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The purpose of this study is to investigate the influence of pre-heating characteristics on the mechanical properties and forming process of selective laser sintering (SLS) printed PES-HmA samples. An experimental setup with four heating tubes was designed to study the pre-heating temperature distribution on the powder bed. The pre-heating temperature distribution on the powder bed was captured using a thermal imaging camera. A method for evaluating pre-heating temperature distribution based on the average and standard deviation of surface temperature was proposed. The heating tube installation position was optimized using a response surface experiment study based on the temperature distribution evaluation. By optimizing the installation position of the tubes, the temperature distribution on the powder bed tends to become uniform. The effect of pre-heating temperature value and distribution on the mechanical properties of the SLS printed PES-HmA samples was also experimentally investigated. The cross sectional microstructure of the printed samples were examined by scanning electron microscope to analyze the layer formation process at different pre-heating temperature. By increasing the pre-heating temperature from 70°C to 100°C, the material diffusion at the layers interface was improved, which made the tensile strength of sample increased by 376%, and the flexural strength increased by 224%.
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1 INTRODUCTION
Additive manufacturing, also known as 3D printing, has been employed in various fields to produce customized parts without the use of specific molds or tools (Mantovani et al., 2020). It is becoming increasingly popular due to its superiority in printing lightweight and complex geometries components cost-effectively (Savolainen and Collan, 2020; Abdulhameed et al., 2019). Selective laser sintering (SLS) is an additive manufacturing technique that can create complex and functional parts by selectively melting powders layer by layer using a high power-density laser (Yap et al., 2015; Liang et al., 2022). Prior to the printing process, the powder is pre-heated to a fixed temperature below the melting point, and the melting rate of the powder is accelerated by laser irradiation (Sharma et al., 2020). Polyether sulfone hot melt adhesive (PES-HmA), which is a kind of polymeric composite material with a wide heat treatment window, is widely used as SLS printing material due to its excellent thermoplastic properties (Yuan et al., 2019; Parandoush and Lin, 2017). The mechanical properties of the printed polymer part lack stability and reliability, which limited the application of PES-HmA in SLS printing (Jatti et al., 2024).
In order to understand the forming principle of SLS, many researches have been conducted to study the binding mechanism and laser heating process (Strano et al., 2011). Based on the bonding mechanism, Kruth et al. classified the SLS technology into solid state sintering, chemical induced binding, partial melting, and full melting (Kruth et al., 2005). Compared to components fabricated at room temperature, the fabricated component would have higher ultimate tensile strength and ductility by pre-heating the powders with elevated temperature (Martinez et al., 2019). Savalani et al. verified the importance of the pre-heating process in improving the quality of produced surface, and the low layer thickness was conducive to obtaining a smoother and flatter machined surface (Savalani and Pizarro, 2016). Antonov et al. experimentally and theoretically studied the dynamics of laser induced heating process of polymer particles, they found that the polymer particles could be effectively sintered by the fine melting of the particle surface (Antonov et al., 2020). Yang et al. proposed a method to pre-heating powder by lamp radiation and tropical heat conduction, and the forming quality can be improved by constructing uniform temperature field (Yang et al., 2022).
Thermal model is a good way to understand the mechanism of laser powder bed fusion mechanism (Tangestani et al., 2021). By constructing a transient thermal model using the finite element method, Papadakis et al. investigated the energy consumption of building chamber pre-heating, base plate heating, and laser pre-scan heating respectively (Papadakis et al., 2017). It was found that the pre-heating efficiency was affected by the size of parts being fabricated, and the laser pre-scanning heating would be more efficient when machining small size parts. Landau et al. constructed a numerical model of the build chamber of an ARCAM Q20+ machine, evaluated the energy required to pre-heating the powder to the desired temperature, and assessed the heat transfer effect during the pre-heating process (Landau et al., 2020). The model was verified by real-time monitoring of the printing chamber temperature using 9 thermocouples fixed on the stainless steel start plate. Through the experimental and numerical study of the composite consolidation process, Zhilyaev et al. presented an advanced finite element numerical model which has a good performance in simulating the consolidation process of additive manufacturing continuous fiber composite parts (Zhilyaev et al., 2022). The numerical simulation enables the printing of complex parts without expensive prototyping iterations.
The printing temperature plays an important role in guarantee the mechanical properties of printed parts (Chen et al., 2023). In order to control the temperature difference on the powder surface, by utilizing an infrared camera to monitor the powder bed surface temperature, Phillips et al. proposed a feed-forward laser fluence controller to adjust the laser power in real time based on a dynamic sintering model (Phillips et al., 2018). The result shows that the post-sintering temperature uniformity was improved by 57%, and the deviation of the printed samples’ flexural strength was reduced by 45%. Liu et al. reduced the cracks generated during laser processing of yttria stabilized zirconia ceramic by pre-heating the powder to a high temperature (Liu et al., 2015). Both mechanical properties and surface roughness were influenced by the sintering process (Bai et al., 2016; Singh et al., 2013). Ling et al. investigated the influence of ambient temperature and densification on the mechanical properties of sintered specimens, and they found that the average porosity ratio in the specimen can be reduced by improving the ambient temperature, which is beneficial for enchaning its tensile strength (Ling et al., 2018).
It can be founded from the above research results that the temperature distribution on the powder bed surface during the printing process has a significant effect on the mechanical properties of the SLS printed samples. By selecting PES-HmA powder as the processing material, this research will study the influence of the pre-heating temperature distribution on the mechanical properties of the printed samples. Different from previous studies which used simulation method to analyze the temperature distribution, this manuscript proposed employing an infrared thermal imaging camera to measure the temperature distribution on the PES-HmA powder bed surface. The evaluation method of the powder bed surface temperature distribution is designed. A pre-heating setup is designed to study the performance of pre-heating temperature distribution, and its parameters will be optimized according to a response surface experiment. By analyzing the microstructure of PES-HmA samples, the influence of preheating temperature on material diffusion at the interface is investigated.
2 MATERIALS AND METHODS
2.1 Design of pre-heating setup
Considering the SLS printing process is placed in an enclosed space, it is inconvenient to collect the powder surface temperature distribution frequently. As shown in Figure 1, a pre-heating experiment setup similar to the SLS printing chamber was designed to study the power bed surface temperature distribution. In this pre-heating setup, 4 carbon fiber heating tubes are employed as the heat source considering its high thermal efficiency. A polished stainless steel plate is designed to reflect the radiant heat from the heating tubes onto the powder bed surface. An SN-3000-WD-200 infrared temperature sensor, mounted on the top beam of the pre-heating setup, is used to detect the real-time pre-heating temperature at the center of the powder bed. It has an internal temperature calibration and compensation system. The infrared thermal emissivity of the SN-3000-WD-200 was set to 0.95, which was the same as the thermal emissivity of the PES-HmA powder used in the experiment. The object distance ratio of the SN-3000-WD-200 is 20:1, and its distance from the powder bed is 400 mm.
[image: Figure 1]FIGURE 1 | Schematic of the designed pre-heating setup: (A) experiment setup; (B) top view of the setup.
The working status of the carbon fiber heating tubes is controlled using the PID strategy based on the temperature detected by the infrared temperature sensor. The interactive interface is used to set the target pre-heating temperature. The position adjustment mechanism is designed to control the mounting position of the heating tubes and their stainless steel reflector. An auxiliary pre-heating plate was placed at the bottom of the powder bed to improve the temperature uniformity on the powder surface.
In order to evaluate the performance of the designed pre-heating setup, the pre-heating area was limited in an area of 200 mm × 200 mm. The real-time temperature distribution of pre-heated powder surface was captured using the thermal imaging camera Ti400 which was produced by Fluke Thermography. The influence of heating tubes mounting position parameters (height, horizontal distance, and reflector angle, as shown in Figure 2A) on the pre-heating temperature distribution was studied by response surface experiment. A 3 factors with 3 levels (height: 50 mm, 150 mm, 250 mm; horizontal distance: 0, 30 mm, 60 mm; reflector angle: 15°, 45°, 75°) response surface experiment was designed to find the optimized parameter combination.
[image: Figure 2]FIGURE 2 | The schematic diagram of (A) adjustable parameters for the mounting position of heating tubes and (B) Ti400 captured thermal image.
Ti400 captured thermal image can show the temperature value at each area of the powder bed. The average and standard deviation of the temperature value on the powder bed surface were proposed to evaluate the pre-heating characteristics. As shown in Figure 2B, the temperature value in each area of the powder bed surface is extracted from the captured thermal image named as Ti. The average temperature value of the PES-HmA powder bed surface is calculated according to Equation 1.
[image: image]
Where N is the number of temperature value that extracted from the powder bed surface thermal image.
The standard deviation of PES-HmA powder bed surface temperature is calculated according to Equation 2.
[image: image]
2.2 The SLS printing machine and materials
After finding the optimized installation location parameters for heating tubes, the self-designed pre-heating setup will be installed on the SLS printer (as shown in Figure 3) to test its realistic manufacturing performance. The main processing parameters of the SLS printer are shown in Table 1. In order to concentrate on studying the influence of changes in the preheating temperature field on the printing performance, the laser power and scanning speed are optimized in preliminary experiments, and are set at 15 W and 2,500 mm/min respectively for all the tests in this research. PES-HmA which was purchased from Shanghai TOMIS Material Technology Co., Ltd was selected as the processing powder. The melting temperature of the selected PES-HmA is 115 °C which is lower than most polymers applied in SLS printing. The geometric appearance of the PES-HmA is irregular ellipsoids, and its diameter is normally distributed between 40 μm and 74 μm (Zhang et al., 2019b; Zhang et al., 2019a).
[image: Figure 3]FIGURE 3 | The SLS printer used for the experiment.
TABLE 1 | The processing parameters for the SLS printer.
[image: Table 1]2.3 The evaluation of the mechanical properties
The mechanical properties of the printed samples was evaluated based on its tensile strength and flexural strength (Kam et al., 2021). To investigate the influence of pre-heating temperature distribution on the mechanical properties of the printed samples, the powder bed was divided into 9 areas, and a sample was printed in each area, as shown in Figure 4A. The mechanical properties of the samples printed in different areas were comparatively analyzed to evaluate the influence of the pre-heating temperature distribution. The geometric dimensions of the printed samples for the temperature distribution experiment is shown in Figures 4B,C and Table 2. To study the influence of pre-heating temperature on the mechanical properties of the printed samples, the sample was machined in the area as shown in Figure 4D, and its dimension is shown in Figures 4B,C and Table 2.
[image: Figure 4]FIGURE 4 | The samples printing position and its size: (A) pre-heating temperature distribution experiment; (B) tensile strength test sample; (C) flexural strength test sample; (D) pre-heating temperature experiment.
TABLE 2 | The geometric dimension of the printed samples.
[image: Table 2]The tensile strength and flexural strength were tested using a microcomputer control universal testing machine, and the feed speed was controlled at 5 mm/min. The tensile strength is calculated based on Equation 3, and the flexural strength is calculated based on Equation 4.
[image: image]
Where p (mm) is the maximum tensile force that the sample is can withstand, b (mm) is the width of the sample, d (mm) is the thickness of the sample.
[image: image]
Where F (N) is the applied force, L (mm) is the span, b (mm) is the width of the sample, d (mm) is the thickness of the sample.
3 RESULTS AND DISCUSSION
3.1 The sintering property of PES-HmA
The sintering window is an important parameter to determine the sinterability of the material. In order to test the sintering property of PES-HmA, the DSC (Differential Scanning Calorimetry) curve of PES-HmA was tested using a DSC Q20 instrument. The DSC curve of PES-HmA is shown in Figure 5. It can be observed that the glass transition temperatures of PES-HmA is 58.71°C, and the sintering window is (58.71°C, 102.74°C). In the SLS process, if the pre-heating temperature is too low, the bonding between the layers is too weak to form the designed sample. If the pre-heating temperature is too high, the powder particles start to melt before the laser sintering process, which would affect the dimensional accuracy and quality defect of the printed sample. During the experiment, the pre-heating temperature was set between 70°C and 100°C, which is within the sintering window.
[image: Figure 5]FIGURE 5 | The DSC curve of PES-HmA.
3.2 The performance of designed pre-heating setup
By setting a target pre-heating temperature, the working status of carbon fiber heating tubes would be controlled by the PID strategy. The infrared temperature sensor which was fixed on the top of the pre-heating setup would monitor the temperature at the center of the powder bed in real time, and transmit the real time temperature information to the PID control system to provide the basis for the PID control strategy. The thermal field performance was shown in Figure 6. When the target pre-heating temperature was set at 80 °C, the temperature detected by the infrared temperature sensor from the beginning of the pre-heating process is shown in Figure 6A. It can be observed that the powder bed surface temperature would increase to 80°C in 1 min from room temperature, after that it was controlled to fluctuate around 80°C by temperature PID control strategy.
[image: Figure 6]FIGURE 6 | Thermal field performance: (A) real time temperature curve detected by SN-3000-WD-200; (B) Ti 400 captured thermal image in 3D diagram; (C) in cross-section direction.
In order to clearly observe the temperature difference on the powder bed surface, the surface temperature distribution on the powder bed captured by the thermal imaging camera was transformed into a 3D diagram using SmartView 3.5.31, as shown in Figure 6B. The temperature in different areas of the powder bed surface has a distinct difference. Figure 6C shows the temperature change in the cross sectional direction of the powder bed surface. On the pre-heated powder bed surface, the center obtained the highest temperature, and the surface temperature decreased with the increase of its distance from the center. It can be noted that the temperature increased by about 5°C from the edge to the center of the powder bed.
3.3 The optimization of heating tubes mounting position based on the response surface analyze
In order to study the influence of heating tubes mounting position on the powder bed surface temperature distribution, the response surface experiment was designed as shown in Table 3. Before each experiment, the heating tubes were fixed at the mounting position according to the parameters listed in Table 3. During each experiment, the target pre-heating temperature was set at 80°C, and the surface temperature distribution was captured using thermal imaging camera after the powder bed surface was pre-heated to the target temperature. After the experiment, the captured temperature distribution figure would be loaded into SmartView 3.5.31. The average temperature and the standard deviation of the temperature distribution were calculated in SmartView 3.5.31 according to Equations 1, 2, and the results are listed in Table 3.
TABLE 3 | The response surface experiment results for heating tubes mounting position adjusting.
[image: Table 3]Based on the results of response surface experiment, the influence of the heating tubes mounting position on the average temperature of the powder bed surface is shown in Figure 7. It can be observed that the height and reflector angle of the heating tube have a more significant impact on the average temperature of the powder surface compared to the horizontal distance factor. By fixing the heating tubes 150 mm above the powder bed surface, and adjusting the reflector angle to 45°, the pre-heated powder surface can obtain a higher average temperature.
[image: Figure 7]FIGURE 7 | The influence of heating tubes mounting position on the average temperature of powder surface: (A) horizontal distance and height; (B) angle and height; (C) angle and horizontal distance.
The influence of the heating tubes mounting position on the standard deviation of the powder surface temperature is shown in Figure 8. It can be seen that a small standard deviation of the surface temperature can be realized when the heating tubes were fixed at a longer horizontal distance from the powder bed edge with a small reflector angle, which can be helpful to reduce the concentration of the pre-heating energy in the center of the powder bed.
[image: Figure 8]FIGURE 8 | The influence of heating tubes mounting position on the standard deviation of powder surface temperature: (A) horizontal distance and height; (B) angle and height; (C) angle and horizontal distance.
3.4 The influence of pre-heating temperature on the mechanical properties
To investigate the influence of the pre-heating temperature distribution on the mechanical properties of the printed samples, the power bed was divided into 9 areas as shown in Figure 4A. A small size sample was printed in each area, and the average temperature and the standard deviation of the temperature distribution in each area were calculated based on the thermal distribution image captured by the Ti400 thermal imaging camera. The tensile strength and flexural strength of each printed PES-HmA samples are shown in Figures 9A,B. It can be observed that the tensile strength of the printed sample has the same changing trend as the flexural strength of the sample printed at the same area. The average temperature and the standard deviation of the temperature distribution in each area are shown in Figures 9C,D. The area with a higher average temperature has a lower standard deviation of temperature distribution. The tensile strength and flexural strength of the printed sample are positively correlated with the average temperature in this area, and negatively correlated with the standard deviation of the pre-heating temperature in this area. The area 5 located in the center of the powder bed can draw more energy from the pre-heating tubes. Therefore, the area 5 has a higher average temperature compared to other areas. It can be noticed from Figure 9D that the temperature standard deviation of area 5 was lower than other areas, which indicates that the temperature distribution in this area is relatively uniform. The high temperature with uniform distribution is helpful for the diffusion of the particles in this area, which is conducive to improving the tensile and flexural properties of the printed sample.
[image: Figure 9]FIGURE 9 | The mechanical properties of the samples printed in different areas compare with the corresponding temperature distribution in the area: (A) tensile strength; (B) flexural strength; (C) average temperature; (D) standard deviation of temperature distribution.
In order to study the influence of pre-heating temperature on the mechanical properties of the printed samples, a standard size sample was printed in the center of the powder bed as shown in Figure 4D. The tensile strength and flexural strength of the printed samples at different pre-heating temperature were tested, and the results are shown in Figure 10. It can be found that the tensile strength and flexural strength of the printed sample would be improved with the increase of the pre-heating temperature. The higher pre-heating temperature would be helpful in improving the mechanical performance of SLS printed samples. When the pre-heating temperature was higher than 100 °C, the powder in the unprocessed area would become sticky, which was not conducive to the subsequent powder layering work.
[image: Figure 10]FIGURE 10 | The influence of pre-heating temperature on the tensile strength and flexural strength of the printed samples: (A) tensile strength; (B) flexural strength.
3.5 The micromorphology analysis
By scanning the cross sectional micromorphology of the printed samples, the details of the formation process of the printed sample were investigated layer by layer at different pre-heating temperature using a scanning electron microscope (SEM). As shown in Figure 11A, when the pre-heating temperature was set at 70°C, a clear distinction edge between different layers can be observed. The powder on the surface was not pre-heated enough to guarantee a good adhesion between adjacent layers, indicating that material diffusion at the layers interface was too weak. This phenomenon would reduce the mechanical properties of the printed sample. As can be seen from Figures 11B–D, with the increasing of pre-heating temperature, the edge between layers becomes tighter. The material diffusion at the layers interface was improved, which would enhance the stickiness between adjacent layers. When the pre-heating temperature higher than 90°C, the discriminating edge between different layers disappeared, and the powder in adjacent layers has a good bond with each other, which is helpful to improve the tensile strength and flexural strength of the printed samples.
[image: Figure 11]FIGURE 11 | The cross-section micromorphology of the SLS samples printed in different pre-heating target temperature: (A) 70°C; (B) 80°C; (C) 90°C; (D) 100°C.
As can be noticed from Figure 12, when the sample surface was amplified by 500 times, some pores could be observed when the pre-heating temperature was lower than 80°C. The temperature cannot offer enough thermal energy to help the material diffuse at the layers interface, which decreased the tensile strength and flexural strength of the printed sample. When the pre-heating temperature was higher than 90°C, the material is easy to diffuse at the layers interface. As a result, the melted powder would have closer integration, which is helpful to enhance the tensile strength and flexural strength of the printed sample.
[image: Figure 12]FIGURE 12 | The cross-section micromorphology amplified by 500 times: (A) 70°C; (B) 80°C; (C) 90°C; (D) 100°C.
4 CONCLUSION
The purpose of this study is to better understand the relationship between powder bed pre-heating performance and the mechanical properties of the printed samples. The experiment results show.
1. The pre-heating temperature distribution on the powder bed would be influenced by the mounting position of the heating tubes. A higher average temperature and lower standard deviation of the pre-heating temperature distribution can be obtained by fixing the heating tubes 150 mm above the powder bed surface, and adjusting the reflector angle to 45°.
2. The tensile strength and flexural strength of the printed sample have a positive relationship with the average temperature of the area, and a negative relationship with the standard deviation of the temperature distribution in this area.
3. By increasing the pre-heating temperature, the tensile strength and flexural strength of the printed sample can be enhanced.
4. A clear distinction edge can be noticed between different layers when the pre-heating temperature is lower than 80°C, the powder would have closer integration in adjacent layers when the pre-heating temperature was higher than 90°C, which is helpful to enhance the tensile strength and flexural strength of the printed sample.
Therefore, by rationally arranging the mounting position of the heating tubes, the uniformity of the powder bed temperature distribution can be improved, which is helpful to enhance the forming quality of the SLS process. The adjacent layers can achieve high integration by setting an appropriate pre-heating temperature. The application of this research result can improve the mechanical performance of the printed samples.
The thermal conductivity of PES-HmA powder is poor, it is very difficult to make the temperature field on the powder surface evenly distributed. It is strongly recommended for future work to do more studies on the methods of improving the thermal conductivity of PES-HmA powder, such as mixing some metal powder into it, adjusting its thermal emissivity, trying to use hot-air for preheating, etc.
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