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Abstract This work describes the relationships observed

between the porosity of fired ceramic test pieces and the

raw materials contents in the unfired mixture. The inves-

tigation was carried out using the mixture experiments

design approach coupled with response surface methodol-

ogy, which enables the calculation of statistically

significant models for the properties from a limited number

of experimental results. Ten formulations of a clay mixture,

potash feldspar and quartz sand were processed in the

laboratory under fixed conditions, similar to those used on

wall and floor tile industrial practice, and characterized.

Closed porosity (CP) was estimated from the analysis of

back-scattered SEM photomicrographs, open porosity (OP)

was calculated as the product of bulk density and water

absorption, and total porosity (TP) was calculated from OP

and CP values. Characterization results were used to cal-

culate statistically significant and valid regression

equations, relating those properties with the raw material

contents in the unfired mixture. For the particular raw

materials and processing conditions used, the models

clearly show how quartz contributes to increasing OP and

the crucial role played by feldspar when CP and TP are to

be minimized (circa 3 vol.%), and how the clay content can

counteract that effect and lead to maximum closed porosity

(*14 vol.%).

Introduction

The response surface methodology, and the design of

mixture experiments, is a collection of mathematical and

statistical techniques that can be useful in the modelling,

analysis and optimization of problems whose response is

influenced by several variables [1, 2]. Certain properties of

ceramic bodies and their dependence on the proportions of

raw materials used in their fabrication rightfully fall within

this scenario.

In porcelain and other traditional ceramics processing,

the raw materials play one of three distinctive roles [3, 4]:

plastic materials (generally clays), fluxing materials (usu-

ally feldspars) and inert materials or fillers (commonly

quartz). The presence of those three types of raw materials

determines many of the technological properties of indus-

trial ceramics and explains the label ‘‘triaxial’’ generally

used to designate such ceramic systems. This is why the

response surface methodology can and has been used to

model some of the technological properties of industrial

ceramics as functions of those raw material contents [5–7].

Briefly, the methodology starts with a regular array of

uniformly spaced points (simplex lattice), which is set on

the composition triangle defined by the raw materials.

Given the restrictions imposed by processing on clay,

feldspar and quartz contents in the mixture of raw mate-

rials, only a sub-region of the original composition triangle

is of interest and the concept of pseudo-component must be

used to create a restricted composition triangle [2]. Then,

the values of the property of interest are experimentally
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determined on those selected lattice points. To better the

confidence in the experimental results and guarantee their

reproducibility, replications of the experiments are needed

(i.e. the experimental procedure, from mixture preparation

to characterization, has to be repeated for a number of

times, for each simplex composition). A regression poly-

nomial is then fitted to those experimental values and the

model is considered valid only when the differences

between the experimental and the calculated values (error)

are uncorrelated and randomly distributed with a zero mean

value and a common variance. A final validation of the

model requires a couple of test compositions to counter-

check the calculated statistical model. A more detailed

description of the procedure can be found elsewhere [5–7].

After firing, wall and floor tile bodies are composed of

glassy and crystalline phases and empty spaces (pores and

fissures). Their volume and size distribution affect the

industrial use of the material and its weathering behaviour.

In particular, porosity is one of the technological properties

of industrial ceramics of greater interest, as variations in

porosity markedly affect the mechanical resistance and,

hence, the final application of the materials [5–8].

The main objective of this work is to shed light on the

relationship between the raw materials contents in the

unfired mixture and the porosity of fired bodies, using

digital image analysis techniques. To this aim, the design

of mixture experiments methodology was used to mathe-

matically model the closed, open and total porosities, as

functions of the proportions of clay, feldspar and quartz

present in the mixture of raw materials, under constant

processing conditions. The models so obtained can be used

to select the best combination of those three raw materials

to produce a ceramic body with specified porosities.

Experimental

The raw materials used were potash feldspar, quartz sand

and a clay mixture, all supplied by Colorminas (Criciúma,

SC, Brazil). Details of the raw materials characterization

can be found elsewhere [6].

These raw materials were located on a clay–feldspar–

quartz composition triangle and a {3,2} centroid simplex-

lattice design, augmented with interior points, was used to

define the ten mixtures of those raw materials that should

be investigated.

Mixtures with the selected compositions were wet pro-

cessed, following the conventional porcelainized stoneware

wall and floor tile industrial procedure: wet grinding (res-

idue left in a 325 mesh sieve below 1 wt.%), drying (24 h),

moisturizing (6.5 ± 0.2 wt.%, dry basis), granulation, uni-

axial pressing at 47 MPa (Micropressa Gabbrielli, 10 ton

hydraulic press), test piece drying (110 ± 5 �C until

constant weight) and firing at 1,170 �C for 1 h (heating at

3.20 �C/min up to 600 �C, and at 4.75 �C/min from 600 to

1,170 �C), followed by natural cooling. For each compo-

sition, two independent batches were prepared and

processed (replications).

The microstructure of the fired samples was studied on

as-fracture surfaces by scanning electron microscopy

(SEM, Philips XL 30, with an Energy Dispersion X-ray

detector).

The water absorption was determined using Archime-

des’ liquid displacement method by immersion in boiling

water for 2 h, on cylindrical test pieces (20 · 10 mm3,

4.5 g of material per test piece), using a Denver DE 100A

digital analytical scale with a resolution of 0.1 mg. For

each mixture, the final test result was taken as the average

of the measurements carried out on five test pieces.

The bulk density of fired test pieces was calculated

geometrically, using the dimensions (1 lm resolution

Mitutoyo MDC-25 M digital micrometer) and weight of

cylindrical test pieces. It must be emphasized that not all

the compositions can be regarded as true porcelain, hence a

constant typical solid density of 2.65 g/cm3 cannot be

assumed. Instead of the usual measurement of the true solid

density (e.g. He pycnometry) for every sample, a detailed

microstructure study was preferred.

Closed porosity (CP) was calculated from back-scat-

tered electron SEM images (Imago software, EMC, Federal

University of Santa Catarina, Brazil) [9], the final result

being the average of the measurements carried out on five

images for each sample. Open porosity (OP) is the product

of water absorption by bulk density and total porosity (TP)

was calculated from OP and CP values.

The results of the two replications were used to itera-

tively calculate the coefficients of the regression equations,

until statistically relevant models and response surfaces

were obtained, relating the CP, OP and TP with the pro-

portions of the clay, feldspar and quartz present in the

unfired mixture. The calculations were carried out with

Statistica 7.1 (StatSoft Inc., 2006).

Results and discussion

Characterization of raw materials and mixture

compositions

The results of chemical composition (XRF) and the min-

eralogical constitution (XRD) of the clay mixture

confirmed the presence of quartz (16 wt.%) and kaolinite

(65 wt.%), muscovite (3 wt.%), montmorillonite (8 wt.%)

and some potash feldspar (microcline, 7 wt.%). On the

other hand, the quartz sand and the potash feldspar are

rather pure materials (\0.5 wt.% impurities).
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The raw materials can be represented in the triaxial

composition triangle, as shown in Fig. 1: the quartz sand

and the potash feldspar were considered to be pure and

coincide with two of the triangle apexes, whereas the clay

mixture must be divided into its clay mineral (plastic)

fraction, feldspar fraction and quartz fraction (i.e. a point

inside the composition triangle).

The chosen processing conditions require that lower

bound composition limits are used, and those were 20 wt.%

clay, 15 wt.% feldspar and 15 wt.% quartz. Thus, a

restricted composition triangle of pseudo-components was

created (also shown in Fig. 1), on which a {3,2} simplex

lattice augmented with interior points was set. Figure 1

shows that the pseudo-components triangle lies inside the

raw materials triangle, meaning that all ten simplex

mixtures can be prepared.

The particle size distributions in all ten compositions

were found to be very similar in all mixtures [7]. Thus, the

effects of particle packing on porosity are expected to be

the same for all compositions. Seventy-five percent of the

particles are below 17 lm, which suggests high sinter-

ability and optimizes the effect of quartz in the final

sintered body [10–12].

Measured porosities and statistical analysis

Table 1 presents the porosity values obtained for the two

replications of the ten mixtures. With the data shown

in Table 1, regression equations were sought for each

property, subjected to a significance level of 5%.

Table 2 shows the results of the variance analysis for the

best regressions obtained for OP, CP and TP (major sta-

tistical properties: p-value, coefficient of multiple

determination R2, and adjusted coefficient of multiple

determination, R2
A), using the nomenclature commonly

found in the literature [1, 2]. It can be seen that all models

are statistically significant at the required level

(p-value £ significance level) and present small variability

(high coefficients of multiple determination).

Table 2 also presents the results of lack-of-fit tests, used

to check the adequacy of the models [1, 2]. In these tests,

the p-value exceeds the significance level, meaning that the

models do not display lack of fit. In all cases, the errors

could be considered randomly distributed around a zero

mean value (i.e. are uncorrelated), which suggests a

Fig. 1 The triaxial system clay–quartz–feldspar, showing the raw

materials triangle (light grey), the restricted pseudo-components

triangle (dark grey) and the simplex points (studied compositions)

Table 1 Values of CP, OP and TP obtained for the simplex mixtures

in two replications

Mixture OP (vol.%) CP (vol.%) TP (vol.%)

Replication 1

1 0.61 ± 0.02 5.15 ± 0.65 5.76 ± 0.65

2 0.21 ± 0.01 7.51 ± 0.72 7.72 ± 0.72

3 23.57 ± 0.16 21.52 ± 1.18 45.09 ± 1.18

4 0.07 ± 0.01 8.72 ± 0.51 8.79 ± 0.51

5 7.32 ± 0.06 12.92 ± 0.50 20.24 ± 0.50

6 0.37 ± 0.04 8.44 ± 0.69 8.81 ± 0.69

7 0.50 ± 0.04 8.41 ± 0.71 8.91 ± 0.71

8 0.14 ± 0.01 13.57 ± 0.73 13.71 ± 0.73

9 0.14 ± 0.01 3.03 ± 0.47 3.17 ± 0.47

10 10.55 ± 0.20 10.94 ± 0.79 21.49 ± 0.79

Replication 2

1 0.67 ± 0.03 5.79 ± 0.71 6.46 ± 0.71

2 0.09 ± 0.01 8.13 ± 0.73 8.22 ± 0.73

3 24.53 ± 0.16 23.70 ± 1.08 48.23 ± 1.08

4 0.10 ± 0.02 10.37 ± 0.74 10.47 ± 0.74

5 5.11 ± 0.05 13.54 ± 0.68 18.65 ± 0.68

6 0.28 ± 0.03 9.66 ± 0.67 9.94 ± 0.67

7 0.58 ± 0.03 8.46 ± 0.73 9.04 ± 0.73

8 0.10 ± 0.01 12.77 ± 0.64 12.87 ± 0.64

9 0.14 ± 0.01 3.21 ± 0.51 3.35 ± 0.51

10 9.93 ± 0.24 10.29 ± 0.53 20.22 ± 0.53

Table 2 Major statistical properties, relevant for variance analysis

and lack-of-fit tests

Model Variance analysis results Lack-of-fit results

p-value R2 R2
A p-value

OP, full cubic 0.0474 0.9898 0.9850 0.0756

CP, full cubic 0.0000 0.9854 0.9747 0.0935

TP, full cubic 0.0001 0.9964 0.9939 0.5608
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common constant variance. On the basis of this analysis,

the full cubic regressions obtained were accepted to

describe the effect of raw materials in OP, CP and TP.

Effect of the mixture composition on porosities

The Pareto chart of effects is an effective tool for com-

municating the results of an experiment. In such graph, the

variance analysis effect estimates are sorted from the

largest absolute value to the smallest absolute value. A

horizontal bar represents the magnitude of each effect and,

often, a vertical line going across the bars indicates how

large an effect has to be (i.e. how long a bar must be) to be

statistically significant.

Figure 2a shows the Pareto chart of effects for OP. The

chart indicates that there are four statistically significant

factors, which clearly have a much larger effect than the

others and must be the OP controlling factors: the quartz

content (x3), the quartz–feldspar content interaction (x2x3),

the clay–quartz content interaction (x1x3) and the feldspar

(x2) content. The quartz content (x3) and the feldspar

content (x2) affect the property in an antagonistic manner

(in Fig. 2a, positive magnitude of 24.08 and 4.26, respec-

tively), i.e. quartz and feldspar contribute to the increase of

OP. In fact, Fig. 2b shows that the maximum of OP is

achieved with high contents of quartz, while increasing

feldspar contents lead to more modest increases in OP.

The main synergistic interactions observed in Fig. 2a,

for decreasing OP, are those observed between the feldspar

and quartz contents (x2x3) and the clay and quartz contents

(x1x3), which show negative magnitudes of 14.10 and 7.14,

respectively. This phenomenon is presumably linked to a

partial opening of some closed pores and/or to the occur-

rence of micro-cracks, rather than excessive vitrification,

resulting in bloating [8, 13].

As for the effect of increasing clay contents (x1), Fig. 2a

suggests a mild influence on the open porosity, rendered

quite evident on Fig. 2b. Figure 2b also shows that there is

a rather forgiving composition range of medium-to-high

feldspar and clay contents (above 35–40 wt.%), in which

OP is determined almost solely by the quartz content.

Figure 3a shows the Pareto chart of effects for CP,

which indicates that there are seven statistically significant

Fig. 2 (a) Pareto chart of standardized effects for OP; (b) Predicted

open porosity surface (OP) as a function of composition

Fig. 3 (a) Pareto chart of standardized effects for CP; (b) Predicted

closed porosity surface (CP) as a function of composition
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factors that, clearly, have a much larger effect than the

others. The clay content (x1), the feldspar–quartz content

interaction (x2x3) and the clay–feldspar–quartz content

interaction (x1x2x3) are the main controlling factors for

decreasing CP (in Fig. 3a, negative magnitude of 11.25,

4.48 and 3.13, respectively). This fact is well demonstrated

in Fig. 3b, by the complicated evolutions of the CP

response surface.

Figure 3b shows that closed porosity behaves very dif-

ferently from open porosity. Again, decreasing quartz

content leads to denser bodies and its effect on CP is

similar to that on OP. However, the effects of clay and

feldspar on CP are very different from those on OP.

Clearly, there is an optimum feldspar content (*50

wt.%) that minimizes the closed porosity (*3 vol.%), and

the very worst clay content, leading to maximum closed

porosity (*14 vol.%), lies at *55 wt.%. For higher clay

contents, the closed porosity diminishes, probably due to

the amount of micaceous and montmorillonitic minerals in

the clay mixture, which contribute to a lower liquid phase

viscosity and, hence, easier flow into pores [13, 14].

Figure 4 illustrates the differences in pore morphology,

as seen on fracture surfaces by SEM, and shows that the

raw materials also affect closed pore characteristics and the

microstructure (see Fig. 1 for composition location).

Upon firing, composition 1 (Fig. 4a) mostly contains

isolated and irregular elongated pores (average 5.47 vol.%

CP, Table 1) in the diameter range 1–20 lm. Such pore

morphology can be due to a higher liquid phase viscosity

caused by the low feldspar content, despite the high clay

content [15].

The fired composition 2, Fig. 4b, with an average CP

value of 7.82 (Table 1), is characterized by isolated,

spherical, small pores (1–15 lm).

In contrast, compositions 3 and 5 (Fig. 4c and d,

respectively) are clearly not well-sintered, as they are

characterized by a larger amount of interconnected irreg-

ularly shaped pores in the size range of 10–30 and

5–20 lm, respectively.

Figure 5 shows the effect of raw materials on the total

porosity (TP). Given that CP is much higher than OP in all

but composition 3, the TP surface generally follows the

trends shown by the CP surface in Fig. 3b.

Again, there is an optimum feldspar content that

minimizes the total porosity and a worst clay content

that leads to high TP. The minimum TP (*3 vol.%)

corresponds to *50 wt.% feldspar, the proportion

between clay and quartz being slightly above unity. Clay

contents above *55 wt.% (and equal contents of the

other two components) again contribute to decrease the

total porosity.

Fig. 4 SEM photographs of

as-fractured surfaces of fired

samples, showing the pore

characteristics in compositions

(see Fig. 1 for composition

location): (a) 1; (b) 2; (c) 3; and

(d) 5

Fig. 5 Predicted total porosity surface (TP) as a function of

composition
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Conclusions

The methodology of mixtures design proved to be a useful

tool for planning and analysing experiments on the influ-

ence of raw materials on open, closed and total porosities

of ceramic triaxial bodies. The calculated regression

models were found to be statistically significant at the

required level and presented small variability.

For the particular raw materials and processing condi-

tions used, the results obtained show that there is a rather

forgiving composition range of medium-to-high feldspar

and clay contents (above 35–40 wt.%), in which open

porosity is determined almost solely by the quartz content

and increases with it.

On the contrary, there is an optimum feldspar content

(*50 wt.%) that minimizes closed porosity, and the very

worst clay content, leading to maximum closed porosity

(*14 vol.%), lies around 55 wt.% clay.

Given that closed porosity is generally much higher that

open porosity, the total porosity tends to follow the trends

shown by closed porosity.
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