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Abstract

The effect of filler grain size, quartz content in the filler and firing conditions (sintering temperature, firing time) on the physical
and mechanical properties of a sanitary-ware porcelain has been studied in the narrow range of values used by industrial practice.
The investigation has been carried out using the Taguchi method for experimental design. Quartz grain size is the most important
factor regarding the physical properties and dominates bending strength in two ways, directly by inducing compressive stresses to
the vitreous phase and indirectly through the development of a favorable microstructure. The characteristics of the last are dis-
cussed in detail. The optimum grain size of quartz was found to be 5-20 um. This results in 20-30% increase of bending strength
compared to the reference porcelain. The results confirm the “Matrix Reinforcement™ theory, however, the positive effect of mullite

content on bending strength was not observed.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The mechanical properties of porcelain bodies have
been studied extensively for almost a century. During
this period three theories have been presented to explain
the strength of porcelains.! These are the ‘“Mullite
hypothesis”, the “dispersion strengthening hypothesis”
and the “Matrix reinforcement Hypothesis™.

The mullite hypothesis> suggests that porcelain
strength solely depends on the felt-like interlocking of
fine mullite needles. Specifically, the higher the mullite
content and the higher the interlocking of the mullite
needles, the higher is the bending strength.’® Hence,
the bending strength of porcelain depends on the factors
that affect the amount and size of mullite needles like
the firing temperature.!

On the other hand, the dispersion strengthening
hypothesis’ states that dispersed particles in the vitreous
phase of a porcelain body, such as quartz and mullite
crystals, in the glassy phase of a porcelain body limit the
size of Griffith flaws resulting in increased strength.

* Corresponding author. Tel.: +30-1-772-3243; fax: + 30-1-772-3244.
E-mail address: chftikos@ orfeas.chemeng.ntua.gr (C. Ftikos).

0955-2219/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/j.jeurceramsoc.2003.07.003

Finally, the concept of the matrix reinforcement
hypothesis concerns with the development of compres-
sive stresses in the vitreous phase as a result of the dif-
ferent thermal expansion coefficients of dispersed
particles or crystalline phases (usually quartz) and the
surrounding vitreous phase. The larger these stresses
are, the higher is the strength of the porcelain bod-
ies."8® The phenomenon is known as the pre-stressing
effect.

Although, it is suggested that a universal theory of
strength in porcelain bodies should account for all the
above mechanisms of strengthening,! still there is an
argument regarding the positive or negative effect of
residual quartz on porcelain strength.

Specifically, mostly reports that support the mullite
hypothesis or the dispersion strengthening hypothesis
claim that the presence of residual quartz in fired bodies
is harmful'%~!? to the porcelain strength due to the o-B
transformation of quartz crystals during cool-
ing.#>10-13-16 Tt is reported that improved mechanical
properties are observed by reducing quartz content®!!-17
or by pulverizing quartz.!*"!'7 Additionally, higher
strength can be obtained by the substitution of quartz
by sillimanite sand,! alumina,'’!>!® kyanite or mul-
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lite,!® rice husk ash,'? sericitic pyrophyllite'! or low
expansion porcelain powder.2’

On the other hand, in accordance to the matrix rein-
forcement theory, there is abundant experimental evi-
dence that under certain conditions residual quartz has
a beneficial influence on porcelain strength,!>8 It is
reported that maximum bending strength is achieved by
increasing residual quartz content and controlling
quartz grain size in the range 10-30 um.> Nevertheless,
different views regarding the optimum conditions have
also been expressed.’2!

Obviously there is a conflict between researchers for
the positive or negative influence of quartz on porcelain
strength, which is attributed to the many parameters
that interfere. A simultaneous investigation of para-
meters such as quartz content, quartz grain size, firing
temperature and soaking time would help in the direc-
tion of understanding the mechanisms controlling por-
celain’s strength and improving its mechanical
properties. However, the enormous amount of experi-
ments required for such an investigation limit research-
ers in studying one or two factors at a time (e.g.
temperature and quartz content or temperature and
quartz grain size).

The present work, which is a part of an extended
research program, aims to elucidate the complex phe-
nomena affecting porcelain strength development. In
this respect four parameters were simultaneously inves-
tigated, in order to study their effect on mechanical and
physical properties of a sanitaryware porcelain. To
overcome the enormous amount of experiments, thus,
saving time and resources required, the Taguchi
approach for experimental design was employed. The
values used for the four parameters lie in the range
applied in industrial practice, in order to avoid or to
limit an over-evaluation of the influence of any para-
meter (e.g. temperature by overfiring or underfiring).
Subsequently, the objective is to determine the condi-
tions under which, improved mechanical strength can be
achieved compared to industrially produced sanitaryware
porcelain. Finally, the results are discussed in respect to
the three suggested theories considering the effect of
quartz on the mechanical properties of porcelain.

2. Experimental procedure
2.1. Experimental design

The four investigated parameters were filler grain size,
quartz content in filler, sintering temperature and firing
time.

Three levels of values for each parameter were applied
shown in Table 1 within the range usually used in
industrial practice for the production of sanitary-ware
porcelain.

In a full factorial experimental design all possible
combinations of the factors should be tested. When the
number of factors and the number of their distinct
values (levels) are large, then the amount of experiments
becomes impractical.?? In this case by introducing four
parameters at three levels each, the number of the required
experiments for a full factorial analysis rises to 3*=81.

Aiming to reduce the number of experiments, namely
to save time and resources, a fractional factorial design
such as the Taguchi method can be used limiting the
investigation to a specific subset of the full factorial
experimental array.?>>3 In the present work, a four by
nine experimental matrix, according to the Taguchi
experimental design, was used. This array, referred in
literature®>2* as the L9 (3% Orthogonal Array, is
presented in Table 2.

2.2. Materials and sample preparation

The required particle size distributions (PSD) of the
filler (quartz and fired porcelain powders) were obtained
by wet milling and separation of the desirable fractions
by sedimentation (Table 3). Consequently, nine different
slips were prepared. Their composition was: 28% Kao-
lin, 24% Ball clay, 19% Nepheline syenite, 13-29%
quartz (content depends on the run as shown in Table 2)
and 0-16% fired porcelain (content also depends on the
run). The total amount of filler (quartz and fired porcelain)
was kept constant at 29%.

After 24 h of slip ageing, 20 rods of 12 mm in dia-
meter and 140 mm in length were prepared for each run
by slip casting. Specimens were dried at 110 °C and then
fired to the desired temperature as listed in Table 2.
During firing, the temperature increasing rate was
120 °C/h up to 1000 °C and 180 °C/h from 1000 °C to
the desired temperature. The furnace was left free to
cool to room temperature. During cooling the rate was
less than 1 °C/min below 800 °C.

2.3. Samples characterization

Open porosity and total porosity were determined
after firing, by means of mercury porosimetry (Quanta-
chrome Autoscan 33) and gas pycnometry. The bending
strength for the 20 specimens of each run was measured
using a 3-point loading method with a span of 100 mm
and a crosshead speed of Imm/min (INSTRON 8562).

Table 1
Values of each level for the factors studied

Factors Level 1 Level 2 Level 3
A: Filler PSD <5 um 5-20 um 20-40 pm
B: Quartz content 13% 21% 29%

C: Sintering temperature 1175°C 1200 °C 1230 °C
D: Firing time 5 min 60 min 120 min
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Table 2
Experimental conditions, L9 (3%) orthogonal array
FACTORS
Filler grain size (um) Filler content (%) Firing Firing
temperature (°C) time (min)
RUN SiO, Porcelain SiO, Porcelain
R1 <5 <5 29 0 1175 5
R2 <5 <5 21 1200 60
R3 <5 <5 13 16 1230 120
R4 5-20 5-20 29 1200 120
R5 5-20 5-20 21 1230 5
R6 5-20 5-20 13 16 1175 60
R7 20-40 20-40 29 1230 60
R8 2040 20-40 21 1175 120
R9 20-40 20-40 13 16 1200 5
Table 3 three main theories described above focus on the effect

Particle size distribution of quartz and porcelain powders

Quartz powder Porcelain powder

<5 5-20 20-40 <5 5-20 20-40
do 12pm 6.3 pm 171 pm  1.1pm 4.1 pm 16.2 pm
dsg 24pum I114pum 289pum 2.1pm 1.6 um 239 pum
doy 43pm  189pum 453 pum 3.6 pm 213 pum  41.1 ym

Crystal phase identification was performed by X-ray
diffraction using a SIEMENS D500 diffractometer and
quantitave analysis of the crystal phases was carried out
by using metallic silicon as internal standard. The same
internal standard was used in order to calculate the lat-
tice parameter d>;; of residual quartz and determine the
induced stresses to the vitreous phase. The micro-
structure of the fired bodies was studied by means of
Scanning Electron Microscopy (SEM) using a JEOL
JSM-6300 apparatus, both on etched and non-etched
polished, perpendicular surfaces of the rods.

2.4. Statistical analysis

Data analysis and interpretation were performed
applying ANOVA?* (ANalysis Of VAriance). The effect
of each factor on the examined properties is expressed
as a contribution percentage of the total variation
observed. Finally the confidence level for the test of
significance was set to 75%.

3. Results and discussion
3.1. XRD studies
Crystalline phases dispersed in the vitreous phase are

considered very important factors influencing the
mechanical properties of porcelain bodies, since all the

of crystalline phases in order to explain the mechanical
properties of porcelain. Quartz and mullite are identi-
fied by X-ray diffraction in all samples, whereas traces
of cristobalite are identified only in samples fired above
1200 °C containing fine grained (<5 pm) quartz (i.e.
Runs 2 and 3).

Particularly, for the residual quartz content the effect
of the four tested parameters is shown in Fig. 1. Filler
PSD and quartz content in the batch are the most
important parameters contributing 46 and 37% to the
observed variation respectively. Residual quartz content
decreases as filler PSD decreases indicating that fine
quartz grains are more prone to dissolution than coarser
grains (Figs. 2-4). Firing time and temperature con-
tribute 11 and 6% to the observed variation. The rela-
tively small effect of temperature on residual quartz
content can be attributed to the fact that firing above
1200 °C (Fig. 2) has no significant effect on quartz dis-
solution. On the other hand increased soaking time
leads to increased quartz dissolution and decreased
residual quartz (Figs. 2—4).

Contribution Percentage (%)

Residual Open Total Bending
Quartz Porosity Porosity Strength
EPSD B Quartz content

Firing temperature OFiring time
M Error term

Fig. 1. Percent contribution of the studied factors on residual quartz
content, open porosity, total porosity and bending strength.
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Fig. 3. SEM photographs of polished and etched cross section of a
sample of Run 3 showing the un-dissolved quartz crystals.

3.2. Porosity and microstructure

Porosity and microstructure are considered important
parameters regarding the mechanical properties of fired
bodies>> and therefore are going to be described in
detail. Within the studied range of values for the four
parameters, the factors that affect open porosity are fil-
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Fig. 4. SEM photographs of polished and etched cross section
showing the un-dissolved quartz crystals in Run 6.

ler PSD and firing temperature (Fig. 1). The former is
the dominant factor by explaining 95% of the observed
variation. Quartz content and firing time didn’t pass the
test of significance and, thus, they were ignored. The
error term is very low, only 3%, indicating negligible
experimental error and unexplained variation.

The statistically derived dominance of filler PSD on
porosity is in line with the experimental observation
that there is a significant increase in open porosity when
20-40 pm grain fractions are used (Fig. 5). Decreasing
PSD to 5-20 pum, open porosity decreases significantly.
Further porosity decrease is observed when fine grained
filler is used. However, the difference in open porosity
between 0 and 5 pym and 5-20 pm filler size fractions is
considerably less pronounced compared to the differ-
ence between 5 and 20 pm and 20-40 pm fractions.

Contrary to the vast impact of filer PSD on open
porosity, firing temperature has a small effect. Initially
porosity decreases by increasing temperature (e.g. 1175—
1200 °C), whereas, firing temperature above 1200 °C
resulted in increase of the open porosity.

Similar trends are observed regarding the influence of
the studied parameters on total porosity. Filler PSD is
again the dominant factor explaining 61% of the
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Fig. 5. Effect on the open porosity for the different levels of the stud-
ied factors.
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Fig. 6. Effect on the total porosity for the different levels of the studied
factors.

observed variation, whereas the contribution of firing
temperature and quartz content is 20% and 10%
respectively (Fig. 1). Soaking time is ignored since it did
not pass the test of significance.

Decreasing filler PSD leads to denser bodies (Fig. 6).
The decrease in total porosity values is extensive if the
filler PSD is reduced from 20—40 pm to 5-20 pm. Fur-
ther decrease in filler PSD results in a slighter decrease
of total porosity.

Comparing Figs. 5 and 6 it is evident that the effect of
temperature on total porosity is analogous but more

pronounced than its influence on open porosity. Total
porosity initially decreases with increasing firing tem-
perature. However, firing above 1200 °C results in
higher total porosity probably due to bloating. This will
be discussed later, in microstructure observations.

Table 4 suggests that the studied parameters do not
only affect total porosity of the fired bodies but also the
pore characteristics and the microstructure. In more
detail, samples that contain fine grained filler (<5 pm)
generally show few, isolated, spherical pores indicating
that sintering is at the late stage. The diameter () of
the pores is in the range of 5-20 um (Fig. 7a). Samples
of Run 3, however, sporadically present larger pores in
the range of 350-70 um (Fig. 7b). Considering the fact
that Run 3 was fired at the maximum tested tempera-
ture and time (1230 °C, 2h), the presence of such large
pores associated with the high value of total porosity
and the low value of open porosity indicates bloating.

In contrast, specimens in 2040 um sized quartz frac-
tions (Runs 7 to 9 of Table 4) are not well sintered, as
they are characterized by a large number of pores
excessively interconnected (Fig. 7c¢). The shape of the
pores is irregular and their size is between ¢¥5 and 40
um.

Finally, samples containing filler in the range of 5-20
pm (Runs 4 to 6 of Table 4) present an intermediate
microstructure. Specifically, the samples of Run 4 are
characterized by small pores ¢J5-15 um, which are iso-
lated and spherical (Fig. 7d). On the other hand, Run 5
and Run 6 present a larger number of pores than Run 4
(Fig. 7e). Additionally, the pores are less spherical
(elongated or ellipsoid) and, especially, for Run 5 occa-
sionally interconnected. The diameter of the pores is
between 5 and 20 pm.

3.3. Bending strength

The effects of the four parameters on bending
strength are shown in Fig. 1. Under the studied condi-
tions the most important factor is filler PSD by
explaining 95% of the observed variation. On the other
hand, the variation in the results caused by firing

Table 4
Porosity, pore characteristics and bending strength of the fired bodies
RUN Total Open Pore shape, size (um) Connected Bending
porosity (%) porosity (%) pores strength (MPa)
R1 7.9 2.4 Spherical, 5-20 NO 66.74
R2 7.2 1.4 Spherical, 5-20 (occasionally 30-50) NO 63.00
R3 14.8 2.4 Spherical, 5-20 (occasionally 50-70) NO 56.29
R4 8.0 1.0 Spherical, 5-15 NO 89.63
RS 13.3 3.7 Spherical-elongated 5-20 Occasionally 84.60
R6 11.8 5.8 Spherical-elongated 5-20 NO 83.36
R7 17.2 15.2 Irregular, 5-40 Excessively 53.59
R8 17.4 153 Irregular, 540 Excessively 56.37
RY 16.6 14.4 Irregular, 5-40 Excessively 52.95
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temperature is minimal. The same holds true regarding
the influence of quartz content in the filler, which is only
3%. This means that replacing part of the quartz in the
batch by fired porcelain powder of the same PSD does
not have a significant effect on bending strength. Thus,
the observation reported by Masson,”® namely, the
substitution of quartz by fired porcelain powder has a

X300 100pum

significant and favorable result on the mechanical
properties of porcelain bodies can not be confirmed. On
the contrary, a slight increase of bending strength by
increasing quartz content is observed (Fig. 8).

Finally, the fourth studied parameter, firing time, did
not pass the test of significance and is considered unim-
portant.

X300 100pm

Nbs _ n e Y

5 X300 100pm

Fig. 7. SEM photographs of polished cross sections of fired bodies showing the pore characteristics of specimens containing different levels of filler
PSD (a) <5 pm (Run 1), (b) <5 um (Run 3), (¢) 20-40 um (Run 7), (d) 5-20 um (Run 4) and (e) 5-20 um (Run 4).
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Obviously, the effect of filler PSD overwhelms the
effect of the other three factors and dominates the
mechanical properties of the fired bodies. The dom-
inance of filler PSD is attributed to the large increase in
bending strength observed for the fraction 5-20 pm of
filler grains (Fig. 8). Finer or coarser grain fractions
cause significantly lower bending strength values (3040
MPa). These results are in agreement with the sugges-
tion of the researchers>®2¢ that there is an optimum
quartz PSD which gives the highest bending strength.
On the contrary, the observation of Mortel!*'¢ is not
testified, namely that increased mechanical properties
are obtained if no quartz grains are present.

However, before reaching any conclusions concerning
the mechanisms related to the existence of an optimum
PSD, the relationship between bending strength, total
porosity and microstructural characteristics must be
examined. Additionally, it must be checked whether and
how these results can be explained in respect to the three
proposed theories.

3.4. Bending strength vs. total porosity and
microstructure

Fig. 9 shows the relationship between the bending
strength of the nine runs and their total porosity. Gen-
erally, bending strength in ceramics decreases exponen-
tially by increasing porosity, and the denser the fired
bodies are the higher the bending strength is.?>27-28
Accordingly, the high total porosity of specimens that
contain 2040 um filler grains accounts for the low
bending strength values (Fig. 9). In contrast, despite the
larger total porosity, samples of Runs 5 and 6 deviate
from the above general rule exhibiting considerably
higher bending strength than Runs 1 and 2 (Fig. 9).
Additionally, the bending strength of Run 4 is sig-
nificantly higher than the bending strength of Runs 1
and 2 even though these runs have the same total por-
osity. Thus, a sharp and clear relation between bending
strength and total porosity can not be confirmed.

100 ~ . .
_. 90 A E E Insignificant
£ 80
g 70 <
P —D=<)-‘U -O-O-G O (O=0
= 60
g 50 H A: Filler PSD
9 40 4 : B: Quartz Content
o : .
£ 30 : : C: Firing Temperature
K : ¢ |D: Firing Time
g 20 4 s s v

10 1 B : - : L |

A1 A2 A3 B1 B2 B3 C1 C2 C3 D1 D2 D3
Factor Levels

Ramp indicates value increase

Fig. 8. Effect on the bending strength for the different levels of the
studied factors.

However, if the results are divided into groups by grain
size it is evident that bending strength decreases as the
total porosity is meaningfully decreased.

It is reported>>?° that interconnecting pores act as
large fracture flaws reducing bending strength and that
spherical, uniformly distributed pores less than 20 um
have a positive effect on bending strength. The low
bending strength of the samples that contain 20-40 pm
sized filler grains can be attributed not only to the high
porosity but predominantly to the microstructure that is
characterized by relatively large pores excessively linked
to each other (Fig. 7¢). Furthermore, the low bending
strength of Run 3 compared to the bending strength of
Runs 1 and 2 can also be attributed to the detrimental
microstructure developed, which is characterized by the
occasional presence of large (50-70 um) pores. On the
other hand, microstructure does not justify the large
difference in bending strength observed between sam-
ples that exhibit the lowest values (~8%) of total por-
osity (Runs 1,2 and 4). The specimens of these Runs
present spherical, non-connected pores less than 20
um (Fig. 7a,d). Nevertheless, the mean bending strength
is 67 and 63 MPa for Run 1 and Run 2, respectively,
whereas for Run 4 is about 30% higher, namely 89
MPa. Furthermore, Run 5 exhibits significantly higher
bending strength than Runs 1 and 2 despite the higher
porosity and the sporadically connected pores. Conse-
quently, the effect of microstructure on bending strength
is detrimental and critical if it is characterized by exces-
sively interconnected pores and high total porosity
(poor sintering). On the other hand, microstructure and
total porosity are not the key factors determining the
bending strength of relatively dense bodies that present
mostly small, isolated pores.

3.5. Bending strength versus the three proposed theories
In order to explain the differences in the mechanical

properties which can not be explained by microstructure
and total porosity, the relationship between bending

95 -
90 - Run 5
g 85- Run-4\N un
< 801 Run 6
371  Runt
[72] un
£ 70 P
£65{ ¢
g 60 - RN Run 8
@ 55 - Run 3 Al Run7
50 - un Run 9
45 T T L 1
5% 10% 15% 20% 25%

Total Porosity
@ <5um M5-20pm A 20-40pm

Fig. 9. Relation between bending strength and total porosity of fired
bodies.
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strength and the following three parameters is exam-
ined: Stresses induced to the vitreous phase (pre-stres-
sing effect), Mullite content and Quartz residue.

The stresses induced to the vitreous phase are deter-
mined by calculating the lattice parameter d>;; of resi-
dual quartz. The normal value (stress free) for da; is
1.541A. Higher values of d>;; indicate that quartz par-
ticles are under tensile stresses and the vitreous phase
under compressive stresses.® The relation of mean
bending strength values and the lattice distances of
residual quartz crystals in the samples is presented in
Fig. 10. It is observed that bending strength increases as
the d»;; value increases and that the maximum bending
strength is obtained at ~1546A. The high bending
strength of the samples that contain 5-20 um quartz
grains (Runs 4, 5 and 6) which can not be explained in
terms of microstructural characteristics and total por-
osity may be attributed to the high compressive stresses
induced to the vitreous phase (Fig. 10). Indeed, the
observed increase of bending strength with the increase
of the compressive stresses induced to the vitreous phase
is consistent with the matrix reinforcement theory.

On the other hand the beneficial influence of mullite
content on bending strength is not evident (Fig. 11),
since none relationship between mullite content and
bending strength could be identified. Therefore, the high
bending strength of Runs 4, 5 and 6 can not be
explained in relation to the mullite content.

Finally, according to the dispersion strengthening
hypothesis increased residual quartz content results in
higher bending strength due to the presence of more
dispersed particles in the vitreous phase.!® However, a
clear relationship between residual quartz content and
bending strength is not observed (Fig. 12). Although, a
decrease in the bending strength for the samples con-
taining 0-5 pm sized filler grains is evident the high
bending strength of samples containing 5-20 um quartz
grains can not be explained in terms of the residual
quartz content.

m Run3
Run 5’ Run 4

Runie
o Run 2

ARung8

50 1 Run QAA Run7

45 T T T |

1,5400 1,5420 1,5440 1,5460 1,5480
Interplanar spacing (d44)

® <5um N 5-20um A 20-40um — —Stress free

Bending Strength
(=]

Fig. 10. Relation between bending strength and lattice parameter d5;
of quartz in fired bodies.

3.6. Final considerations

As described earlier filler PSD dominates porcelain
strength and this fact is attributed to the high bending
strength of samples containing 5-20 pm filler grains
(Runs 4, 5 and 6). This result can now be further
explained and analyzed. It was found that in order to
obtain high mechanical properties three conditions must
be fulfilled, namely the relatively low total porosity, the
presence of small and mostly isolated pores and the high
pre-stressing effect. It was also observed that in the
range of values studied these three conditions are con-
trolled by quartz PSD (Figs. 6 and 10, Table 4). Using
coarse filler (2040 um) sintering is retarded leading to
high porosity (~17%) and relatively large inter-
connected pores. These interconnected pores act as large
fracture flaws significantly lowering the mechanical
properties. Using finer filler sintering enhances, porosity
decreases and bending strength increases with the tran-
sition of pores from excessively interconnected and
irregular to isolated and spherical.
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Fig. 11. Relation between bending strength and mullite content in
fired bodies.
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Fig. 12. Relation between bending strength and residual quartz
content in fired bodies.
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Table 5
Comparison between reference porcelain and Runs 4 and 5

Firing conditions (temperature/time)  Bending strength

RUN 4 1200 °C/2 h 89.6 MPa
Reference 1200 °C/2 h 75.5 MPa
RUN 5 1230 °C/5 min 84.6 MPa
Reference 1230 °C/5 min 65.7 MPa

The beneficial effect of the induced stresses on bend-
ing strength becomes apparent when the microstructure
is not detrimental for the mechanical properties. In the
present work non-detrimental microstructure is
observed for 0—5 um and 5-20 pm quartz grains (Runs
1, 2 and 3-6 respectively). The later size fraction
induced higher compressive stresses to the vitreous
phase leading to large increase of bending strength.
Thus, it can be concluded that quartz grain size dom-
inates strength in two ways. Directly by inducing com-
pressive stresses to the vitreous phase and indirectly
through the development of a favorable microstructure
for the mechanical properties. Consequently, optimiza-
tion efforts should be focused on quartz PSD, since in
the narrow range of values tested quartz content, sin-
tering temperature and firing time have a minimal effect
on bending strength. The optimum grain size range
found to be 5-20 um which is higher than the reported?®
0-5 um when maturing temperature is ~1200 °C.
Bearing in mind that the optimum grain size found is
considerably lower than the filler grain size used in
industrial practice for the production of sanitaryware
porcelain (typically <63 pm)' a significant improve-
ment of the mechanical properties should be expected
by controlling filler PSD below 20 pm. Indeed, 20-30%
higher bending strength is observed by using filler PSD
in the range 5-20 pm (Runs 4 and 5) compared to the
reference porcelain (Table 5).

4. Conclusions

In the narrow range of values used by industrial
practice filler grain size has severe impact on the
mechanical and physical properties of porcelain com-
pared to the impact of the other three factors, namely
quartz content in the filler, firing temperature and
soaking time that were tested. Thus, optimization efforts
should be focused on this factor.

Bending strength is affected by quartz grain size in
two ways, directly through the induction of compressive
stresses to the vitreous phase and indirectly through the
development of a favorable microstructure. Both these
parameters depend strongly on the PSD of quartz
grains. The optimum quartz grain size is 5-20 um which
gives the maximum bending strength. The use of coarser
grain sizes results in reduced bending strength due to the

development of a detrimental microstructure for the
mechanical properties. The microstructure is very por-
ous and characterized by large, irregular pores con-
nected to each other. On the other hand, using finer
quartz grains results in low bending strength due to
limited pre-stressing effect. Controlling quartz grain size
in the optimum range bending strength is increased by
20-30% compared to the reference porcelain.

The results are consistent with the matrix reinforce-
ment theory. However, the beneficial influence of mul-
lite content on bending strength is not confirmed. In
addition, replacing part of quartz content with fired
porcelain did not result in a positive effect on bending
strength.
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