolating the data presented inFig. 10,

Table 2
The Young’s modulus and Vickers hardness values of low-clay whiteware as functions of slip’s solid content and sintering temperature

Solid content of slip (vol.%) Sintering temperature (◦C)

40 42.5 45 47.5 1330 1350 1370

Elastic modulus (GPa) 74.6 77.6 80.3 76.9 75.0 80.3 78.9
Vickers hardness (GPa) 6.5 6.7 6.5 6.7 6.6 6.5 6.6
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Fig. 6. (a) Densification and (b) flexural strength behaviour of the low-clay
whiteware as a function of sintering temperature.

it would be calculated that if this material had been produced
100% dense, its toughness would have been 2.3 MPa m1/2.

If the flaw size remains constant, strength–toughness re-
lation is expected to be linear as Eq.(1) indicates. Hence,
a 30% increase in strength cannot be explained by a 10%
increase in toughness only. A decrease in flaw size with in-

Fig. 7. The relationship between bulk density and flexural strength of the
low-clay whiteware.

creasing density20 (decreasing amount of porosity) may also
contribute to the increase in strength.

Eq. (1) can be rearranged and for simplicity the flaw size
can be assumed to be a function of porosity,c(P), hence

Y2c(P) =
(

KIC

σf

)2

(5)

Eq. (5) was employed to estimate the change in flaw size
with porosity using the minimum and maximum values of
strength and toughness combinations assuming the geometry
factor,Y, remains constant. Calculations showed that the flaw
size decreased 30% with increasing density. Since pores act
as the crack initiation sites, characteristic flaw size becomes
smaller with the shrinkage of the pores; hence, the strength
of the material increases. As explained earlier, the change in
porosity with the increase of density is approximately 20%
which would result in only 7% decrease in pore diameter,
calculated assuming that the pores are spherical. Clearly, the
decrease in flaw size (30%) is much greater than the decrease
in pore size (7%). The reason behind this discrepancy may

Fig. 8. Surface appearance of cracks developed from Vickers indents (a) b rners
indent after polishing indicates Palmqvist cracks.
efore and (b) after polishing. The discontinuity of the cracks at the coof the
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Fig. 9. The variation of fracture toughness of the low-clay whiteware with (a) slip’s solid content and (b) sintering temperature.

Fig. 10. The relationship between bulk density and fracture toughness of the
low-clay whiteware.

be due to either larger pores shrink faster or links between
adjacent pores are lost with increasing density.

4. Conclusions

Mechanical properties of a novel low-clay translucent
whiteware produced by slip casting are studied. Solid content
of the slip and the sintering temperature were the study pa-
rameters. XRD analysis showed that the microstructure of the
material remains essentially the same for the studied process
parameters while density measurements and SEM analysis
showed that the porosity of the materials reaches a minimum
and than increases both with increasing slip’s solid content
and sintering temperature. It was measured that the mate-
rial’s flexural strength is 135 MPa and its fracture toughness is
1.85 MPa m1/2 for optimum processing parameters, which are

45 vol.% slip’s solid content, 1350◦C sintering temperature
and resulting 12% porosity. Hence, the strength of the novel
material is higher than both bone china’s and hard porcelain’s
while its fracture toughness is in between the values of bone
china and hard porcelain. It is found that both the strength and
the fracture toughness of the material is a function of porosity
of the material. As porosity decreased the flexural strength
and the fracture toughness increased. The increase in frac-
ture toughness is attributed to increasing surface area with
decreasing porosity, and the increase in strength is attributed
to increasing fracture toughness, but more importantly to the
decreasing flaw size with decreasing porosity.
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