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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
strength £135 MPa) and fracture toughness1(85 MPa ?) values were attained with specimens produced from a slip having 45 vol.%
solid content at a sintering temperature of 13601t was found that the amount and distribution of closed pores, their size and possible link
with 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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1. Introduction A novel translucent whiteware which has an appearance
comparable with bone china or hard porcelain, to be chip re-
Two high quality whitewares, bone china and hard porce- sistantlike bone china, and to be coated with a glaze similarto
lain, are currently in production and they dominate the top end those applied to hard porcelain was developed recéhify.
of the tableware market. Both bone china and hard porcelainThe novel whiteware differs from conventional whitewares
are white and translucent. Bone china is highly crystalline in a way that is made by using mostly (88% of the white-
material (about 70% crystalline and 30% glass) which is ware) non-plastic prefired materials. A further feature of this
resistant to edge chippirfgStrengths of~100 MP&3anda  whiteware was the use of low clay content of 12% rather
fracture toughness of2 MPa nt’2 (Ref. 4) have been mea- than the usual 30-60%. This has been done to overcome the
sured. Unfortunately, the glazes used on bone china tend todeleterious effects that arise from anisotropic firing shrink-
be more easily scratched than those on hard porcelains. Harchge, which results from clay particle alignment. However,
porcelainis highly glassy (approximately 70% glass and 30% low clay usage has lowered the green strength which was
crystalline material) and its edges tend to chip easily. = measured and found to bed.7 MPal? This material is go-
has lower toughness value and strength than bone china: ang to be referred as the low-clay whiteware from onwards.
Kic value of~1.2—1.6 MPa 2 (Refs. 4 and 6) has beenre-  The low-clay whiteware was to be composed-@&5% anor-
ported; strengths are typically in the range of 40-80 MPZ. thite (CaOAIl»03-2Si0;) as the major phase with10%
However, the glazes on hard porcelain, which are rich in sil- mullite (3Al>03-2Si0,) and ~25% glass as minor phases.
ica, are both chemically highly durable and abrasion resistant. A high crystalline to glass ratio is required to maximise the

strengtht3
* Corresponding author. Tel.: +90 262 6538497x1080; h MIeCharl;Ical behg.\/lgur OC]; br?ne Chmj. and hard pqrcel?jlq
fax: +90 262 6538490. as long been stu le6 and those studies were reviewed in
E-mail address: capoglu@penta.gyte.edu.tr (A. Capoglu). detail in the literaturé:® Since the low-clay whiteware was
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developed to combine the best features of bone chinaand hard  Niihra?® obtained an empirical equation for Palmqvist

porcelain its mechanical behaviour as well as the other tech-cracks. This equation is selected because it best describes
nological properties should be established. Therefore, thisthe cracks formed in this study.
study was carried out aiming to assess the mechanical be-

haviour of the low-clay whiteware. < Kico ) <H> o4 -0 035<1) e 2)
Flexural strength is the most widely used method to char- \ Ha'/2 ) \ E¢ ' a

acterize the mechanical behaviour of ceramic materials be- . - .orris the Vickers hardnesEjs Young's modulus?a = d

cause of itsisimplicity. Onthe other hanq, even tough fracture is the diagonal of the indentatiapis the constrain factor, and
toughness is a very important mechanical property; the datal is the crack length emanating from the ends of the diagonal

is Ver:y limited on v\l/)hnevxllares.fStrength &t) and ff?ﬁturhe_ , indentations. By arranging the above equation one can obtain
toughnessKic) can be related for a ceramic material which o ract1re foughness

fails in a brittle manner using the basic equation:
Kic = 9.052x 10 3(H%5. E?/5 . 4 .171/?) (3)

_ Kic
T Ycl/2

1) Blendell* obtained an empirical equation using curve fit-
ting method to experimental data for Palmqvist and median

wherec is the flaw size and is the geometry factor. Hence, cracks. Blendell equation is included in this study for com-
the strength of a ceramic material is a function of its tough- Parison purposes because it was employed by Batisteet al.
ness and flaw size. Therefore, the material should satisfy twoin their study on fracture toughness of bone china and hard
objectives in order to obtain better strength behaviour: max- Porcelain.
imize the fracture toughness and minimize the flaw 8ize. E\2/5

An increase in fracture toughness of whiteware can be K¢ = O.O303(Ha1/2)(> log (8.49) (4)
achieved by increasing the crystalline/glassy phase ratio. Be- H ¢
sides an increase in crystallinity, crack deflection, i.e., prop- wherec is the crack length from the centre of the indentation
agation of crack front around grains and second phase for-to the crack tip.
mation is the main mechanism that contributes to an increase In the present study, the low-clay whiteware body slips
in fracture toughnes¥: Therefore, an increase in crystal size having different solid content were prepared and specimens
and second phase formation are desirable. It was reported bywere produced by slip casting. The mechanical properties of

Of

several authors that alumid@gristobalite® silica fumel” the low-clay whiteware have been investigated as functions
rice husk ast1%and mullit¢’ in whitewares each strengthen  of slip’s solid content and sintering temperature using sin-
the fired body. tering study, flexural strength and fracture toughness mea-

Flaw size, which may be assumed to be a function of surement, X-ray diffraction (XRD), scanning electron mi-
porosity? varies considerably for whiteware material in croscopy (SEM) and energy dispersive spectroscopy (EDX)
which porosity may be as high as 15%. Flaw size may be techniques. The results obtained from the low-clay whiteware
reduced by decreasing the porosity of the material and by are also compared to those of hard porcelain and bone china.
making the pores smaller and homogeneously distributed
throughout the material. In order to reduce the pore size, a
high packing density of the green body and optimization of 2. Experimental procedure
the processing conditions are esserftiél.

Vickers indentation technique is a simple and economic  Test specimens were prepared by slip casting with slips
method for the determination of the fracture toughness of having different solid content (40, 42.5, 45, 47.5 and
ceramic materiald? In this method, the specimen surface is 50 vol.%). The low-clay whiteware slip has been formulated
indented and immediate post-indentation crack size is mea-as 50 wt.% coarse prefired material, 38 wt.% fine prefired ma-
sured. Cracks may form in two different ways depending on terial, 6 wt.% China clay (Standard Porcelain English China
the fracture toughness of material and the indentation load: Clay), and 6 wt.% Ukrainian ball clay (WBB). Compositions
Palmqvist and mediaf?2* A crack with ¢ < 3.5z is usually of the clays are given ifable 1 The composition and prepa-
in the Palmqvist region and>>a is assumed to be well-  ration method of the prefired materials were explained in de-
developed median cracR.Various equations are proposed tail elsewheré?11 The particle size distributions of coarse
in order to determine the fracture toughness from Vickers and fine prefired materials are givenkig. 1 The particle

indentation cracks for both crack geometries. size distributions of the milled powders were analysed by a
Table 1
Chemical composition of clays

Al,O3 Sio, Ca0 MgO NaO K20 FeOs3 TiO, L.O.l.
Standard Porcelain English China Clay 37.0 48.0 0.07 0.3 0.1 1.6 0.65 0.02 125

Ukrainian ball clay 34.0 49.0 0.3 0.3 0.2 1.2 1.6 1.3 12.0
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6 [ ) B e ) on each indentation. The cracks were measured using the
r -, 1 microscope attachment on the microhardness tester immedi-
sF P e : ately after indentation. Crack measurements were only made

o Fine

1 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
¢<3.5q for the validity of Egs.(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-
[ . o nected.
¥ e x i® i 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,
Coulter Multisizer Accu Comp 1.19 particle size analyser. Model E25). Young’'s modulus measurements were car-
For the slip preparation first, fine prefired material, China ried out on rectangular bars which were polished to have
clay and Ukrainian ball clay were mixed with distilled wa- dimensions of approximately 4 mm5 mmx 65 mm with
ter in a porcelain pot half filled with alumina milling balls a lower span distance of 50 mm and crosshead speed of
for about 1 h. Then, the coarse prefired material was addedl mm/min.
and milled together for further 15 min. In order to produce The crystalline phases present in the microstructure of
a castable slip the viscosity should be adjusted. This is donesintered samples were identified by XRD and SEM tech-
by adding appropriate amounts of deflocculant while the slip niques. For XRD, powdered form of sintered samples were
was being mechanically stirred. On the completion of vis- scanned from 2=10-70, at a scanning speed of/iin,
cosity adjustment the slip was transferred to plastic containerusing a RIGAKU 2200 DMAX diffractometer (with Cu &
and aged for at least a week before any casting carried out. radiation) at 40kV and 40 mA. The diffractometer was cal-
Cylindrical rod specimens were cast to quantify the ibrated with a silicon standard before use. For SEM obser-
changes in fired densities, flexural strength, and fracture vations, specimens were polished using 6, @imidiamond
toughness with solid content and sintering temperatures. Topastes after grinding with silicon carbide powders as abra-
do that a particular slip was poured in a cylindrical plaster sive and lubricated with water. The polished surfaces were
mould and the amount of water absorbed by the mould walls chemically etched in 5% HF solution for 2 min. A Phillips
was progressively replaced with slip until the whole mould XL30 SFEG scanning electron microscope equipped with
was filled with the green cast specimen and a solid rod was EDAX detector (operating at 20 kV) was used for microstruc-
obtained. The green cylindrical rods were 10 mm in diame- tural examination of samples with secondary electron images
ter and approximately 80 mm in length. After withdrawal of (SEI) used predominantly. Microanalysis was performed us-
the mould, specimens were dried at 2@for an overnight. ing the embedded EDX digital controller and control soft-
Cylindrical rods produced with various solid content were ware.
then fired at temperatures from 1330 to 14@0with soak-
ing times of 3 h, in the Nabertherm chamber kiln.
The densities after firing were determined from the vol- 3. Results and discussion
ume of rods and their masses. The flexural strength of sintered
cylindrical rods were measured with an electronic universal ~ Two processing parameters that would influence the me-
tester (Model 5569, Instron Ltd.) by a three-point bending chanical behaviour of the novel whiteware investigated dur-
test with a lower span of 60 mm and crosshead speed ofing this study were the solid content of the slip and the sin-
1 mm/min, based on ASTM standard C1161-90. The surfacetering temperature.
conditions of tested specimens were as-sintered. The num- In order to maximise the solid volume fraction of a cast-
ber of samples used varied between 8 and 10 for each soliding slip it is necessary to optimise the particle size distri-
content and sintering temperature. bution of the starting material. As it was shown by Ferreira
Vickers microhardness values were determined on the pol-and DiZ’ and Taruta et af® that it is possible to obtain
ished surface of the fired samples using a microhardness testehigh density slip cast bodies by using bimodal particle size
with a Vickers indenter (Instron Wolpé&ttTestor 2108). distributions in which fine and coarse particles are com-
The samples were submitted to 10 loads of 9.8 N for 13 s bined in an appropriate proportion and size ratio. The par-

IN (%)

PARTICLE DIAMETER (pm)

Fig. 1. The particle size distributions of coarse and fine prefired materials.
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254 coarse and fine particles in slips having higher solid con-
) tent than 45 vol.% may form flocs which creates more open
o mr 1 structure which in turn produces lower bulk density during
e i ] sintering?®:30
& 25f 1 The amount of closed porosity was calculated by sub-
& I ] tracting the ratio between bulk density and powder density
515 248 - 7 from unity. Powder density of a sintered specimen of the low-
= [ i clay whiteware was measured by He pycnometer and found
% 2461 ] to be 2.86 g/crh The maximum bulk density attained with
= I ] specimens produced from slips having 45 vol.% solid con-
244 - ] tent at a sintering temperature of 13%Dwas 2.52 g/cr
[ 1 The calculated volume percent of closed porosity is found
242 - B

to be 12. This value represents the minimum porosity level
TR R A e R SR s attained in this study and showed some variations both with
B5E® i solid content of the slip and sintering temperature reaching
130 L 2 . ] up to 15%. The difference between minimum and maximum
{ { ] density values would produce approximately 20% change in
125 % } . the amount of porosityFig. 3a—d is the SEM micrographs

120 3

of the sintered samples produced from slips having solid
; : contents of 40, 42.5, 45 and 50 vol.%, respectively, show-
sk ] ing the effect of solid content on morphology of porosities.
[ ] The sample produced from 40vol.% solid containing slip
1o . (Fig. 3a) contained small and generally interconnected large
E ] pores both in large numbers as a result of incomplete den-
e ] sification. It was observed that the size and the number of
% R T DO R S S large pores appeared to decrease as the solid content was
40 2 44 46 48 50 increased up to 45vol.%. The 45vol.% solid content sam-
SOLID CONTENT ("%) ple contained essentially isolated small round pores in rather
small numbersKig. 3c). However, when the samples were
Fig. 2. (a) Densification and (b) flexural strength behaviour of the low-clay produced from a slip above 45vol.% solid content, it was
whiteware as a function of slip’s solid content. observed that the size of pores appeared to increase again
(Fig. 2d).

Fig. 4 shows the X-ray diffraction traces of samples sin-
ticle size distributions of coarse and fine prefired materials tered at 1350C as a function of solid content. The crys-
used in this study are given fig. 1L The analysis show a talline phases identified in all the specimens are anorthite
bimodal distribution presenting two maximum points, which (CaOAl,03-2SiQ,) being the major crystalline phase and
are centred at aroundydm (fine prefired) and 1Qm (coarse mullite (3Al,03-2Si0;) as minor crystalline phase labelled
prefired). The ratio between coarse and fine particle sizesas (a) and (m), respectively. Some glassy phases are also
is around 10, which is large enough for efficient particle present. The peak intensities of crystalline phases did not
packing?! significantly alter with the change of solid content indicating

The effect of solid content on the densification and flex- that the degree of crystallinity was similar. The SEM image
ural strength behaviour of slip cast specimens is given given inFig. 5a shows the highly crystalline microstructure
in Fig. 2a and b where the bulk densities and flexural of the low-clay whitewareFig. 5b and ¢ shows anorthite
strength of the specimens after firing at 1380for 3 h and mullite crystals, respectively, in higher magnification.
are plotted against the solid content of the slip. As the The EDX analysis irFig. 5d and e confirms the formation
solid content increases, bulk density and flexural strength of anorthite (marked as a) and mullite crystals (marked as
of the body continued to increase, reached a maximum m). The glassy phase (marked as g), which is etched away
and then decreased. It appears that there is a limit onto reveal the crystalline phases, are distributed between the
solid content of the slip to achieve optimum results. Up crystals.
to 45vol.% solid content the results show gradual im- To observe the effect of sintering temperature on densifica-
provements however, further increase in slip’s solid con- tion and flexural strength behaviour specimens with 45 vol.%
tent has an adverse effect on the properties. This behavioursolid content were sintered from 1330 to 14@with 20°C
could be explained in terms of changes in packing arrange-intervals. The results are shownkig. 6a and b. Upon heat-
ment with the solid content. Slips having solid content up ing, bulk density of the whiteware increased, reached a maxi-
to 45vol.% would allow the particles to rearrange them- mum, andthen decreased. The decrease in density after reach-
selves in a more closely packed structure. However, theing maximum is attributed tobloating” (i.e., pore volume

FLEXURAL STRENGTH (MPa)

100
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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 vtik@byrespec
showing the effect of solid content on morphology of the porosities.

expansion), which arises from higher pressures (at high tem-bone china and hard porcelain. The high strength value of
peratures) of gases entrapped within closed pores. The flexubone china compared to hard porcelain was attributed to its
ral strength of the whiteware varied proportionally to its bulk high crystalline conterft.Previous quantitative X-ray analy-
density. The flexural strength increased with an increase insis study! on prefired material had shown that this material
sintering temperature up to 1350, attained amaximumand  contained~76% anorthite and~8% mullite crystals with
upon further heating decreased with a corresponding decreas¢he remainder being glass stating highly crystalline structure.
in density. The relationship between the flexural strength and However, the specimens produced from different amounts
bulk density can be clearly seenftig. 7where the datafrom  of solid containing slip and sintered at different tempera-
varying slip content and sintering temperature experimentstures showed some measurable differences in their flexural
are pooled. The increase in strength is approximately 30%. strength. The high strength and the variation in strength be-

The maximum flexural strength obtained from low-clay haviour could not be explained only by its high crystalline
whiteware is about 135 MPa which is higher than that of 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.

0000 ., Lfﬁ?@l;,;g, o T Miﬁ'g‘?:m} ] The strength is a function of the fracture toughness and
e SIS UM RIS 2 ARAPAR A S, C:50% the characteristic defect size of the material. Hence, the in-
g 2000“_@__‘wwuv'.udw., \ e s s crease in strength may pe expla_ined by anincrease in fracture
- ‘ toughness, adecrease in pore size or both. In order to correlate
- J SUSGU I IV, W VN DUV VNP SV S o the changes in flexural strength with the fracture toughness
ﬁ 1000;%“ . ,Juu»'b\l T LS canso it was necessary to determine the fracture toughness of the
| R low-clay whiteware. The fracture toughness values were de-
0 ' Jh‘uv”\w'\wmv I NV sl C:40% termined by means of Vickers indentation method. It was
100020003000 4000 5000 60.00 observed for the applied load, 9.8 N, that Palmaqwist (8

2 Theta [deg.] rather than median cracks developed; therefore, the models

Fig. 4. XRD traces of low-clay whiteware samples as a function of slip's given in the introduction section were chosen for calculating
solid content showing anorthite and mullite formation labelled as a and m, the fracture tothneSS- To be able to calculate the fracture
respectively. toughness by using Eq3) and (4) the values of Vickers
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Fig. 5. (a) SEI of an etched low-clay translucent whiteware sintered at°I358owing 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 requirable 2 pro- similar results. The fracture toughness showed some varia-
vides Young's modulus and Vickers hardness values of the tion both with solid content and sintering temperature. X-ray
low-clay whiteware as functions of slips solid content and analysis showed that there were no measurable differences
sintering temperature. It was observed that Young’s modulusin the degree of crystallinity in these samples; hence, the
values show some variation both with solid content and sin- increase in toughness cannot be attributed to increasing crys-
tering temperatures. This is because samples were containingallinity or changing ratios of anorthite and mullite crystalline
different amounts of porosity, presence of which, as in gen- phases. On the other hand, there is considerable increase in
eral degrades Young’s modul&&0On the other hand, such the density of the materiaFig. 10 shows the relationship
a correlation was not observed in hardness values becausbetween the fracture toughness and bulk density. A slight in-
measurements were made only at sites free of porosity. crease, approximately 10%, in the fracture toughness was
Using Egs(3) and(4), the fracture toughness values given observed with increasing bulk density. Assuming a linear
in Fig. %a and b were obtained. Both methods produced very relation33 and extrapolating the data presentedtig. 10

ﬁzlsljung’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 temperatuf€j
40 425 45 47.5 1330 1350 1370
Elastic modulus (GPa) 74.6 w 803 769 75.0 803 789

Vickers hardness (GPa) 6.5 .76 6.5 6.7 6.6 65 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.
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Fig. 7. The relationship between bulk density and flexural strength of the
low-clay whiteware.

creasing densif (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 porosi(®), hence

Y?c(P) = (K'°> i (5)

of

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

it would be calculated that if this material had been produced of the material increases. As explained earlier, the change in

100% dense, its toughness would have been 2.3 MPam

porosity with the increase of density is approximately 20%

If the flaw size remains constant, strength—toughness re-which would result in only 7% decrease in pore diameter,

lation is expected to be linear as H@) indicates. Hence,

calculated assuming that the pores are spherical. Clearly, the

a 30% increase in strength cannot be explained by a 10%decrease in flaw size (30%) is much greater than the decrease

increase in toughness only. A decrease in flaw size with in-

in pore size (7%). The reason behind this discrepancy may

Fig. 8. Surface appearance of cracks developed from Vickers indents (a) before and (b) after polishing. The discontinuity of the cracks at tfi¢heorners

indent after polishing indicates Palmgvist cracks.
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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.
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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 processs,
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 s
1.85 MPa mY2for optimum processing parameters, which are

45v0l.% slip’s solid content, 135 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. Itis 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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