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Abstract 

A wide range of porcelain-based materials is composed of quartz crystalline particles 

dispersed in a homogeneous glassy phase. During the cooling stage these composites are 

subjected to stresses related to the transition from β to α quartz at 573 °C. This work studies, 

numerically and experimentally, the influence of the cooling rate, the quantity, and the size of 

the quartz crystalline particles on the stresses suffered by the material throughout the cooling 

process. This procedure allows calculating the instantaneous profile of stresses through the 

cross-section specimen during the whole cooling stage. For this, a dense glass matrix from 

sodium feldspar was prepared. The results reveal that the evolution of the stress profile is 

strongly affected by the cooling rate. The evolution of the tension state in the sample during 

the cooling can help to understand the catastrophic fracture suffered during the β to α quartz 

transition related to thermal shock. 
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1. INTRODUCTION 

The sintering process of ceramic materials is a thermal treatment consisting of an 

initial heating, a hold at maximum temperature for a certain time, and a final cooling stage, 

whose rate can be varied [1]. According to the cooling rate, macroscopic stresses can be 

generated in the material that can either lead to catastrophic fracture of the material, due to 

the so-called thermal shock [2], or increase the mechanical strength of the material, in a 

process known as thermal tempering [3,4]. Therefore, controlling the cooling rate and the 

material properties that influence this process are essential to promote residual compressive 

stresses at the surface of the material, without causing a catastrophic fracture.  

The advantages of thermal tempering are twofold: (i) the production process is 

accelerated significantly, and (ii) the material's mechanical performance can be improved 

thanks to the presence of compressive residual stresses on the surfaces of the specimen [5-7]. 

Porcelain tiles sintered under fast cooling rates have presented an increase in the 

macroscopic compressive residual stresses at the surface [7-10]. This feature was evidenced 

through a remarkable increase of the breakage strength and is the same as that generally 

found in most glasses when they are subjected to a tempering process [3,4]. The generation of 

macroscopic residual stresses has been also found in other materials, such as dental porcelain 

[11,12], ceramic laminate composites [13,14], thermoplastics [15,16], and metals [17,18]. 

The aim of this work consists of the development and validation of a numerical 

method capable to predict complete information concerning the stresses generated within the 

material during the cooling stage. To carry out these computations, the model needs as input 

data the whole set of thermomechanical properties of each composition constituent. The 

mathematical formulation of this model is based on two steps: (i) initially the 

thermomechanical properties of the material are studied, providing the calculation of the 

temperature profile of the material throughout the cooling process, and (ii) the second step 

uses a viscoelastic model of ceramic materials to calculate the deformation of the material, 

relating with the stresses during the cooling. The respective theoretical fundamentals can be 

found in [19-21]. For the validation of the numerical part of the work, the residual stresses 

profile in the cross section of the ceramic material was measured using the Strain Relaxation 

Slotting Method (SRSM) [22]. Those theoretical aspects are better explained in the following 

section. 
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2. THEORETICAL BACKGROUND 

2.1. Experimental theory 

 The relaxation methodology by incremental cut was used to obtain the experimental 

macroscopic residual stresses in a cross section of the ceramic materials. This approach 

consists of the adhesion of an extensometer to a specimen with subsequent incremental cuts 

with a known size (ai) (Figure 1), measuring the extensometer deformation (εgi) [22-24]. The 

free extensometer deformation (εf) can be decomposed by a linear combination of Legendre 

Polynomials (Pk), shown in Equation 1: 

   
   





 
pn 1

f k k
k 0

P
      (1)         

where: np is the number of Legendre polynomials; ζ is the coordinate at thickness direction (ζ 

= -1 for below surface and ζ = 1 for top surface); and λk are the Legendre polynomial      

coefficients (unknown). 

 Values of λk can be found from ai and εgi with the application of a “calibration 

function” previously determined by finite element calculations [22]. This variable is 

dependent on the specimen geometry and the relative cut or extensometer position. Since λk 

can be calculated, the macroscopic residual stresses profile around a cross section of 

specimen σr (z) can be established from a simple relationship between the deformation and 

the elastic modulus (E) of the material. Furthermore, in ceramic materials, the residual 

stresses can be usually described using only the term of the second degree, as presented in 

Equation 2. 





 
             

2
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2   (2) 

The residual stresses at the surface are          
sfc 2

E . Therefore, the full profile of 

residual stresses can be described only as a function of the surface stress. 

Figure 1 and Figure 2 show the incremental cut and the specimen deformation 

according to the stress relaxation, respectively. 
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Figure 1. Experimental illustration of a strain relaxation slotting method: Specimen (P1); 

Gauge (P2); Cut disc (P3) and Clamp (P4) [25]. 

 

 

Figure 2. Foundations of the strain relaxation slotting method [7]. 

2.2. Simulation theory 

The theoretical model [19] is developed in two steps, as illustrated in Figure 3. The 

first step is related to the solution of the thermal problem so that the temperature profile in the 

specimen is calculated. Therefore, it is necessary to know the specimen geometry, the 

respective thermal properties (thermal conductivity and specific heat), the bulk density, and 

the surface temperature during cooling. 

 

Figure 3. Steps of the theoretical model. 

The equation of heat transfer in unsteady state takes the form [20]: 


 



2T
T

t       (3) 
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where T is the temperature (K) in a point of the specimen at a determinate time; t is the time 

(s); and α is the thermal diffusivity (m2/s). The latest property is the relationship between the 

thermal conductivity (k), bulk density (ρ), and the heat specific (Cp), given as α = k/(ρCp). 

 The second step is related to solving the mechanical problem, determining the 

displacement of each specimen point including mechanical properties, dilatometric curve, 

equilibrium equation, and the thermal profile. 

 The mechanical equilibrium equations come from the balance of forces and momenta     

applied to the specimen [21] and, thus, are not dependent on the material’s type or properties. 

The behavior law establishes a relationship between the tensile and deformation of the 

material and the function of the kind of material. A simple law is the Hooke equation (linear 

elasticity); however, this law is not suitable to explain the stress generation during materials 

cooling. A non-elastic component is needed, for example, the linear viscoelastic, as shown in 

Equation 4: 

  


 



e,x x

v,x

x

1

E

d 1

dt 3       (4)  

where εe,x is the elastic deformation along the x axis; εv,x is the viscous deformation along the 

x axis; σx is the normal tensile on a perpendicular plane at the x axis (Pa); E is the elastic 

modulus (Pa); and η is the viscosity (Pa·s). 

  There are many relationships of a glass viscosity (η) as a function of the temperature 

(T), such as the Arrhenius equation [26]: 

   /T

0
e        (5)  

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

To solve the thermal and mechanical problems, numerical methods are usually 

applied: finite differences and finite element methods were used for thermal and mechanical 

calculations, respectively. 

 

3. MATERIALS AND METHODS 

3.1. Specimen preparation 

A dense glass matrix composed mainly of sodium feldspar (albite, Mario Pilato, 

Spain) was developed to study the residual stresses. The initial size of feldspar powder 

particles was reduced by wet milling in a planetary mill with alumina balls for 30 min, 
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resulting in a D50 around 6 μm. Once the feldspar powder was dried, it was granulated using 

an 8 wt.% aqueous solution with 5 wt.% PVA (polyvinyl alcohol). The resultant material was 

pressed using a pressure of 35 MPa.  

Additionally, two quartz types were used: SE-100 and SE-8 (both from Sibelco, 

Belgium). From the combination of feldspar and quartz, 5 compositions were formulated 

(Table 1): (A) composed solely by sodium feldspar; (B) sodium feldspar with 18.5 vol.%  

quartz SE-100; (C) sodium feldspar with 18.5 vol.% quartz SE-8; (D) sodium feldspar with 

37.6 vol.% quartz SE-100; (E) sodium feldspar with 37.6 vol.% quartz SE-8.  

Table 1. Materials developed in this work. 

Material 
Sodium 

feldspar 
Quartz 

 (vol.%) (vol.%) Type 

Particle size 

(D50, µm) 

A 100 ---  --- 

B 81.5 18.5 SE-100 13.4 ± 0.6 

C 81.5 18.5 SE-8 31 ± 4 

D 62.4 37.6 SE-100 13.4 ± 0.6 

E 62.4 37.6 SE-8 31 ± 4 

 

The different compositions were developed to alter the size and quantity of crystalline 

quartz particles dispersed in the albite glass phase. The quartz particles were mixed by wet 

milling with alumina balls for 10 min into the previously ground feldspar. After 

homogenization, the material was dried, granulated, and pressed in the same way as 

mentioned before. 

An X-ray diffractometer (XRD, Bruker Theta-Theta, model D8 Advance) was used to 

determine the crystalline phases. The measurement parameters were varied depending on 

each sample: voltage (30 to 40 kV), current (40 to 45 mA), time (0.5 to 1.2 s), step size 

(0.015 to 0.02°), and 2 angle (5º to 90º). The crystalline phases were quantified by the 

Rietveld method, using fluorite as internal standard. 

Sintering was carried out in an electric furnace (Pirometrol R-series), with a first 

heating rate of 3.5 ºC/s between 25 and 500 ºC, followed by a heating rate of 0.4 ºC/s until 
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reaching the maximum densification, which occurred at 1200 ºC for materials A, B and C and 

at 1250 ºC for materials D and E. This temperature was held for 6 min, followed by three 

different cooling rates: 

● Slow Cooling (SC), which was carried out in the furnace, and corresponded to a slow 

rate of cooling (Figure 4, green curve); 

● Mixed Cooling (MC) was divided into two steps; the first at a slow cooling in the 

furnace from maximum densification temperature up to 650 ºC; a fast cooling 

followed to room temperature (Figure 4, blue curve), using the equipment shown in 

Figure 5; 

● Fast Cooling (FC), which consisted of rapid extraction of the specimens from the 

furnace at maximum densification temperature, and subsequently forced ventilation 

using 1 bar of air pressure, with the equipment shown in Figure 5; this procedure 

resulted in a fast cooling rate (Figure 4, red curve). 

The three cooling methods aimed to promote (or not) the generation of residual 

stresses. The surface temperature of the specimens was measured with a pyrometer (Raytek, 

model MI320LTS), as a boundary condition to calculate the temperature profile in the cross 

section of ceramic materials. 

 

Figure 4. Cooling rates used in this work: slow cooling (SC), mixed cooling (MC), and fast 

cooling (FC). 
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Figure 5. Equipment developed to perform the quenching of ceramic samples, composed of a 

refractory plate (P1), refractory support (P2), pyrometer (P3), and forced ventilation (P4) [7]. 

3.2. Thermomechanical properties of the composite materials 

For the numerical determination of the stress profile in ceramic materials, it is 

necessary to know their related thermomechanical properties [27]: 

● Thermal effective diffusivity (Deff) of the ceramic composite (glass matrix and 

crystalline particles) with the temperature variation; 

● The viscosity (η) of the heterogeneous ceramic materials in molten state with the 

temperature variation; 

● Coefficient of thermal expansion (α), from room temperature to the maximum 

sintering temperature; 

● Elastic modulus (E) according to the temperature variation. 

  The thermal expansion was measured using a contact dilatometer (Adamel-Lhomargy, 

model DI-24), which was calibrated with a sapphire standard. Previous works [26-35] 

allowed the determination of the thermal effective diffusivity of materials. The elastic 

modulus was determined within the temperature range 25-700 ºC with an impulse excitation 

technique device (Grindosonic). Above the glass transition temperature (Tg), a relationship 

was found to Young’s modulus behavior and applied [36]. The viscosity was obtained 

according to previous works on sodium feldspar thermal properties [26,31]. However, solid 

particles (crystals) were included by using the Krieger-Dougherty relationship [37,38]. 

Experimental viscosity verification was performed with a noncontact dilatometer (Misura 

HSM, model M3M1600.80.2). The thermomechanical properties of all materials were 

evaluated according to their composition after sintering, since the behavior of residual 

stresses studied in the work is generated during the cooling step. The evaluation of each 

thermophysical property is discussed below. 
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3.2.1. Effective thermal diffusivity evaluation 

 Ceramic materials can present a microstructure composed of a glassy matrix and 

randomly scattered crystals. Thus, the consideration of thermal diffusivity of a homogeneous 

and uniform component becomes erroneous. In this case, the Effective Medium Theory 

Model (EMT) method [28-30,39] was used to determine the thermal diffusivity of a 

composite material composed of a glass matrix with crystalline particles and porosity. This 

method assumes a random distribution of components and it can be expressed as follows. 







j eff

jj
j eff

k k
v 0
k 2k

     (6) 

where νj is the volume fraction of component j; Kj is the thermal conductivity of component j; 

and Keff is the effective thermal conductivity. 

The thermal conductivity and thermal diffusivity data of albite glass [31], albite 

crystals [31], quartz crystals [32], and air (porosity) [33] were used to calculate the effective 

thermal diffusivity of the studied compositions. The EMT model correlates the thermal 

conductivity of each component with its respective effective thermal conductivity. According 

to Gibert and Mainprice, the thermal diffusivity can be calculated by Equation 7 [32]. In this 

case, the density of each component (albite glass, albite crystals, and quartz crystals) was 

considered temperature dependent, and their data were found in the literature [31,34]. The 

heat capacity was also considered to be temperature-dependent [31,35]. Therefore, the 

effective thermal diffusivity of the materials was evaluated as follows: 

eff
eff

p

k
D

C
        (7)  

where Deff is the effective thermal diffusivity; Keff is the effective thermal conductivity; ρ is 

the bulk density; and Cp is the heat capacity. 

 Figure 6 shows the thermal effective diffusivity variation with the temperature. In this 

case, the D50 of the quartz particles had no influence on the Deff. 
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Figure 6. Effective thermal diffusivity of the composite materials. 

 

3.2.2. Viscosity measurements 

 According to Scarfe and Cronin [26], the albite glass viscosity presents an Arrhenius 

behavior, and its activation energy is temperature-independent. Therefore, the viscosity (η) as 

a function of temperature (T) can be expressed by Equation 8: 

       a
0

E
ln ln

RT      (8)   

where η0 is the viscosity at infinite temperature; Ea is the activation energy; and R is the 

universal gas constant. 

 Based on a Taylor viscosity model [37], Krieger and Dougherty [38] proposed a 

model of solid particles dispersed within a fluid. This relationship is valid for Newtonian 

fluids and it is represented by Equation 9: 
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      (9)  

where η’ is the viscosity within dispersed particles; q is an exponent usually equal to 2.5; φ is 

the particle volume fraction; and φm is the maximum particle value (φm = 0.64 in the case of a 

random close packing for dispersion of spherical spheres with the same diameter). 
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 By linearizing Equation 9 and operating over Equation 8, an expression can be 

obtained, which correlates the viscosity with the temperature when there is a dispersed phase, 

namely: 

   
B

ln À
T       (10)  

where A’ is the independent temperature term, i.e.,  0
1




 
  

 
ln .

m
m

η q ln ; and B is the ratio 

between Ea and R. 

Knowing that the albite glass presents an Arrhenius like viscosity behavior, this 

relationship can be described according to the literature [40,41]. Table 2 shows the results of 

the composite materials, where the T1/2s is the half sphere temperature. These results are in 

agreement with previous works related to albite glass viscosity [26]. 

Table 2. Experimental viscosity results of the composite materials     . 

Characteristic 

temperature 
Viscosity (Pa·s) 

Material / Temperature (ºC) 

A B C D E 

Tg 1012 816 830 830 833 833 

T1/2s 103.5 1465 1470 1450 1540 1540 

 

3.2.3. Thermal expansion measurements 

During the initial stage of quenching, the surface cools more rapidly than the interior, 

and in a few seconds, the temperature difference between the surface and midplane reaches a 

maximum [3]. Then, the interior cools more rapidly than the surface, until isothermal 

conditions are established at room temperature. Therefore, the thermal shrinkage of the 

surface is initially greater than that of the midplane. This differential shrinkage tends to 

generate tensile stress at the surface and compressive stress in the midplane. The shrinkage 

rate is expressed by the thermal expansion coefficient of the material (α) [42]. 

 Figure 7 shows the thermal expansion of the composite materials from room 

temperature to 1250 ºC. The extrapolation above Tg followed the results obtained with the 

optical dilatometer equipment. As can be seen, the D50 of quartz particles had no influence on 

α. 
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Figure 7. Thermal expansion curves of the composite materials. 

 

3.2.4. Young’s modulus measurements 

 The Young’s modulus variation was obtained for each composite material by a 

nondestructive test using a device (Grindosonic) based on the impulse excitation technique 

[43-45]. Above Tg, the glassy behavior reported by Rouxel [36] was applied to describe 

Young’s modulus at high temperature. Equation 11 predicts Young’s modulus temperature 

dependence above Tg for glasses. 
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Tg

T
E E

T        (11)  

where E is Young’s modulus, ETg is Young’s modulus at Tg and T is the absolute temperature 

(K). 

The transition temperature of each material was determined by contact dilatometry. 

The variation of Young's modulus of quartz crystal with temperature was obtained according  

to Ohno et al. [34] and Lakshtanov et al. [46]. On the other hand, the data related to the albite 

crystal were obtained according to Ahrens et al. [47]. The data referring to the albite glass 

were obtained experimentally and published by Dal Bó et al. [48]. The respective Young’s 

modulus of the tested composite materials are shown in Figure 8. 
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Finally, effective Young modulus (Eeff) following the rule of mixtures [49] for each 

composite, according to Equation 12: 

 eff j j
j

E v E
      (12)  

where vj and Ej are the volumetric fraction and Young’s modulus of phase j, respectively.      

 

Figure 8. Young’s modulus behavior of the composite materials. 

3.3. Microstructural characterization 

 The samples were analyzed chemically, and the microstructure of the specimens was 

studied using a scanning electron microscope (FEI Quanta 200 ESEM FEG) coupled with a 

microprobe (EDAX Genesis 7000 SUTW EDX). 
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4. RESULTS AND DISCUSSION 

 

4.1. Characterization of pure feldspar glass and the composites 

Figure 9 and Table 3 show, respectively, the qualitative and quantitative results of 

crystalline and amorphous phases present in the studied materials. Material A, composed 

entirely of sodium feldspar, presented a high amount of albite glass. The composites B, C, D, 

and E showed a decrease in amorphous phase amount, which is a result of the addition of 

quartz crystalline particles. 

 As the XRD results for materials B and C were very similar, this was also reflected in 

the respective phase quantification by Rietveld. The same happened with materials D and E. 

As a result, the amount of phases present in the materials proved to have little influence from 

the size of the quartz used, which may be related to the short time in which the materials 

remained at the maximum temperature during sintering (6 min). 

Table 3. Crystalline and noncrystalline phases quantification of the composite materials after 

sintering     . 

Material 
Amorphous phase Crystalline phases 

(wt.%) Quartz (wt.%) Albite (wt.%) 

A 78 ± 2 7 ± 1 16 ± 1 

B = C 63 ± 2 28 ± 1 10 ± 1 

D = E 42 ± 2 45 ± 1 12 ± 1 
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Figure 9. Diffractograms of the composite materials.      

 

4.2. Results of thermal calculations 

Figure 10 shows the results of the thermal calculations, including the temperature 

difference between the midplane and top surface of the specimens, according to Eq. 3 and the 

thermal properties of materials shown in Section 3.2. According to Narayanaswamy and 

Gardon [3]      this temperature difference at cooling leads to a shrinkage faster at the surface 

than in the midplane of the sample, which is translated into permanent macroscopic residual 

stresses. The maximum temperature difference was obtained during an initial stage of the 

cooling (8 to 20 s). Material A during fast cooling (FC) presented a temperature difference of 

90 ºC; while with slow cooling (SC), the maximum temperature difference was around 31 ºC. 

The results of thermal calculation also showed that the quartz addition decreased the 

temperature difference between the midplane and surface material. This result can be 

explained as the quartz addition increases the effective thermal diffusivity of the material 

(Figure 6). On the other hand, the quartz particle size did not change the effective thermal 

diffusivity. Thus, the temperature difference between the midplane and surface of composites 

B and C was the same, as well as the thermal behavior of composites D and E. 
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Figure 10. Temperature difference between midplane and top surface, during slow cooling 

(SC), fast cooling (FC) and mixed cooling (MC) of the composite materials     . 

4.3. Surface residual stresses at room temperature 

Figure 11 compares the residual stresses results obtained experimentally and the 

numerical simulation results for material A, submitted to slow, mixed and fast cooling (SC, 

MC, and FC, respectively). The numerical simulation results were obtained from the 

Equations shown in Section 2.2, while the experimental results were obtained according to 

the procedure described in Section 2.1. The parabolic profile of the residual stresses agrees 

with previous works [7,11,50,51]. The residual stress profile obtained with the simulation 

agrees with the experimental results, for all cooling rates. When the materials were subjected 

to cooling that did not cause a great difference in temperature between the center and the 

surface, the generation of residual stresses was not observed, i.e., slow or mixed cooling (SC 

and MC). On the other hand, fast cooling (FC), which caused a large temperature difference 

between the center and the midplane of the samples, led to the generation of residual 

compressive stresses at the surface after the cooling was completed. Both theoretical and 

experimental results showed that the compression surface stress is concentrated at ~20     % of 

the total thickness, which is in agreement with other theoretical and experimental works [52-
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theoretically, an increase of ~20 MPa when compared with the same material submitted to a 

slow cooling rate. 

The effect of macrostresses and microstresses on the mechanical behavior of porcelain 

materials was investigated by Cantavella et al. (2008). Their work made it clear how 

mechanical properties, residual stresses, and cooling rate are related. Microstresses within the 

quartz particles were not considerably influenced by the cooling rate, while macrostress 

development and crack growth are significantly influenced by the cooling rate [56]. On the 

other hand, the findings of Dehoff et al. (1989), who examined the tempering stresses in 

feldspathic porcelain for dental applications, were comparable to those of this study, i.e., the 

material experienced ~20 MPa surface compression when it underwent rapid cooling [50]. 

 

Figure 11. Comparison between the simulation and experimental results to material A     , 

submitted to slow, fast and mixed cooling (SC, FC, and MC, respectively). 

Figure 12 shows the residual stresses for each studied material. The results showed 
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this variation that does not strongly affect the thermomechanical properties, as seen before in 

item 3.2 of this work. 

 To all materials submitted to mixed cooling (MC), the theoretical and experimental 

results show that there was no generation of high residual stresses, confirming that the 

residual stresses are generated at high temperatures, i.e., above the glass transition 

temperature of each material. Similar results were also found in a previous work [25], in 

which the residual stress generation occurred between 1200 and 650 ºC. 

 

 

Figure 12. Results of the residual surface stresses related to slow, mixed and fast cooling 

rates (SC, MC, and FC, respectively) studied for composite materials     . 

4.     4. Evolution of surface stress during cooling      
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this temperature range are relaxed during a time less than 1 s, which was the condition used 

for the numerical simulation. 

 Also, according to Figure 13, the residual stresses increase at a temperature very near 

the Tg of the glassy phase (albite glass, in this case), i.e., around 816 ºC, as Table 2 and 

Figure 7 show. The quartz β to α transition (573 ºC) affected the stress during cooling, 

showing that changes in thermomechanical properties of material during the quartz transition 

affect the stress magnitude at the surface of the materials. For material A, this behavior can 

be seen even with a low quartz amount (6.8 wt.% as indicated in Table 3). The influence of 

the β to α quartz transition is more pronounced when a higher cooling rate is used, i.e., FC 

and MC. 

 The quartz transition influences the stress because, during cooling, there is a high 

temperature difference between the midplane and surface of the composite material. In this 

case, the quartz crystalline particles close to the surface present the β to α quartz transition 

earlier than the particles near the midplane. During SC, the quartz transition had little effect 

on the stresses, due to the greater homogeneity of temperatures between the center and the 

interior of the material. Another important fact to be highlighted is that, during the quartz 

transition, the surface of ceramic materials was subjected to a state of traction. Exceptions 

were found only for material A when submitted to SC and FC. 

 

Figure 13. Surface stress evolution during slow, mixed and fast cooling rates (SC, MC, and 

FC, respectively) for composite materials     . 
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The normalized stress (σ/σr) behavior for each material subjected to FC shows that 

70% of the compressive stress was generated between 850 and 710 ºC, i.e., within a variation 

of ~140 ºC. The numerical simulation showed that this increase of compression stress was 

expressed straddling the Tg of albite glass, in a narrow temperature range. Furthermore, 

Figure 14 shows a great influence of the quartz amount on the stress undergone at the surface 

of the materials. It can be noted at 573 °C that materials containing a large amount of quartz 

are subjected to high tensile stress on their surface, corresponding to composites D and E. 

 

Figure 14. Normalized (σ/σr) surface stress variation during fast cooling (FC) for all samples. 
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material originated at temperatures higher than the Tg of the glassy phase, and they are 

maintained until room temperature due to the increase in viscosity of this phase provided by 

the gradual decrease in temperature. 

 From an industrial perspective, although viscoelastic deformation is responsible for 

the residual stresses of the material after processing, it should be noted that there are several 

mechanisms that can promote the relaxation of these stresses, such as the occurrence of 

microstructural defects such as pores and cracks [57]. On the other hand, microstructural 

stresses are also present, inside and around crystalline particles [58,59]. Despite these 

parameters not having been incorporated in the numerical methodology of this work, the 

results of theoretically calculated residual stresses and experimentally measured ones had a 

good fit. Still, from the industrial point of view, this time related to porcelain tiles, Figure 15 

shows that the viscoelastic deformation can be distinguished between the top surface and the 

bottom surface of the piece. This can be related to problems with delayed curvatures in these 

materials [60,61]. 

 

Figure 15. Viscoelastic deformation and temperature difference between midplane and top 

surface during fast cooling (FC to material A). 
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surface of the samples was subjected to tensile stresses of ~25 MPa. Within the studied range, 

the quartz particle size did not influence the stress variation during the quartz transition. On 

the other hand, the correlation between the fraction of quartz and the variation of tensile 

stress suffered by the surface of the materials was clear. Figure 16(b) shows the relationship 

found between the volumetric fraction of quartz and the variation of tensile stress suffered by 

the surface during the quartz β to α transition. Therefore, according to the numerical 

simulation, the greater the fraction of quartz in the material, the greater the tensile stress 

variation undergone by the material's surface during the transition of this crystalline phase. 

 

a) 

 

b) 

 

Figure 16. (a) Surface stress variation close to quartz β to α transition and (b) relationship 

between quartz mass fraction and tensile tension at the surface at 573 °C. 

Knowing that the volumetric fraction of quartz helps to generate tensile stress on the 

surface of the material at temperatures close to the β to α quartz transition (573 °C), it is 

important to explain what happens macroscopically inside the material. During the quartz 

transition, when the thermal gradient between the center and the surface is still high (~32 °C 

for FC), the crystalline quartz particles that are closer to the material surface (top and bottom) 

undergo an allotropic transition earlier than the particles situated in the center of the material, 

which still has temperatures above 573 °C. Due to this surface transition, there is a 

consequent deformation linked to the abrupt volumetric reduction of β to α quartz [59,62,63]. 

This deformation leads to shrinkage at the material surface, while the center is in a rigid state 

(T<Tg ∴ η > 1012 Pa·s), preventing stress relaxation. Consequently, to have a mechanical 

equilibrium, the surface is subjected to a state of tensile stress (Figure 17). The mathematical 

model showed that a greater amount of quartz leads to a greater state of tensile stress at the 

surface of the material during the β to α quartz transition (Figure 13, Figure 14, and Figure 

16). 
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In this sense, the quartz allotropic transition, the amount of crystalline quartz in the 

composite, and the temperature gradient in the cross section of the material close to 573 °C 

are the variables that are directly related to the catastrophic fracture due to the thermal shock. 

The results of the thermal part of the mathematical model make it possible to obtain 

the temperature profile in the cross section of the material close to the quartz transition 

temperature. This simulates the moment when the upper and lower surface of the material is 

at a temperature lower than 573 °C and the interior still maintains a temperature above 573 

°C. Figure 17 shows the thermal gradient at the cross section calculated for the matrix close 

to the quartz allotropic transition (~573 °C) when subjected to FC. Accordingly, the 

mechanism for generating internal stresses during this cooling stage is proposed. 

a) 

 

b) 

 

Figure 17. Material A submitted to fast cooling (FC) close to 573 °C: (a) thermal gradient at 

the cross section; and (b) respective internal stress generation mechanism. 

 In this case, when the top and bottom surfaces are at 562 °C, the interior of the part is 

at 594 °C, i.e., the quartz particles near the surface have already undergone the β to α 

transition, which leads to an abrupt shrinkage of the surface, while the quartz particles located 

inside the piece still show the β form of crystalline quartz. This abrupt surface shrinkage 

subjects the material to tensile stress at the surface that, in some cases, can lead to 

catastrophic fracture. 

 

4.5. Processing-microstructure-properties correlation 

 Figure 18 shows the microstructure of materials A, B and E submitted to FC. The 

results show fractures within and around the quartz particles dissolved in the glassy phase. 

The fracture patterns found in the quartz particles were the same as those found by Gilabert et 
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al. (2012) through numerical simulation of the microstructural stresses involving the quartz 

particles and the glassy phase [58]. 

The microstructural characterization showed that fractures within and around the 

crystalline quartz particles were produced regardless of the percentage and size of the 

crystalline quartz particles. Previous works showed that microcracks were produced in the 

microstructure of the materials when there is the presence of crystalline quartz [64]. These 

microscopic fractures are mainly related to changes in the thermomechanical properties of the 

quartz crystal linked to its allotropic transition from β to α during the cooling step [65,66]. 

  

  

Figure 18. Microstructural evaluation of materials A (a), B (b) and E (c) subjected to FC. 

Punctual chemical analysis of crystalline quartz particles dissolved in the glassy phase of the 

materials (d). 
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5. CONCLUSIONS 

In this work, it was possible to predict the evolution and profile of the macroscopic 

residual stresses in porcelain-like composites based on a feldspar glass matrix with different 

amounts of quartz particles under different cooling rates. The proposed mathematical model 

showed good agreement with the experimental results, which were obtained with the Strain 

Relaxation Slotting Method (SRSM). According to the results, the composites were 

susceptible to the thermal tempering process, which is generally employed in the 

manufacturing of glasses, metals, and porcelain materials. 

The residual stresses during the different cooling rates (slow, mixed and fast cooling) 

showed that the high rates increase the residual stresses. A parabolic profile was found for all 

material compositions and cooling procedures. 

Increasing amounts of crystalline quartz particles decreased residual stresses in the 

surface of the materials. This behavior can be explained by the thermal effective diffusivity 

increase, respective thermal expansion coefficient decrease at high temperatures, and the 

viscosity increase according to the Krieger-Dougherty equation. Furthermore, the quartz 

particle size did not affect the residual stresses. This behavior can be understood because the 

particle size did not modify the thermomechanical properties at high temperatures. This may 

be related to the short firing time to which these materials are subjected. 

Analyzing the surface stress evolution during the different cooling rates, practically 

70% of the stress was increased around a narrow range of temperature between 850 e 710 ºC, 

i.e., with a variation of ~140 ºC. This range is very near the glass transition temperature (Tg) 

of the materials studied (816 to 833 ºC). 

The quartz β to α transition affected the stress at the cross section of the composite 

materials. This behavior can be associated with: (i) a high temperature gradient between the 

midplane and surface material during the quartz transition, and (ii) variation of the 

thermomechanical properties of quartz during its allotropic transition. In this case, mainly the 

decrease in elastic modulus of the quartz particles results in a decrease in the elastic modulus 

of the ceramic material. 

The viscoelastic deformation increased at the beginning of the fast cooling until the 

temperature difference between the midplane and surface started to decrease. Shortly after 

that, when the glass viscosity increased, the deformation remained constant until room 

temperature. The viscoelastic deformation was accountable for the residual stresses at room 

temperature. This proves that the residual compressive stresses on the surface of the material 

originate at temperatures higher than the Tg of the glass phase. Those stresses are maintained 
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until the room temperature is reached due to the increase in viscosity of this phase provided 

by the gradual decrease in temperature. 

The numerical simulation of the behavior of the stress undergone by the surface of the 

material close to 573 ºC showed the existence of an abrupt tensile stress on the surface of the 

materials that occurred close to 573 ºC, reaching its maximum value at this temperature. For 

materials with 45.4 wt.% quartz, the samples were subjected to tensile stresses reaching ~25 

MPa. Within the studied range, the quartz particle size did not influence the stress variation 

during the quartz transition. A linear relationship between the quartz volumetric fraction and 

the tensile stress occurred at the surface of the material at 573 ºC.      

     In that regard, the β to α transition of quartz, the amount of quartz in the sample, 

and the temperature gradient in the cross section of the material close to 573 ºC are the 

variables that are closely related to the catastrophic fracture of the material due to thermal 

shock. 

Finally, tensile stresses on the surface of the material and the generation of 

microcracks within and around the quartz particles at ~573 ºC may contribute to catastrophic 

fracture of the material due to thermal shock during the cooling step. 
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