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Abstract

				The ceramic-resin composite structure has broad prospects in many fields like rapid casting and thermal protection. Due to the coefficient of thermal expansion (CTE) of resin is about 10 times higher than that of ceramic, the excessive thermal expansion of the resin pattern will lead to the undesirable crack of the ceramic shell during the heating procedure. The proposed approach is to find a reasonable resin configuration minimizing the thermal stress in the ceramic shell. Simultaneously, the mechanical stiffness of the whole structure should be maintained at a certain level to resist the pressure applied on the ceramic shell. In the actual production, the periodic resin configurations are more operable than the disordered configuration, so finding reasonable periodic resin configurations for ceramic-resin composite structure has lots of significance. The purpose of this paper is to introduce the topology optimization method into the periodic resin configuration design for ceramic-resin composite structure. A structural topology optimization procedure in combination with thermo-mechanical finite element analysis has been developed. A single-layer periodic model and a double-layer periodic model are optimized and respective CAD models are rebuilt according to the optimal results. By comparing with the existing hexagonal honeycomb configuration, two optimal designs have shown better performances both in reducing the thermal stress in the ceramic shell and maintaining the stiffness of the whole structure.
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1 Introduction
The ceramic-resin composite structure has broad prospects in many fields such as rapid casting and thermal protection. In rapid casting field, compared with the traditional investment casting processes, rapid casting based on the stereolithography (SL) prototype resin patterns provides a better precision and avoids the consumption of the metal. At the same time, the ceramic-resin composite structure can be used as the thermal protection tile in high speed aircrafts for its excellent heat resistance, corrosion resistance, good stiffness and relatively lightweight.
However, there are several problems stand in the way of the achievement of widespread use of the ceramic-resin composite structure. One of the key difficulties is to avoid the crack of the ceramic shell during the heating of the resin pattern. Under normal circumstances, as a thermoset material, the epoxy resin doesn’t melt but continues expanding until to burns out at around 1000–1200 °C with sufficient oxygen in the procedure of heating. Since the coefficient of thermal expansion (CTE) of the resin is about 10 times higher than that of the ceramic shell, during the heating process, a significant thermal expansion of the resin pattern will generate thermal stresses in the ceramic shell. If the maximum thermal stress reaches a certain value before resin pattern burns out, the unfortunate crack of the ceramic shell will take place and lead to the fail of the rapid casting immediately. So the satisfactory resin structure should collapse under the influence of its own expansion before the ceramic shell crack, at the same time, the mechanical stiffness of the whole structure should be maintained at a certain level to resist the pressure applied on the ceramic shell. To solve this problem, reasonable resin configurations should be found to meet above requirements. Among various resin configurations, the periodic resin configurations have special advantages in the convenience of manufacturing and this is one of the emphases of this paper. The ceramic-resin composite structure with single-layer periodic resin configuration is shown in Figure 1.	[image: thumbnail]	Figure 1.
						Ceramic-resin composite structure with single-layer periodic resin configuration.

					



			
During the past decades, some prior studies have been made intensively. Hauge and Dickens studied the reasons and solutions to the shell crack problem [1, 2]. Among others, Jacobs hypothesized that the crack of the ceramic shell could be prevented when the thickness of resin pattern shell is thinner than a so-called critical section thickness [3, 4]. Hague and Dickens conducted a series of researches on the heating experiments with solid and hollowed SL patterns and observed that the shell cracking always took place at the temperatures below the glass transition temperature of epoxy resin [1, 2]. Later, 3D systems developed QuickCast platform and proposed several lattice styles [5]. Norouzi and Rehmati introduced a new octagonal internal lattice structure, which leads a great reduction in maximum stresses exerted on the ceramic shell [6]. Gu et al. [7] introduced the topology optimization method into the lattice structure configuration design for rapid casting patterns for the first time and proposed several 2D and 3D configurations. When used as thermal protection tile, the hexagonal honeycomb resin configuration as shown in Figure 2 is widely used for ceramic-resin composite structure in practical production.	[image: thumbnail]	Figure 2.
						Hexagonal honeycomb resin configuration.

					



			
In this paper, we propose a structure topology optimization procedure in combination with thermo-mechanical finite element analysis to find better periodic resin configurations for the ceramic-resin composite structure. Numerical modeling about the mathematical formulation of the objective function and design constraints is established and optimal periodic resin configurations for single-layer model and double-layer model are sought out. By comparing with the existing hexagonal honeycomb resin configuration, two optimal designs have shown better performances both in reducing the stress in the ceramic shell and maintaining the stiffness of the whole structure.
2 Numerical modeling
Optimal designs intend to avoid the crack of the ceramic shell by decreasing the maximum thermal stress inside. Besides, the whole structure must maintain the mechanical stiffness at a high enough level to support the external mechanical loads. Thus the resin configuration design comes down to a topology optimization under the thermal-mechanical loads condition. Here, we can summarize the following goals that the topology optimization should attain:
						
						Maintain the mechanical stiffness of the whole structure at a certain level.

					

						
						Minimize the thermal stress in the ceramic shell.

					

						
						Save the consumption of the resin material.

					

				

			To carry out the topology optimization, two load cases, i.e. the thermal load and the pressure load are applied. In the mechanical model as shown in Figure 3a, a uniform pressure load of 1 Mpa is used to simulate the external load applied on the upper surface of the ceramic shell. In the thermal model as shown in Figure 3b, an isothermal temperature of 60 °C is applied on both the resin pattern and the ceramic shell to generate the critical thermal expansion. The two models share the same boundary conditions, suppose the composite structure is taken out from a large area, four bottom sides are fixed and four side faces are restrained to move within the corresponding faces, as shown in Figure 3.	[image: thumbnail]	Figure 3.
						Two load cases of model.

					



			
Therefore, the mathematical formulation of the topology optimization problem can be expressed as:[image: thumbnail](1)where x is the vector of design variables, i.e. the pseudo-densities which vary between 0 and 1 to describe the material distribution over the design domain. σC is the Von-Mises stress in the ceramic shell due to the temperature effect. V is volume of the design domain. C is the strain energy of the whole structure related to the mechanical model and it is inversely proportional to the structure stiffness. C(U) and V(U) are the upper bounds of the strain energy and the material volume over the design domain, respectively. x(L) is the lower bound of the pseudo-densities to avoid the singularity of the element stiffness matrix when the element material is removed.
Since the material properties of the cured resin will change with the variation of temperature during the heating procedure, the material parameters and experiment conditions must be defined first. The results of preliminary experiment show that the thermal stress in the ceramic shell is maximized when temperature is about 60 °C. That’s why we use the temperature at 60 °C as the thermal environment in thermal model for topology design optimization. Thus we use the temperature at 60 °C as the severe case to ascertain the material properties. The material properties are shown in Table 1, and the reference temperature is set to be 20 °C.Table 1.

						Material properties used in the topology optimization.

					

			
3 Numerical study
As shown in Figure 4, two simple models, i.e. the single-layer model and the double-layer model are optimized, respective CAD models are rebuilt according to the optimal results and then compared with the existing hexagonal honeycomb resin configuration.	[image: thumbnail]	Figure 4.
						Two simple models used to evaluate the stress level in the ceramic shell.

					



			
A single-layer model
As shown in Figure 4a, the size of the periodic resin part is 200 mm × 200 mm × 40 mm, a 2 mm thick resin layer and a 10 mm thick ceramic shell cover on the upper surface successively. The periodic part is subdivided into 25 basic cells which share the same material distribution and every basic cell is a cube with 40 mm in side length.
By allowing the periodic part’s volume fraction of 40% and constraining the strain energy of the whole structure to 40 J, adopt the material whose pseudo-density higher than 0.7, the optimal design of the resin configuration and a single basic cell are shown in Figure 5. Then a CAD model shown in Figure 6 is rebuilt accordingly.	[image: thumbnail]	Figure 5.
							The optimal result obtained with topology optimization.

						



						[image: thumbnail]	Figure 6.
							The rebuilt CAD model of periodic resin configuration.

						



				
To compare the optimal design with the existing hexagonal honeycomb resin configuration, the optimal model and the hexagonal honeycomb model shown in Figure 7 are analyzed respectively by finite element simulation. Two models share the same boundary conditions and load cases, and the optimal model uses less resin material than the hexagonal honeycomb model. The thermal stress distribution in the ceramic shell under the temperature load and the deformation of the ceramic shell under pressure load are shown in Figures 8 and 9 respectively. The overall comparison of two models is shown in Table 2.	[image: thumbnail]	Figure 7.
							The optimal model and the hexagonal honeycomb model to be analyzed.

						



						[image: thumbnail]	Figure 8.
							The thermal stress distribution in the ceramic shell under temperature load (Mpa).

						



						[image: thumbnail]	Figure 9.
							The deformation of the ceramic shell under pressure load (mm).

						



					Table 2.

							Comparison of the optimal model and the hexagonal honeycomb model.

						

				
As we can learn from Table 2, compared with the hexagonal honeycomb model, the optimal model reduce the maximum thermal stress in the ceramic shell from 2.643 Mpa to 1.709 Mpa, meanwhile, the strain energy of the whole structure decreases from 128.324 J to 62.716 J, and all these are in the precondition of less consumption of resin materials.
A double-layer model
As shown in Figure 4b, the size of the periodic resin part is 200 mm × 200 mm × 80 mm, the thicknesses of the resin layer and the ceramic shell are still 2 mm and 10 mm, respectively. The periodic part is subdivided into 5 × 5 × 2 basic cells with 40 mm in side length. By allowing the periodic part’s volume fraction of 40% and constraining the strain energy of the whole structure to 55 J, adopt the material whose pseudo-density higher than 0.75, the optimal design of the periodic resin part and a single basic cell are shown in Figure 10, then the rebuilt optimal CAD model shown in Figure 11 is established. Be similar with the single-layer case, the double-layer optimal model and the hexagonal honeycomb model shown in Figure 12 are analyzed respectively. The boundary conditions and load cases remain the same. The thermal stress distribution in the ceramic shell under temperature load is shown in Figure 13, the deformation of the ceramic shell under pressure load is shown in Figure 14, and the overall comparison of two models is shown in Table 3.	[image: thumbnail]	Figure 10.
							The optimal result obtained with topology optimization.

						



						[image: thumbnail]	Figure 11.
							The rebuilt CAD model of periodic resin configuration.

						



						[image: thumbnail]	Figure 12.
							The optimal model and the hexagonal honeycomb model to be analyzed.

						



						[image: thumbnail]	Figure 13.
							The thermal stress distribution in the ceramic shell under temperature load (Mpa).

						



						[image: thumbnail]	Figure 14.
							The deformation of the ceramic shell under pressure load (mm).

						



					Table 3.

							Comparison of the optimal model and the hexagonal honeycomb model.

						

				
As shown in Table 3, the optimal model uses less resin materials than the hexagonal honeycomb model, whereas the maximum thermal stress in the ceramic shell under temperature load decreases from 2.845 Mpa to 1.709 Mpa. In the meantime, the strain energy of the whole structure under pressure load decreases from 14.84 J to 10.58 J.
4 Conclusion
In this paper, techniques of topology optimization are introduced to find better periodic resin configurations for the ceramic-resin composite structure. The optimization approach is carried out to solve the crack problem of the ceramic shell by reducing the maximum thermal stress in the shell. At the same time, the mechanical stiffness of the whole structure and the consumption of the resin material are taken into consideration. In the tested examples, reasonable optimal designs are obtained by topology optimization. Compared with the existing hexagonal honeycomb configuration, the optimal designs not only use less resin materials, but also are both stiffer and better in reducing the maximum thermal stress in the ceramic shell.
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									Properties
									Resin
									Ceramic
							

						
						
							
									Elastic modulus (Mpa)
									700
									3500
							

							
									CTE (10−6 / oC)
									80
									7
							

							
									Poisson’s ratio
									0.1
									0.4
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										Optimal model
										Hexagonal honeycomb model
								

							
							
								
										Maximum stress in the ceramic shell (Mpa)
										1.709
										2.643
								

								
										Maximum deformation of the ceramic shell (mm)
										5.508
										8.251
								

								
										Strain energy of the whole structure (J)
										62.716
										128.324
								

								
										The volume of the periodic resin part (mm3)
										186511.572
										187812.309
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    Table 3. 

							Comparison of the optimal model and the hexagonal honeycomb model.

						
							
								
										
										Optimal model
										Hexagonal honeycomb model
								

							
							
								
										Maximum stress in the ceramic shell (Mpa)
										1.709
										2.845
								

								
										Maximum deformation of the ceramic shell (mm)
										5.545
										7.499
								

								
										Strain energy of the whole structure (J)
										91.716
										134.344
								

								
										The volume of the periodic resin part (mm3)
										356172.138
										375693.330
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