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Thermal shock is one of the main causes for the fracture of ceramic materials due to their inherent brittleness. Aiming to explore the mechanism of thermal shock cracking behavior of ceramics under different thermal shock conditions, a novel temperature-dependent failure criterion of thermal shock fracture of the ceramic materials was deduced based on the force-heat equivalence energy density principle. Combining this failure criterion and the finite element method, the thermal shock cracking behaviors of the thin circular and rectangular ceramic slabs under different thermal shock initial temperature were simulated. Results show that the morphology, periodicity, hierarchy, and number of thermal shock cracks obtained by numerical simulation are in good agreement with the experimental results. These essential characteristics verify the validity of the temperature-dependent failure criterion for thermal shock fracture. Furthermore, the strain energy of tension produced by thermal shock is proved to be the dominated mechanism for thermal shock-induced fracture.
Keywords: ceramics, force-heat equivalence energy density, thermal shock, crack, failure criterion
INTRODUCTION
Because of the good thermophysical properties and chemical stability, such as high melting point and corrosion resistance, ceramic materials are widely used in high-temperature fields such as aerospace technology, metallurgy, and machinery (Cui et al., 2021a; Wang et al., 2021). However, thermal shock is an important cause of fracture to ceramic materials (Neuman et al., 2016) due to the poor thermal shock resistance (TSR). Therefore, to improve the TSR of ceramic materials and explore the mechanism of thermal shock damage of ceramic materials has become a key problem to be solved urgently. Many researchers have used experiments, theories, and numerical simulation methods to study the thermal shock behaviors of ceramics and discuss the TSR of ceramics, and they have achieved important results (Cui et al., 2021b; Zhang et al., 2022).
In terms of theoretical study, the thermal shock fracture theory deduced by Kingery (1955) and the thermal shock damage theory deduced by Hasselman (1963) and Hasselman (1969) are two widely accepted thermal shock theories of ceramics. Thereafter, researchers (Swain, 1990; Zhou et al., 2005; Salvini et al., 2012) further improved the theories of thermal shock fracture for ceramics. However, the initiation and propagation of thermal shock cracks have not been characterized in the existing theoretical studies. Even though the theoretical analysis utilized fracture mechanics, it still failed to characterize the cracking process.
In experimental studies, Pettersson et al. (2002) used the indentation quenching method to study the effect of thickness and initial crack length of specimen on the TSR of ceramics. Collin and Rowcliffe (2000) used the quenching method to prove that the thermal shock crack propagation of materials is jointly controlled by residual stress and thermal stress. The multiple-crack propagation with periodic and hierarchical characteristics caused by water quenching were observed by Jiang et al. (2012) and Liu et al. (2015) using thin rectangle and circular slab specimens of ceramics. The factors that affected the thermal shock-induced crack propagation of ceramics also studied by experiments (Shao et al., 2010; Shao et al., 2017; Shao et al., 2018). Different shapes and sizes (Becher and Warwick, 1993; Wang et al., 2018), temperature of cooling media (Seok Hahn and Lee, 1999; Li W. et al., 2015), and surface treatments (Song et al., 2010) had been also investigated in thermal shock experiments. However, the current experimental methods cannot real-time capture the crack nucleation and propagation process of thermal shock and cannot effectively uncover the corresponding mechanisms in ceramics. This limits the development of ceramic materials.
Because of the limitation of theoretical and experimental studies in characterizing the thermal shock crack initiation and propagation process, the finite element method was used to simulate the crack nucleation and propagation of ceramics under thermal shock, and the factors that control the cracking behavior. Henneberg et al. (2013) proposed a thermal shock damage model of brittle materials to simulate the thermal shock damage process of ceramics during heating and cooling. Wang et al. (2019) established a new weakly coupled thermoelastic normal creep model to study the influence of size and crack propagation energy evolution on the thermal shock crack morphology of ceramic plates in the water quenching tests. Tang et al. (2016) and Jiang et al. (2012) discussed the periodic and hierarchical characteristics of thermal shock-induced cracks of ceramics by numerical simulation. Li D. et al. (2015) proposed a non-local fracture modeling method. And its numerical simulation results showed that the crack patterns had the same periodicity and hierarchy as the experiment. Because the application of ceramic materials in the high-temperature field, strict requirements have been put forward for the service environment. However, the above-mentioned numerical simulation methods did not consider the influence of temperature dependence of the criterion on thermal shock while the importance of considering the temperature dependence of material properties in evaluating the TSR of ceramic materials had been clarified by Han and Wang (2011). Therefore, the temperature dependence of the thermophysical properties of materials should be considered in the numerical simulation. Li et al. (2019), Li et al. (2020) derived the temperature-dependent critical failure energy density criterion suitable for complex stress conditions according to the energy storage limit of the material and explored the thermal shock fracture behavior of the ceramics and thermal barrier coating systems under thermal shock conditions.
Although some of the above-mentioned numerical simulation methods considered the temperature dependence of thermophysical properties in thermal shock, some of the thermal shock failure criteria, i.e., the maximum tensile stress and maximum principal stress, are valid in complex thermal shock condition. Therefore, based on the force-heat equivalence energy density principle, this paper establishes a novel temperature-dependent failure criterion and combines the finite element method to carry out the numerical simulation. The results are compared with experimental results to study the thermal shock damage behavior and the mechanism of ceramics thermal protection materials under different service environments, which provides a theoretical reference for the study of thermal shock resistance of ceramic materials.
TEMPERATURE-DEPENDENT FAILURE CRITERION OF THERMAL SHOCK BASED ON THE FORCE-HEAT EQUIVALENCE ENERGY DENSITY PRINCIPLE
Li et al. (2010) considered that: for a specific material, both mechanical work and heat can destroy the structure of the material. When the material fails, it corresponds to a constant of maximum energy value, which belongs to the energy storage limit (critical failure energy density) of the material itself. This energy storage limit can be characterized by strain energy or thermal energy. The premise of the material being destroyed is the failure energy density of the material reaches the critical value, that is, the sum of the equivalent thermal energy density and the strain density reaches the critical value. At this time, the material will rupture, and then crack nucleation and propagation will occur, as shown in the following equation:
[image: image]
where, [image: image] is the storage energy limit of the material per unit volume, namely, the critical failure energy density, including strain energy and the corresponding equivalent heat energy; T is the current temperature; K is the energy conversion coefficient between heat energy and strain energy; [image: image] is the heat energy density at the current temperature; and [image: image] is the strain energy density when the material fails at the current temperature.
Assuming that the reference temperature is 0°C, the corresponding heat energy density can be expressed as
[image: image]
[image: image] is the specific heat capacity of temperature T at a constant pressure.
According to Eqs 1, 2, when [image: image] = 0 and [image: image] = Tm,
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where Tm is the melting point of material. According to Eq. 1,
[image: image]
Therefore,
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Substituting Eq. 6 into Eq. 1, we can obtain:
[image: image]
To prevent the occurrence of the pseudo-bifurcation phenomenon, the strain energy is decomposed. According to the method proposed by Miehe et al. (2010), the elastic strain energy is decomposed in tensile and compressive part so that the tensile part of the strain energy drives the evolution of cracks, for which the strain tensor is first spectrally decomposed as follows:
[image: image]
In the formula, [image: image] is the tensile strain tensor, [image: image] is the compressive strain tensor, [image: image] and [image: image] are the principal strain values and their corresponding directions respectively, d is the spatial dimension, that is, d = 2 represents the two-dimensional problem, and d = 3 represents the three-dimensional problem. The Macaulay brackets in the equation are defined as [image: image], [image: image].
According to the strain after spectral decomposition, the strain energy density at current temperature T can be decomposed into:
[image: image]
where λ and μ are temperature-dependent Lamé constants, and tr(•) represents the trace. According to the above equation, the strain energy density of the tensile part is
[image: image]
Substituting Eq. 10 into Eq. 7, the critical failure energy density can be obtained as
[image: image]
NUMERICAL SIMULATION
The numerical simulation of ceramic materials is carried out by using the finite element software ABAQUS combining with the subroutine USDFLD which embedded the proposing temperature-dependent failure criterion in Temperature-Dependent Failure Criterion of Thermal Shock Based on the Force-Heat Equivalence Energy Density Principle. The mechanical properties of the ceramics showed brittle behavior in the studied temperature range, the thermal shock crack growth rate is fast, and when the failure energy density reached the critical value, the material is destroyed, that is, in the process of model calculation, the material only exists in two states before- and after- fracture. To facilitate the convergence of the calculation results, we set the elastic modulus of the material after fracture to 0.0001 E0 (E0 is the initial elastic modulus of the material before failure), and the conductivity is set to 0.1 k0 (k0 is the conductivity before failure).
Circular Ceramic Flakes
Temperature-dependent failure criteria combined with the finite element software ABAQUS were used to model the thermal shock behavior of the alumina ceramic circular slices, as shown in Figure 1, with a diameter of 13 mm. The thermal shock experiments of the specimens by water quenching were demonstrated by Liu et al. (2015) in detail. The material parameters are shown in Table 1 and Figure 2 (Shao et al., 2011; Jiang et al., 2012; Liu et al., 2015; Li et al., 2016). The thermal conductivity, thermal expansion coefficient, and specific heat are all temperature-dependent, and the heat transfer coefficient is ts = 48 kW/(m2 K) according to the experiments (Liu et al., 2015).
[image: Figure 1]FIGURE 1 | Geometric schematic diagram of the thin circular ceramic specimen.
TABLE 1 | Material parameters of Al2O3.
[image: Table 1][image: Figure 2]FIGURE 2 | Thermal properties of Al2O3 versus temperature. (A) the conductivity k, (B) the thermal expansion coefficient α, and (C) the specific heat Cp.
Rectangular Ceramic Plate
The water quenching test is the most widely used method to evaluate the TSR of ceramics. In the experimental studies demonstrated by Shao et al. (2010) and Jiang et al. (2012), the ceramic slabs were first heated to different initial thermal shock temperatures and then dropped freely into a water bath. Taking into account the symmetry of the model, only 1/4 of the specimen was needed for modeling, and the symmetry boundary conditions were used. The model size is 25 mm × 5 mm ×1 mm, as shown in Figure 3 (the shaded part is the actual modeling). The material parameter settings of the model are the same as those in Table 1 and Figure 2. The initial ambient temperature is 20°C, and the heat transfer coefficient is ts = 65 kW/(m2 K).
[image: Figure 3]FIGURE 3 | Geometric schematic diagram of the rectangular ceramic specimen.
RESULTS AND DISCUSSION
Thermal Shock Behavior of Thin Circular Alumina Ceramic Specimens
As shown in Figure 4, when the initial temperature is 300°C, the alumina ceramic numerical model has fewer cracks and larger crack spacing. As the initial temperature increases, the number of cracks in the model increases, and the crack spacing gradually decreases. This indicates that the thermal shock initial temperature is one of the main factors affecting the crack spacing. The cracks show periodicity and hierarchy. Short cracks appear between every two long cracks. Consequently, the numerical simulation results are in good agreement with the experimental results. Moreover, the rationality and validity of the proposed temperature-dependent failure criterion are proved.
[image: Figure 4]FIGURE 4 | Comparison of simulation results and experimental results (Liu et al., 2015) of thermal shock in circular Al2O3 specimens at different initial thermal shock temperatures ((A) T0 = 300°C, (B) T0 = 400°C, (C) T0 = 500°C).
At the beginning of thermal shock, the temperature of the ceramic specimen decreases sharply the edge. This results in great temperature gradient in a short time and cause severe tensile strain energy which controls the initiation and propagation of the thermal shock crack. Along with the time of thermal shock continue, the internal temperature of the ceramic sheet sample also decreases. In the temperature field shown in Figure 5, the tangent direction of the temperature at the crack propagation area jumps obviously. This indicates that during the initiation and propagation of thermal shock cracks, the original continuity of the material at the crack is destroyed, and the heat transfer in the material are influenced. Therefore, the propagation of thermal shock cracks and the heat transfer of materials are mutually affected.
[image: Figure 5]FIGURE 5 | Thermal shock-induced crack evolution and its corresponding temperature field of circular Al2O3 under the initial temperature of 500°C.
As shown in Figure 6, when the temperature is 300°C, four long cracks appear in the numerical simulation, and six appear in the experimental model. When the initial temperature is 400°C, the number of long cracks in the numerical simulation is seven and that in the experimental result is eight. When the temperature rises to 600°C, the number of long cracks in the numerical simulation and experimental result are all 11. Obviously, the number of long cracks increases with the increase of the initial temperature. Because the inhomogeneity of the material is not considered, a certain error occurs between the experimental results and the numerical simulation results. However, the overall tendency is consistent with the experimental results.
[image: Figure 6]FIGURE 6 | Comparison of the number of long cracks in simulation results and experimental results (Liu et al., 2015) of the circular Al2O3 specimen.
The crack initiation and propagation process of the circular ceramic specimen under the initial temperature of 500°C is shown in Figure 7. Before 0.1 s, the number of cracks increased fast. On the contrary, the cracks propagated slowly. After 0.1 s, the number of cracks did not change overall. The cracks only propagated along the original path to the final length. Therefore, no cracks initiate in the thermal shock crack propagation stage. The final number of the thermal shock cracks is determined in the crack nucleation stage.
[image: Figure 7]FIGURE 7 | Thermal shock-induced crack initiation and propagation process of circular Al2O3 under the initial temperature of 500°C. Thermal shock behavior of rectangular Al2O3 slabs.
Crack morphology of thin Al2O3 specimens after thermal shock of different initial thermal shock temperature and its comparison with experimental results are shown in Figure 8. The higher the initial temperature of thermal shock, the greater the number of cracks and the smaller the spacing are acquired. Because higher temperature will result in more severe stress mismatch during cooling and more cracks nucleate (Zhang et al., 2021). The regularity of crack morphology is demonstrated periodically with long and short cracks. The morphology obtained by the finite element simulation is in good agreement with the experimental results, proving that the temperature-dependent failure criterion is accurate and effective.
[image: Figure 8]FIGURE 8 | Comparison of simulation results and experimental results (Jiang et al., 2012) of thermal shock in rectangle Al2O3 specimens at different initial thermal shock temperatures.
As shown in Figure 9, before 0.01 s, the thermal shock process is in the crack nucleation stage, the cracks formed uniformly at equal intervals. The cracks propagate rapidly between 0.01 and 0.2003 s, the thermal shock cracks selectively stop and propagate in this period, and the long and short cracks form hierarchy. After 0.2003 s, as the thermal stress decreases, the crack propagation speed slows down. From the crack morphology of the specimen under different initial thermal shock temperatures, we can conclude that the total number of cracks is determined by the nucleation stage. The more cracks that appear in the crack nucleation stage, the more the number of cracks that will eventually be formed.
[image: Figure 9]FIGURE 9 | Thermal shock crack evolution process of the rectangular Al2O3 specimens under the initial temperatures of 400 and 600°C.
Statistics of the average long crack spacing of different thermal shock initial temperature are shown in Figure 10. With the increase of the initial temperature, the crack spacing becomes increasingly smaller. The Figure shows that the crack spacing obtained by numerical simulation is close to the experimental results (Jiang et al., 2012), again verifying the accuracy and the validity of the new failure criterion.
[image: Figure 10]FIGURE 10 | Average crack spacing of rectangular Al2O3 specimens.
The comparison of the number of long cracks between simulation and experimental results (Jiang et al., 2012) is shown in Figure 11. When the temperature is 400°C, seven long cracks appear in the numerical result and eight in the experimental result, with short cracks sandwiched between the long cracks. When the temperature is 500°C, 11 long cracks appear in the numerical simulation results, four more than those at 400°C. The number of cracks in the experimental results is also 11. When the temperature is 600°C, 12 long cracks appear both in the numerical simulation and the experiment. As the initial temperature increases, the thermal shock condition is more severe, leading to more cracks.
[image: Figure 11]FIGURE 11 | Number of cracks in the rectangular Al2O3 specimens.
CONCLUSION
This paper derives a new temperature-dependent failure criterion based on the force-heat equivalence energy density principle. With the use of this criterion, the finite element simulation was applied to the thin rectangular and circular Al2O3 ceramic slab specimens under different thermal shock conditions. The finite element numerical simulation results are in good agreement with the experimental results, because they reproduced the periodicity and hierarchy of the cracks in the experiment, crack spacing, and the number of cracks gradually increased with the increase of the initial temperature. It was found that there existed two stage of thermal shock cracking and the final number of the thermal shock cracks was determined in the initial crack nucleation stage. Higher temperature resulted in more severe stress mismatch during cooling and more cracks nucleate. Therefore, the tensile part of the strain energy produced by thermal shock was proved to be the controlling mechanism of thermal shock fracture, and the temperature-dependent failure criterion proposed in this paper overcomes the limitations of the previous maximum principal stress and maximum tensile stress criteria.
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