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Abstract

This paper analyses the effect of cooling on mechanical behaviour, in particu-
lar, on the residual stresses that appear when materials of the porcelain tile type 
are involved. However, these compositions have a very complex microstructure, 
in which there are several crystalline phases and the glassy phase is not homo-
geneous. In this study a simpler composition was therefore formulated, using so-
dium feldspar as starting material to which quartz with different particle sizes was 
added.

A viscoelastic model was used to estimate the residual stresses that develop 
during cooling. The parameters of the model were obtained either from the litera-
ture or were determined in laboratory tests.

An assembly was designed that allowed non-contact measurement of the 
temperature at the top and bottom surfaces of the test pieces during cooling. The 
test pieces were subjected to different types of cooling and their residual stresses 
were then determined by the strain relaxation slotting method.
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1.	 Introduction

In ceramic tile manufacture, rapid tile cooling is known to lead to residual 
stresses in the tiles exiting the kiln. This even occurs in products (such as ear-
thenware tile) that give rise to little glassy phase at high temperature. Residual 
stresses are important because they influence:

Tile mechanical strength. •	

Delayed curvatures, though these depend to a large extent on material •	
creep.

The cutting process during tile installation. Residual stresses can cause tile •	
cuts to follow undesirable routes or lead to tile breakage. 

Curvature. The removal of stressed areas in rectification or edge-grinding can •	
lead to a change in curvature.

In addition, the arising stresses during tile cooling in the kiln can lead to mi-
crostructural damage or even tile breakage.

There are several types of residual stresses, though this study only focuses 
on one type: the residual stress associated with thermal gradients in the tile during 
cooling.

2.	 Theoretical model 

The theoretical model[1] consists of two phases (Figure 1). In the first, the 
thermal problem, which consists of calculating the temperature profile, is solved. 
This requires knowing the geometry of the piece, the thermal properties (thermal 
conductivity and specific heat), density, and surface temperature as a function of 
time.

Figure 1. Phases in the calculation of residual stresses.
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The equation of non-steady-state heat transfer adopts the form[2]:

∂
= α∇

∂
2T
T

t
 

Equation 1

where:

T:	 temperature at a point of the piece at a given time (K)

∇2  :	 Laplacian operator (m-2)

t:	 time (s)

α:	 thermal diffusivity (m2/s)

Thermal diffusivity α is the quotient between thermal conductivity k (W/(m·K)) 
and the product of density ρ (kg/m3) and specific heat cp (J/(kg·K)): α=k/(ρcp).

The second part addresses the mechanical problem, and it determines the 
shifts of each point of the piece from the mechanical properties (constitutive equa-
tions), the dilatometric curve, equilibrium equations, and thermal profile.

The mechanical equilibrium equations derive from the balance of forces and 
moments applied to the piece[3], and they do not depend on the type of material 
or its properties. The constitutive equations establish the relationship between the 
stress and the strain that a body undergoes, and they are a function of the type of 
material. The simplest law is Hooke’s equation (linear elasticity); however, this law 
is unable to explain how residual stresses are generated. A non-elastic component 
is required, such as linear viscoelasticity, which leads to the expression:

ε = σ

ε
= σ

η

e,x x
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x
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E

d 1
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Equation 2

where:

εe,x:	 elastic strain along the x axis

εv,x:	 viscous strain along the x axis

σx:	 normal stress on a perpendicular plane to the x axis (Pa)

E:	 modulus of elasticity (Pa)

η:	 viscosity (Pa·s)

There are several equations that relate viscosity to temperature, one of the 
simplest being[4]:
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/ T
0e

Θη = η

Equation 3

where η0 is the pre-exponential factor (Pa·s) and Θ a constant (K).

The solution of the thermal and mechanical problems requires the use of 
numerical methods. For the former, finite differences were used and for the latter, 
the finite element method.

3.	 Experimental

3.1.	Preparation of the test pieces

The test pieces were prepared using sodium feldspar (Mario Pilato) as starting 
material. This was milled with water to an average particle size of 6.4 μm. The ma-
terial was dried under infrared lamps and then deagglomerated by dry milling for 5 
minutes, which did not alter the average particle size. The powder was moistened 
to 8.0% and pressed at 35 MPa.

The milled feldspar was used to prepare another batch of material to which 20 
wt% quartz of different particle sizes (Sibelco SE-100 and SE-8, with average dia-
meters of 13.4 μm and 31 μm, respectively) was added. The materials used in pre-
paring the test pieces are listed in Table 1. The forming process of the test pieces 
that contained quartz was the same as that of the sodium feldspar test pieces.

Finally, the test pieces were placed in an oven at 110 ºC for at least 2 h, with a 
view to removing the moisture. They were then fired to the maximum densification 
temperature (column Tmd of Table 1).

Composition Material Tmd (ºC)

FdtoNa

FdtoNa-QF

FdtoNa-QG

Sodium feldspar

Sodium feldspar +20% Sibelco SE-100 quartz

Sodium feldspar +20% Sibelco SE-8 quartz

1200

1205

1205

Table 1. Compositions used in preparing the test pieces.

The test pieces were subjected to different types of cooling, inside and out-
side the kiln. Figure 2 shows the assembly used in cooling outside the kiln. The 
assembly consisted of a tube with compressed air for cooling the test pieces from 
the bottom, and two pyrometers (Raytek model MI320LTS) that simultaneously 
measured the top and bottom surface temperature.



5

CASTELLÓN (SPAIN)

Figure 2. Assembly for temperature measurement during cooling

The following types of cooling were performed:

•	 ELL: Slow cooling, inside the kiln.

•	 ELR: Slow cooling to 650 ºC and rapid cooling (withdrawal of the test pieces 
from the kiln and cooling with compressed air) from 650 ºC to room tempe-
rature.

•	 ERR: Rapid cooling from peak temperature to room temperature.

These types of cooling were designed to separate two phenomena that occur 
at high cooling rates: the generation of residual stresses and microstructural da-
mage. The former leads to increased mechanical strength, whereas the latter leads 
to reduced mechanical strength[5].
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Figure 3. Surface temperature of the test pieces during the different types of cooling
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The evolution of the average surface temperature of the test pieces during 
the different types of cooling is shown in Figure 3.

3.2.	Residual stress measurement 

The residual stresses were measured by the strain relaxation slotting method 
(SRSM)[6]. This method has been used elsewhere to measure residual stresses in 
porcelain tile[5,7]. It consists of adhering a strain gauge to the bottom of the test 
piece and then cutting slots to an increasing depth (ai) from the top surface, mea-
suring the strain recorded by the gauge (εg) (Figure 4).

Figure 4. Schematic illustration of the method used to measure the residual stresses.

The residual stresses at a point in the piece (σres) depend on the position of 
the point with respect to the centre. That position can be quantified by means of 
the coordinate  ζ, where ζ=0 the centre, ζ=-1 the bottom surface, and ζ=+1 the top 
surface. σres can be expressed as a linear combination of Legendre polynomials (Pk) 
of the coordinate ζ (eq. 4). In ceramic tiles of the porcelain tile type, with conven-
tional cooling it usually suffices to consider only the term of the second degree.

2

res k k 2 2 sfc 2 sfc
k 2

3 1E P ( ) E P ( ) P ( )
2

∞

=

ζ −
σ = − λ ζ ≅ − λ ζ = σ ζ = σ∑

Equation 4

The residual stress at the surface is σsfc=-Eλ2 and, therefore, the complete 
residual stress profile can only be expressed as a function of the surface stress.

4.	 Determination of model parameters 

4.1.	Thermal parameters

The analysed test pieces are basically made up of four phases: albite glass, 
albite crystals, quartz, and air (porosity). The effective conductivity of the mixture 
may be calculated using the effective medium theory (EMT) model[8-10]:

−
=

+∑ j eff
j

j j eff

k k
V 0

k 2k

Equation 5
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where the sum extends to all components, Vj is the volume fraction of phase Aj, 
kj is the thermal conductivity of Aj, and keff the effective conductivity. The volume 
fraction of Aj can be calculated from its mass fraction once the density of each 
component is known[11].

The variation of all thermal parameters with temperature was considered. The 
thermal conductivity of the following components was obtained from the literature: 
albite glass[12], albite crystal[12], quartz[13], and air[14]. Density was determined from 
the work of Hofmeister[12] and Ohno[15], while specific heat was determined from 
that of Hofmeister[12] and Hemingway[16].

Figure 5. Thermal diffusivity of the test compositions calculated using eq. 5.

The thermal diffusivity of the test compositions, calculated with the EMT mo-
del (eq. 5), is shown in Figure 5.

4.2.	Mechanical parameters

The two most important parameters of the mechanical simulation were the 
constitutive equations and the dilatometric curve.

Linear viscoelastic constitutive equations were used, in which the variation of 
viscosity with temperature was incorporated. This model had two parameters: the 
modulus of elasticity and viscosity.

4.2.1.	 Modulus of elasticity

The modulus of elasticity of FdtoNa, FdtoNa-QF, and FdtoNa-QG was experi-
mentally determined using an acoustic emission apparatus (Grindosonic) coupled 
to a kiln. This apparatus enabled E to be measured up to the albite glass transfor-
mation temperature (Tg).
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Figure 6. Evolution of the modulus of elasticity with temperature

Above this temperature, data from the literature on the modulus of elasticity 
of each crystalline component were used[15,17], while in the case of albite glass (Eal) 
the following expression was used[18]:

= al,g
al al,g

T
E E

T

Equation 6

where Tal,g is the glass transition temperature (K), T the temperature (K), and Eal,g 
the modulus of elasticity at the glass transition temperature (Pa). Finally, a law of 
mixtures (eq. 7) was used to calculate the modulus of elasticity (Eeff) of each test 
piece:

= al,g
al al,g

T
E E

T

Equation 7

where Ej is the modulus of elasticity of each phase.

4.2.2.	 Viscosity

Albite glass viscosity follows an equation of the Arrhenius type[4] (eq. 3). This 
facilitates the calculation because it suffices to know the viscosity at two tempera-
tures. A dilatometer (Adamel-Lhomargy, model DI-24) was used to determine the 
glass transition temperature, Tg, and a hot stage microscope (Misura HSM, model 
M3M 1600.80.2) was used to quantify the half-sphere temperature, Ts2, these being 
temperatures at which it was assumed that the viscosity was 1012 Pa·s and 103.5 
Pa·s, respectively[19,20]. The results obtained are given in Table 2.
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Temperature (ºC)
η (Pa·s) FdtoNa FdtoNa-QF FdtoNa-QG

Tg

Ts2

1012

103.5

816

1465

830

1470

830

1470

Table 2. Glass transition temperature (Tg), half-sphere temperature (Ts2), 
and viscosity of the test compositions.

4.2.3.Dilatometric curve

The dilatometric curve was measured with a dilatometer (Adamel-Lhomargy, 
model DI-24). The curves display a shrinkage start at high temperature, owing to 
the load applied by the dilatometer push-rod itself and to glassy phase formation 
in the test pieces. This shrinkage did not occur during the cooling of the piece; in 
the calculation, a linear extrapolation was therefore used, shown in Figure 7.
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Figure 7. Dilatometric curve extrapolated with a linear section before the softening temperature

5.	 Application of the model
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Figure 8. Thermal difference between the centre and the surface of the FdtoNa test pieces 
subjected to the three types of cooling
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The difference in temperature between the centre and the surface of FdtoNa 
pieces subjected to different types of cooling is shown in Figure 8.

The evolution of the surface stresses of the FdtoNa pieces subjected to diffe-
rent types of cooling is shown in Figure 9.a. Stresses appeared in the centre of an 
opposite sign to those at the surface (not shown in order to simplify the graph). 
No stresses appeared above the glass transition temperature (Tg). This was due to 
the low viscosity of the material, which relaxed all stresses as soon as they mate-
rialised.

In the ERR cooling, stresses began to appear below Tg. A peak appeared at 
573 ºC, related to the β -> α transition of the residual quartz present in the Fdto-
Na sample. Finally, at room temperature there was a residual stress that was not 
zero.

The pieces subjected to ELL cooling exhibited a low level of stress in the en-
tire range, because the thermal gradients were of little importance. At room tem-
perature there was a residual stress of about 1–2 MPa.

The ELR cooling was the same as the ELL cooling down to 650 ºC. Below this 
temperature, the pieces were extracted from the kiln and rapid cooling began, 
causing tensile stresses to develop that peaked at the quartz transition tempera-
ture. Once this temperature had been passed, the stresses decreased, reaching 
similar values to those of the ELL cooling.
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Figure 9. a) Evolution of surface stress in the FdtoNa test pieces subjected to different types of 
cooling. b) Effect of quartz on residual surface stress.

The graph indicates that residual stresses only appeared as a result of the 
thermal gradients at high temperature, slightly above Tg, as was to be expected.

The stresses were a function of the thermal history: for example, if the ELR 
and ERR cooling at 600 ºC (Figure 9.a) is compared, the stresses are observed to 
differ considerably though the difference between the temperature at the surface 
and in the centre was similar in both types of cooling (Figure 8). This is because 
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the viscous strain was very different under the two conditions as the cooling rate 
was quite different above Tg.

The effect of the quartz addition on the residual surface stresses for the ELR 
and ERR cooling may be observed in Figure 9.b. The presence of quartz induced 
a surface tensile stress, which explains why compositions rich in quartz tend to 
break more readily during industrial cooling.

On the other hand, the level of stresses produced around 700 ºC   during the 
ERR cooling was lower when quartz was added. This was due to two factors: the 
composition with the quartz addition exhibited a lower coefficient of thermal ex-
pansion above 700 ºC (Figure 7) and had a greater thermal diffusivity (Figure 5). 
Greater thermal diffusivity meant smaller thermal differences between the surface 
and the centre.

Figure 10. Experimental and theoretical residual stress profiles of the FdtoNa test pieces.

The experimental and theoretical residual stress profiles of the FdtoNa test 
pieces are shown in Figure 10. Those corresponding to the other test pieces were 
qualitatively similar. The agreement between the theoretical values and the expe-
rimental data was reasonably good, particularly if it is taken into account that the 
model contains no fitting parameter.

It may be observed that the stress profile was parabolic, as indicated by eq. 
4, the surface being subjected to compression (negative stress) and the centre to 
tensile force (positive stress). This stress distribution reinforces the piece, since tile 
fracture usually occurs as a result of surface tensile stresses. The residual stres-
ses were significantly higher in the ERR cooling than in the ELR and ELL cooling, in 
agreement with the results displayed in Figure 9.a.

The fact that the profile was parabolic means that a single parameter served 
to characterise it: for example, the residual surface stress can be used, as indi-
cated in eq. 4. The theoretical and experimental results of the residual surface 
stresses of the different test pieces and types of cooling are compared in Figure 
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11. The figure shows that the results are reasonably good. In particular, the model 
was able to predict that the residual stresses in the ERR cooling were lower in the 
test pieces with the quartz addition, independently of quartz particle size.
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Figure 11. Residual surface stresses of the different test pieces and types of cooling analysed.

Other factors that were not analysed, such as thickness, could also influence 
the residual stresses. Lower thicknesses would be expected to lead to lower stres-
ses.

6.	 Conclusions

A model and a calculation methodology were developed that allow the ma-•	
croscopic residual stresses produced during cooling to be estimated. The mo-
del only uses literature and laboratory test data, though it contains no fitting 
parameter.

The stress profiles were parabolic. This allowed a single parameter, such as •	
surface stress, to be used to characterise these.

Residual stresses were only generated at high temperature. High cooling ra-•	
tes below Tg (for example during the allotropic transformation of quartz) led to 
stresses during cooling which disappeared, however, at room temperature.

The stresses arising during cooling depended on the thermal history of the •	
piece. In particular, the stresses in the transitional zone of quartz increased 
(more positive or less negative) when cooling at high temperature took place 
more slowly. This was because of the viscous strain that developed at high 
temperature.

The allotropic •	 β -> α transformation of quartz gave rise to a peak in the stres-
ses during cooling.
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When quartz was added, the residual stresses were lower under the same •	
cooling conditions. This was because, at high temperature, the quartz addi-
tion lowered the coefficient of linear expansion and increased thermal diffu-
sivity.
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