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Abstract

:

Fused filament fabrication is an important additive manufacturing method, for which 3D printers are the most commonly used printing tools. In this method, there are many factors that affect the printing quality, chief among which is temperature. The fusion temperature of the material is created by an aluminum heating block in the extruder. Stability and a constant temperature for the aluminum heating block are inevitable requirements for print quality. This study aims to use the thermal barrier coating method to increase the thermal efficiency and stability of the aluminum heating block by reducing heat loss. Furthermore, it aims to perform steady-state thermal analysis using finite element analysis software. The analyses are carried out in stagnant air environment and at the printing temperature of acrylonitrile butadiene styrene material. In order to examine the effects of different coating materials, blocks coated with two different coating materials, as well as uncoated blocks, were used in the analyses. The coating made with yttria-stabilized zirconia and pyrochlore-type lanthanum zirconate materials, together with the NiCRAl bond layer, prevent temperature fluctuation by preventing heat loss. The effects of the coating method on average heat flux density, temperature distribution of blocks, and temperature distribution of the filament tube hole were investigated. Additionally, changes in flow velocity were determined by examining the effects of the thermal barrier coating method on temperature distribution. The average heat flux density in the coated blocks decreased by 10.258%. Throughout the investigation, the temperature distributions in the coated blocks became homogeneous. It was also observed that both coating materials produce the same effect. This article performs a steady-state thermal analysis of a conventional model and thermal-barrier-coated models to increase print quality by reducing heat loss from the aluminum heating block.
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1. Introduction


Fused filament fabrication (FFF) has become an important additive manufacturing (AM) method. This technique has many advantages, including rapid prototyping, flexible production, and ease of use [1,2,3,4], but it has not yet been fully adopted by the FFF manufacturing industry. Due to its advantages, medical doctors, students, and artists use this production technique for rapid prototyping. FFF production technology is most often referred to as 3D printing [3,5,6,7,8,9,10,11].



Three-dimensional printers are machines used in FFF production. In the printing process, a solid filament, such as polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS), is melted and extruded from a nozzle [1,12,13,14]. During the printing process in 3D printers, the filament is left layer by layer as it diffuses with the effect of the temperature [15,16]. Proper diffusion depends on the printing temperature [11,17]. The stability of the printing temperature, according to filament type, ensures full fusion and successful diffusion [18,19]. The printing temperature is formed within the aluminium heating block (AHB), which is heated by the heater element. The task of AHB is to ensure the stability of the thermal regime. The filament passing through the AHB, as shown in Figure 1, fuses and comes out of the nozzle. Changes in the working environment of the 3D printer, such as the filament speed, which depends on the printing speed, can cause the temperature of the AHB to fluctuate [4]. For example, the perimeter of the part is usually printed at low speeds, while the infill is printed at higher speeds. This change in filament speed causes the temperature to fluctuate. The fluctuation in the temperature and the instability of the desired value prevent the fusion from occurring completely and cause the printing process to deteriorate, creating faults in the manufactured part [20]. To prevent temperature fluctuation, a coating method with a material that has a low heat conduction coefficient, to protect the parts of gas turbine engines from high temperatures, can be used.



Thermal barrier coating (TBC) is a high material system used to provide thermal insulation for parts of a system exposed to high temperatures, such as internal combustion engines and gas turbines [21,22]. TBC was first developed in NASA laboratories in the 1950s. The aim of the thermal barrier is to protect the parts from the temperature outside of the system, as well as to increase the hot corrosion resistance of the system’s parts [23,24]. TBCs are ceramic-based materials that resist high temperatures better than metals [25,26]. There are coating materials under development, such as gadolinium zirconate (Gd2Zr2O7), pyrochlore-type lanthanum zirconate (La2Zr2O7), as well as the commercial coating yttria-stabilized zirconia (YSZ), which is widely used. Coatings have low thermal conductivity and mainly serve to reduce heat transfers [27,28]. The acceptable thickness level of a TBC is between 0.2 and 0.8 mm. A bond coat is applied in between the TBC and the substrate surface to adhere. By reducing the difference in thermal expansion between the substrate surface and the ceramic-based TBC, the bond coat increases the service life of the TBC. Additionally, it creates the rough surface required for the adhesion of the TBC [24]. The bond coat also has the task of preventing oxidation from reaching the substrate surface.



Today, the most widely used coating at high temperatures is YSZ. It can be used at temperatures of up to 1200 °C and has high thermal shock resistance. The main material of YSZ is zirconium. Zirconium (Zr4+) is used as a TBC due to its low thermal conductivity. Since zirconium has three crystal forms, it cannot be used alone as a TBC. Oxide forms of calcium (Ca), magnesium (Mg), and yttrium (Y) are used to stabilize zirconium. Figure 2a shows the crystal structure of zirconium stabilized with yttrium oxide. Figure 2b shows SEM micrographs of zirconium with improved mechanical and thermal properties stabilized with yttrium [29,30,31].



La2Cr2O7 has been proposed as an alternative ceramic-based compound to YSZ, as it can operate at higher temperatures. It has no phase change up to 2000 °C. There are atoms of three different chemical elements in the La2Cr2O7 structure, which is shown in Figure 3a. It can be seen that La2Cr2O7 particles, a SEM image of which appears in Figure 3b, are well crystallized. La2Cr2O7 has a lower thermal conductivity and thermal expansion coefficient than YSZ. However, since the thermal expansion coefficient of the substrate material and the bond layer is higher than La2Cr2O7, it causes internal stresses and cracks in TBC, thus reducing the coating life [32,33,34].



In this study, steady-state thermal analysis of TBC-coated AHB and uncoated AHB, using the finite element method (FEM), were compared. Yttria-stabilized zirconia and La2Cr2O7 materials were used in simulations due to their different thermal and mechanical properties. The preservation of a thermal regime and ensuring a stable operating temperature by preventing heat loss from the AHB with TBCs were investigated. We examined the temperature distribution of the filament tube hole where the filament fused, and the effect of TBCs on temperature distribution was also determined. A comparison between coated and uncoated models was made by examining the average heat transfer per unit area. The contribution of TBCs to the thermal efficiency and printing process was successfully demonstrated in the present study.




2. Materials and Simulation


2.1. Materials


Conventionally, AHBs are fabricated from aluminum alloys. AHBs, which are produced in various dimensions and shapes, are used in AM processes. The AHB model, which uses a commercial 3D printer device (Leapfrog HS Creatr, Alphen aan den Rijn, Netherlands), was used in the simulations. The dimensions of the AHB which form the substrate surface were 20 × 18 × 10 mm, and the coated and uncoated AHB models are shown in Figure 4. After a literature review, the bond layer material was determined as NiCRAl [28,35]. The thickness of the bond layer under the ceramic coating was 0.15 mm. Analyses were performed by determining the material of TBC, and its thickness was 0.5 mm. Figure 5 shows the layers that comprise the TBC. Table 1 shows the properties of the TBC materials and the bond layer material used in this study [21].




2.2. Numerical Modeling of the Thermal Problem


The second law of thermodynamics states that heat flows spontaneously from a hot source to a cold source. The movement of heat causes the temperature of objects to change and reach an equilibrium. The temperature changes in bodies over time are described by Newton’s law of cooling and is expressed in Equation (1):


    d T ( t )   d t   = − k ( T ( t ) −  T ∞  ) ,  



(1)




where T(t) is the temperature at time t, k is the temperature changing coefficient, and T∞ is the environmental temperature.



Heat is transferred in three different ways: conduction, convection, and radiation. In this study, heat transfer by conduction and convection was investigated. Heat conduction occurs between the layers of the AHB with a thermal barrier coating. Heat transfer by conduction is based on Newton’s law of cooling and is expressed in Equation (2):


   Q  co n d   = k A (  T s  −  T ∞  ) ,  



(2)




where k is the thermal conductivity of the material, A is the surface area through which heat transfer takes place, and Ts is the surface temperature.



Since both coated and uncoated AHBs are in a stagnant (non-flowing) air environment, heat transfer occurs by convection from their surfaces when they come into contact with air. Heat transfer by convection is expressed in Equation (3):


   Q  co n v   = h A (  T s  −  T ∞  ) ,  



(3)




where h is the convection heat transfer coefficient.



When conduction and convection heat transfers (Equations (2) and (3)) are examined, it is clear that the heat transfer depends on the coefficients of the material and the temperature difference. Based on this, the current study aims to reduce heat transfer by using materials with different thermal properties. Using different materials was expected to prevent heat transfer by changing the heat transfer coefficients, while simultaneously changing the temperature of the surfaces.




2.3. Simulation of Finite Element Analysis


Steady-state thermal analyses were performed to calculate the effect of the thermal barrier coatings on the AHB. Average heat transfers at steady-state temperature were investigated for both the coated and uncoated AHBs. The finite element analysis software ANSYS was used in the analyses. The coated AHB consists of three layers—substrate, bond coat, and TBC—and inter-surface contact was defined for each layer. The major mechanism of heat transfers between TBC surface and the air occurred as convection. In addition, for the coated AHB, heat transfers occurred according to the thermal properties given in Table 1, due to contact between each layer. There were two boundary conditions between air and model in this study:




	
The ambient temperature was 22 °C and the air was stagnant. The heat transfer coefficient was 5 W/m2 K between AHB and air;



	
Since the printing temperature for ABS material was 260 °C, the AHB temperature was 260 °C due to the extruder temperature.








Mesh and Convergence Study


A convergence study was carried out using heat flux density. The FEM was simulated for six different meshes, each one increasing the number of elements, from extremely coarse to normal. As shown in Figure 6, the mesh convergence for coated and uncoated AHB models occurs over 10,000 and 20,000, respectively. As a result of convergence, meshing of AHB models was achieved with skewness. Skewness mesh spectrum expresses mesh quality between 0 and 1, according to average skewness quality. The number of elements and average skewness quality of the coated and uncoated AHBs are given in Table 2. A single-coated AHB model was used for the YSZ and La2Cr2O7 coating. According to the skewness mesh spectrum, the average skewness quality of both models is between 0.25 and 0.5, confirming that the quality of the mesh used in this study is high.






3. Results and Discussion


Steady-state thermal analysis was performed with the specified boundary conditions and thermal properties in reference [21]. For coated and uncoated AHBs, temperature distribution, temperature distribution of filament tube hole, heat flux density, and average heat flux density were obtained. The temperature distribution is given in Figure 7. It was observed that the maximum temperature was in the heating element hole, which formed the heat source in both models. When the surface temperatures of the models were observed, it was found that the temperature reaching 260 °C in the uncoated model was not homogeneously distributed. When the YSZ and La2Cr2O7 coatings were compared, it was found that the surface temperature of the La2Cr2O7-coated AHB model was approximately 0.5 °C lower. It was determined that there was no significant difference between the surface temperatures of the coatings. This is because the conduction provided in Equation (2) depends on the conduction coefficient of heat transfer and the coefficients of both coating materials being close to each other.



In the coated models, while the temperature did not reach 260 °C at any point on the surface, a more homogeneous temperature distribution was observed, as shown in the cross-sectional view in Figure 8b,c. In addition, when the temperature distribution of the filament tube was examined, the temperature was higher in the coated models. In this case, it was observed that the temperature of the filament tube increased because the surface temperature was lowered, and the temperature distribution was homogeneous in the coated models. This is the most striking result of the simulation. Heat loss from the surface of the AHB to the outside environment was prevented and directed to the filament tube hole in the AHB by the coating. By directing the heat to the filament tube hole in the coated models, the fusion process can be faster and the heating time can be shortened. Moreover, temperature fluctuations due to printing parameters, such as filament speed and environment variables, can be prevented by avoiding heat loss.



When the cross-sectional views of TBC materials given in Figure 8b,c were compared, it was found that La2Cr2O7 is more homogenous than YSZ. However, there is no striking difference between the two materials. Although the TBC materials do not differ from each other, their advantages in temperature distribution compared to the uncoated model are obvious. The homogeneous temperature distribution in the filament tube hole of the coated models will ensure that the filament fusion is equal in every region. In reference [4], the melt filament flow profile in the extruder was investigated according to viscosity, extrusion speed, and shear rate. As the extrusion velocity increases, the residence time of the filament in AHB decreases. Therefore, heat transfer from AHB to filament will be reduced and the flow velocity will be adversely affected. Generally, polymer materials are used as filaments and have high viscosity values. The inhomogeneous temperature distribution of the filament tube hole in the uncoated AHB creates turbulence in the flow, as seen in Figure 9a, due to the high viscosity of the filament. Since the temperature distribution around the filament tube hole of the coated models was homogeneous, the viscosity of the polymer material is the same in every region. Therefore, the flow velocity profile is regular, and the flow is a laminar flow, as shown in Figure 9b [4]. TBC contributes to the formation of laminar flow, which is the ideal flow profile.



The minimum surface temperatures between the layers of coated AHB are given in Figure 10. Through the literature, it was found that the surface temperature (Ts) of AHB was reduced by the thermal barrier [26]. By reducing the difference between the surface temperature of the TBC (TTBC) and the ambient temperature (T∞), heat transfer by convection was reduced. As shown in Figure 10, the surface temperatures of both coating materials were close to each other. By preventing heat loss into the environment, it was ensured that the temperature of the filament tube hole was increased, as shown in Figure 8b,c.



The heat flux realized by convection between the air and the surfaces of the models, both coated and uncoated AHB, is shown in Figure 11. When the heat flow of the uncoated model was examined, it was seen that there is heat loss around the filament tube hole. This scenario reduced the temperature required for fusion, and therefore affects the print quality. It was observed that the heat transfer on the coated models’ surfaces was lower due to TBC. While the average heat flux density in the uncoated model was 3061 W/m2, the average heat flux density of YSZ and La2Cr2O7 was 2747 W/m2 and 2746.6 W/m2, respectively. For the average heat flux density, it was observed that the heat transferred from the models with TBC to the working environment was 10.258% less than the uncoated model.



There is no difference in the average heat flux density of both coating materials. The most important reason for this is that the thermal conductivity of the materials is very close for each, and therefore the difference between the surface temperature and the ambient temperature is low. If the working temperature of AHB is higher than 260 °C, the low thermal conductivity of LA material will be more apparent.



To conclude the numerical simulation, the surface temperature, cross-sectional views, and average heat flux density of AHB models were recorded. It was found that AHB models with TBC made of temperature-resistance materials lose less heat than the uncoated model. However, it has been determined that both coating materials show the same effect due to the low operating temperature of the AHB. In addition, when the temperature distributions for the models were examined, it was observed that the temperature of the filament tube hole of the models applied with the TBC method was higher.




4. Conclusions


In this article, steady-state thermal analysis was performed to increase the thermal efficiency of the AHB, which provided a stable fusion temperature in 3D printers, using the TBC coating method. The TBC method, which can withstand high temperatures due to its low thermal conductivity, was used in this study to reduce heat loss. As a result of the analysis, we can draw the following conclusions:




	
The operating temperature of the AHB is lower than the maximum operating temperature of TBC materials. Therefore, thermal expansion and crack formation caused by temperature will be reduced [34]. Due to the low thermal expansion coefficient of YSZ, it will have a longer life than La2Cr2O7. The validity of using the coating method for 3D printers operating at high temperatures (approximately 500 °C) requires further experimental studies;



	
YSZ and La2Cr2O7 coatings showed the same effects in preventing heat loss. Both coating materials are suitable for use at 260 °C. However, at higher temperatures, the difference between the thermal conductivity of the materials will be apparent. Cracks will occur on the material surfaces and their service life will be reduced [34]. In future studies, these effects could be examined through analysis and experiments that can be conducted at high temperatures;



	
The effect of the coating method on the melt flow velocity was investigated. The homogeneous temperature distribution of the coated models provided the flow velocity of the filament with a regular profile. It was found that TBC contributes to a laminar flow;



	
TBC prevented heat loss. It contributed to the homogeneous distribution of heat on AHB;



	
TBC affected the distribution of temperature on AHB by preventing heat loss. The temperature of the filament tube hole increased;



	
The transfer of heat to the surrounding environment was prevented, and the heating time of AHB was shortened;



	
Energy losses were prevented by increasing thermal efficiency. With the closed loop control method, when the temperature of the AHB decreases the heating element operates, and heating is provided. Reducing the heat flux prevents temperature fluctuations and the heater element works less. This reduces the energy consumption required for heating.








The numerical analysis showed a dramatic change in the average heat flux density due to TBC. It was found that the average heat flux density was reduced by 10.258% and that thermal efficiency was increased by coating. By increasing the thermal efficiency, the protection of the thermal regime was easier than it was for the uncoated model. This scenario makes 3D printer temperature control methods easier. Furthermore, it increases the printing quality and reduces printing faults by ensuring the full realization of filament fusion with increased thermal efficiency and high thermal stability.
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Figure 1. The commercially used AHB. 
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Figure 2. (a) Illustration of the yttria-stabilized zirconia structure [30], (b) SEM micrographs of YSZ at high temperature [29]. 






Figure 2. (a) Illustration of the yttria-stabilized zirconia structure [30], (b) SEM micrographs of YSZ at high temperature [29].



[image: Coatings 11 00792 g002]







[image: Coatings 11 00792 g003 550] 





Figure 3. (a) Illustration of the La2Cr2O7 [32] (Permission from [32] Copyright 2021 Elsevier), (b) SEM micrographs of La2Cr2O7 at high temperature [33] (Permission from [33] Copyright 2016 Elsevier). 
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Figure 4. (a) The coated and (b) uncoated AHB models. 
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Figure 5. Layers in the thermal barrier coating for the AHB. 






Figure 5. Layers in the thermal barrier coating for the AHB.



[image: Coatings 11 00792 g005]







[image: Coatings 11 00792 g006 550] 





Figure 6. Mesh convergence study based on the heat flux density. 
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Figure 7. Temperature distribution of (a) YSZ-coated, (b) La2Cr2O7-coated, and (c) uncoated AHB. 
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Figure 8. Cross-sectional view of the temperature distribution of (a) uncoated, (b) YSZ-coated, and (c) La2Cr2O7-coated. AHB. 
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Figure 9. Schematic flow-velocity profile of (a) uncoated AHB and (b) coated AHB. 
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Figure 10. Surface temperature of coated AHB. 
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Figure 11. Heat flux density of (a) uncoated, (b) YSZ-coated, and (c) La2Cr2O7-coated AHB. 
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Table 1. Thermal properties of materials [21].






Table 1. Thermal properties of materials [21].





	Material
	Thermal Conductivity (W/m K)
	Thermal Expansion × 10e−6 (1/K)
	Specific Heat (J/kg K)





	NiCrAl
	16.1
	12
	764



	YSZ
	2.2
	10.9
	620



	La2Cr2O7
	1.5
	9.5
	N/A
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Table 2. The number of elements and average skewness quality.






Table 2. The number of elements and average skewness quality.





	Material
	Number of Elements
	Average Skewness Quality





	Uncoated AHB
	10,053
	0.28612



	Coated AHB
	43,825
	0.37147
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