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Abstract: In order to enhance the strength of sustainable walnut shell/Co-PES (WSPC) sintered parts, wax-filtrated post-treatment was carried out. The effects of treating fluid temperature, preheating time and immersion time on the bending strength of WSPC wax-filtrated parts were analyzed by single factor analysis method. To obtain an accurate model for predicting the bending strength of the WSPC wax-filtrated part, the experiments were involved by using Box-Behnken design (BBD). Main parameters, such as treating fluid temperature, preheating time and immersion time, and their interactive effects were analyzed through analysis of variance (ANOVA) and graphical contours. The results demonstrated that all parameters’ direct effects were significant to bending strength of the WSPC wax-filtrated part. Its optimum value was 5.0 MPa when the treating fluid temperature of 70°C, preheating time of 50 min, and immersion time of 20 s. The predicted models effectively validated had good predicting accuracy. The WSPC wax-filtrated part using optimal processing parameters was processed by investment casting, and then the metal casting of dimensional stability and smooth surface was obtained. Investment casting was done using WSPC wax-filtrated parts under optimal process parameters and then metal parts with stable structure size and smooth surface can be obtained, which indicates that WSPC material can be used for investment casting.
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1  Introduction

Selective Laser Sintering (SLS), a 3D printing technology, was proposed by the Decker [1]. Compared with traditional techniques, SLS can effectively fabricate parts of small volume and structural diversity. Furthermore, SLS has some strengths over other 3D printing techniques, for instance, materials can be reused and high-precision parts can be fabricated [2,3]. Therefore, SLS has been widely used in aerospace, automobile manufacturing, medical treatment, and casting [4–7].

In recent years, the materials mostly concentrate on ceramics, metals, polymers and their composites in SLS [8–14]. Polymer was firstly applied in SLS, however, it has not widely used due to its high price, high demand of machining conditions, and big warping deformation. Interestingly, biomass composites are new materials for SLS because of low energy consumption, environmental protection and sustainability. They are mixtures including biomass material as raw material, such as the wood powder, bamboo powder, rice husk, walnut shell powder, and polymer material, as well as trace of additives mixed by mechanical mixing method [15–20]. Biomass composites have advantages such as low cost, simple preparation process and good forming performance. Therefore, sintering parts consisting of biomass composites can be used in some fields such as product design, automotive interior, investment casting and water treatment [21,22]. There are some defects such as high porosity and low mechanical strength, though these parts have high forming accuracy and complex structure. Therefore, it is necessary to study the post-processing of SLS sintering parts of biomass composites to improve their internal defects and mechanical properties.

Walnut shell is often abandoned as agricultural waste [23]. However, walnut shell powder has unique advantages (easy crushing and wide availability), compared to wood, bamboo, rice husk [16,24,25]. In addition, walnut shell powder of different particles diameters can be obtained without large and complex equipment, so that it is easy to meet the requirements of powder particle size of material by SLS. Walnut shell powder particle was approximately spherical [18]. In SLS, walnut shell contributes to the spreading and dispersion of powder because of its nearly spherical powder particles. It is helpful to obtain high-precision parts. Besides, the porous and good absorptive walnut shell powder particles are easily permeated with molten copolyester hot melt adhesive (Co-PES) powder and treatment fluid, which can improve the inner defect and mechanical property of the walnut shell/Co-PES composite (WSPC) parts [26]. Therefore, this study used walnut shell powder as the raw material to prepare WSPC parts and WSPC post-processing parts. But in the process of post processing, there are many influence factors. Therefore, how to balance the relationship between various factors and gain the optimized process parameters of the optimum mechanical properties of WSPC wax-filtrated part is very important. Response surface methodology (RSM), also known as the regression design, can obtain the best combination of factor levels through establishing surface model of continuous variable, and finding out quantitative rules between test indexes and various factors. Compared to the design method of single factor experiment and orthogonal experiment design method, RSM is more reasonable, for example, it can determine the best value of the test results as well as fit the obtained simulation equation and real value.

At present, studies on optimization of post-processing process of WSPC parts by response surface analysis (RSM) have not been reported in the literature. Therefore, in our research, SLS technology was used to manufacture WSPC parts and post-processing parts. Evaporative pattern casting (EPC) needs to have enough strength and toughness to avoid rupture and deformation in the process of production operation and storage. Hence, it is necessary to discuss the influence of processing parameters of post processing on the bending strength of WSPC wax-filtrated part. On the basis of single factor, the Box-Behnken design (BBD) was used to examine the influence of single effect and interactive effects of treating fluid temperature, preheating time and immersion time on the bending strength of WSPC wax-filtrated part. Additionally, the predicted models were established, and then optimal process parameters were obtained. The WSPC wax-filtrated part using optimal processing parameters was processed by investment casting, and then the metal casting of dimensional stability and smooth surface was obtained.

2  Materials and Methods

2.1 Materials and Preparation of WSPC Powder

Walnut shell powder was bought from Ding Sheng Corundum Abrasives Ltd. in China. Its characteristic is as follows: nearly spherical porous particles, apparent density of 0.48 g cm−3, particle diameter of 58–96 µm. Co-PES powder was obtained by Shanghai Tiannian Material Technology Ltd. It is smooth-surfaced white block particle, apparent density of 0.7 g cm−3, particle diameter of 0–58 µm. Lubricant was provided from Tianjin Guangfu Fine Research Institution. Its melting point is 125°C and zinc stearate density is 1.095 g cm−3. Light stabilizers were from Zhenhai Jianghua Chemical Industry Ltd. Its melting point is 80°C and density is 1.18 g cm−3.

WSPC powder was mainly made of walnut shell powder, Co-PES powder and micro-additive. Before WSPC powder was prepared, walnut shell powder was dehydrated at a temperature of 105°C for 3.5 h in DHG-9146A incubator from Shanghai Jinghong Experimental Equipment Co., Ltd. in China. Walnut shell powder was weighed every 1 h until the mass remained unchanged. Then, WSPC powder was prepared from mixing the dried walnut shell powder, Co-PES powder and micro-additive by mechanical mixing method [26].

2.2 Process Principle of SLS

Through an AFS-360 rapid prototyping equipment from Beijing Longyuan Technology Ltd. in China, SLS experiments were processed. Fig. 1a shows the process state. Tab. 1 shows optimized processing parameters of SLS [27]. The equipment mainly composed of powder spreading system, laser scanning system, working cylinder, heat control system, and CO2 laser generator (laser power of 55 W and wavelength of 10.6 μm). Based on the CAD model, through repeatedly depositing a thin layer of fusible powder and selectively sintering each layer to the next layer with a modulated laser beam, in a repetitive manner, and then a three-dimensional solid object is obtained. The schematic diagram of process is displayed in Fig. 1b.
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Figure 1: Experiment of selective laser sintering (SLS) and schematic diagram of process: (a) processing state; (b) schematic diagram of process

Table 1: The processing parameters of walnut shell/Co-PES powder composites (WSPC)
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2.3 Post Processing and Treatment Fluid

Industrial wax: No. 3 light stability, oil addition of 0.32%, melting point of 58.58°C, kinematic viscosity of 3.786 mm2 s−1. Stearic acid: density of 0.94 g cm−3, melting point of 69.6°C, boiling point of 232°C, flashing point of 220.6°C.

Clean up the WSPC parts and then put them into the incubator at a temperature of 60°C and the heat was kept unchanged for some time. The stearic acid and industrial wax were blended as 1:1 ratio by mass. The WSPC parts were removed from the incubator when the temperature stayed unchanged, and then immersed in the melted treatment fluid for a while. They were left to room temperature after removing in order to obtain the wax-filtrated parts. Fig. 2 shows the flow chart of wax filtrated post processing of WSPC parts.

[image: images]

Figure 2: The flow chart of post processing of WSPC parts

2.4 Post Processing and Treatment Fluid

Scanning electronic microscopy (SEM): The test was conducted using a FEI Quanta200 SEM produced by the Dutch company (Amsterdam, Netherlands). The surfaces and cross-sections of WSPC parts and the optimized WSPC wax-filtrated parts were sputtered with gold first because specimens were non-conductive. The SEM figures of their morphologies were obtained.

Mechanical test: Bending strength of WSPC wax-filtrated parts were tested using a CMT5504 universal tensile tester of MTS System Ltd. (Minnesota, America). Span length is 64 mm and crosshead speed is 5 mm min−1.

Thermogravimetric analysis (TG): the test was conducted using a Pyris 6 thermogravimetric analyzer of Perkin Elmer company (America). The mass of optimized WSPC wax-filtrated parts was 10 mg; the testing was performed using nitrogen atmosphere, temperature range was 40–600°C and heating rate was 10°C min−1. TG curves of the optimized WSPC wax-filtrated parts were obtained.

3  Design of Experiments

3.1 Single Factor Experimental Design

The post processing experiment of WSPC parts demonstrated that treating fluid temperature, preheating time, and immersion time were the most relevant parameters on the WSPC wax-filtrated part. The parameters’ variation range should be firstly defined to ensure the feasibility of RSM experimental design. Tab. 2 shows post processing process parameters of WSPC parts.

Table 2: The processing parameters of post processing of single factor
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3.2 RSM Experimental Design

On the basis of single factor experiment of post processing of WSPC parts, three main factors were defined. In the BBD experiment, preheating time (x1), treating fluid temperature (x2), and immersion time (x3) as input parameters were set to three levels. The bending strength of WSPC wax-filtrated part (Y) was set as output parameter. Tab. 3 shows the input parameters and the corresponding levels.

Table 3: The factors and levels used in Box-Behnken design (BBD)
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The fitted response equation of bending strength with least squares is given by:
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where Y is output parameter; B0 represents constant term; B1, B2, B3 stand for linear coefficients; B12, B13, B23 denote interaction coefficients; B11, B22, B33 express coefficients of quadratic term; x1, x2, x3 stand for input parameters.

4  Results and Discussion

4.1 Single Factor Experiment

Fig. 3 presents the influence of different factors on the bending strength of WSPC wax-filtrated parts. The WSPC wax-filtrated specimens after bending strength test are seen in Fig. 3a. Fig. 3b illustrates the effect of preheating time on the bending strength of WSPC wax-filtrated parts. It was demonstrated that the bending strength of WSPC wax-filtrated parts increase with the increase of preheating time when the preheating time increased from 20 min to 50 min. However, when preheating time is longer than 50 min, bending strength of WSPC wax-filtrated parts decreased with increasing of preheating time. The preheating time can affect inner temperature distribution and structure of forming part. The short preheating time leads to high external temperature of forming part, low internal temperature, external thermal expansion and pore expansion, which promotes the treatment fluid penetration. Low internal temperature results in poor treatment liquid fluidity and incomplete treatment liquid penetration, thus reducing the bending strength of wax-filtrated parts. The long preheating time causes aging of the forming part and damage to the internal structure of the forming part, thus reducing the bending strength of the wax-filtrated parts. Therefore, the optimum range of preheating time affecting WSPC wax-filtrated parts was 40–60 min.
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Figure 3: The curves of bending strength with different effect factors: (a) bending specimen; (b) preheating time; (c) treating fluid temperature; (d) immersion time

The influence of treatment fluid temperature on the bending strength of WSPC wax-filtrated parts is observed in Fig. 3c. It can be seen that when treatment fluid temperature was 65–70°C, the bending strength of WSPC wax-filtrated parts increased continually with increasing of treatment fluid temperature. However, when treatment fluid temperature was 70–85°C, bending strength of WSPC wax-filtrated parts decreased gradually with increasing of treatment fluid temperature. The treatment fluid can affect inner filtration effect and inner structure of forming part. The low temperature of the treatment fluid and insufficient infiltration force result in the outside part being infiltrated, while the inside part is not infiltrated and there were many pores. With the increase of the temperature of the treated fluid, the wetting force was strengthened, and the wetting effect was improved, thus increasing the bending strength of the wax-filtrated parts. However, the high temperature of the treatment liquid destroys the internal structure of the forming parts, thus reducing the bending strength of the wax-filtrated parts. Hence, the optimum range of treatment fluid temperature on the bending strength of WSPC wax-filtrated parts was 65–75°C.

Fig. 3d shows the influence of immersion time on the bending strength of WSPC wax-filtrated parts. When the immersion time was 10–20 s, the bending strength of WSPC wax-filtrated parts increased continually with increasing of immersion time. However, as immersion time was 20–50 s, bending strength of WSPC wax-filtrated parts decreased gradually with increasing of immersion time. The immersion time can affect filtration effect and inner structure of forming part. The short immersion time makes the outer structure of the forming part filled with the treatment fluid, while the inner structure has not been incompletely filled by the treatment fluid, thus reducing the bending strength of the wax-filtrated part. The long immersion time causes damage to the internal structure of the forming part, thus reducing the bending strength of the wax-filtrated parts. Therefore, the optimum range of immersion time on the bending strength of WSPC wax-filtrated parts was 10–30 s.

Overall, the optimum range of factors on the bending strength of WSPC wax-filtrated parts: preheating time of 40–60 min, treatment fluid temperature of 65–75°C, the immersion time of 10–30 s.

4.2 RSM Experiment

4.2.1 Multiple Regression Model and Analysis of Variance

Tab. 4 shows the process parameters as well as their corresponding codes and levels. In this study, RSM using a BBD was applied. It is well-known that RSM can effectively save experimental cost and time. Only 12 unique combinations were chosen, and extra 5 repeated tests were added for the process parameters. Three repeated tests were conducted every run and then the average value was obtained.

Table 4: The BBD and results
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The experiment plan was developed by Version 8.0.6 of the Design-Expert Software, and the experimental data were also analyzed using this software. The data in Tab. 4 was processed by multiple regression fit. The binary multiple regression model for response value was established.
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where R1 is response value; x1 is preheating temperature; x2 is treatment fluid temperature; x3 is immersion time.

In order to evaluate the reliability of test results and models, the results of each parameter evaluated by analysis of variance (ANOVA) and significance test are shown in Tabs. 5 and 6. Tab. 5 shows that The regression of this model is significant (P < 0.0001), namely, the treating fluid temperature, preheating time, and immersion time had significant influences on responses obviously, and their interaction was also obvious. Tab. 6 shows that coefficient of determination was 0.9852 and coefficient of adjusted determination was 0.9662. It meant that this model can explain the change of 98.52% of response values. It indicated that the degree of fitting is good and the error is small. Therefore, the models applied to analyze and predict the bending strength of WSPC wax-filtrated parts is feasible.

Table 5: Analysis of variance (ANOVA) for regression models
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Table 6: Analysis of model
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The relationships between the predicted values and actual values of bending strength of WSPC wax-filtrated parts are shown in Fig. 4. The results were uniformly distributed around a straight line in a narrow range. The normal probabilities of the residual values were also confirmed by the straight line. The agreement of predicted values and the actual values was obvious. The fitted models had a good approximation for those independent variables.

[image: images]

Figure 4: The relationship between predicted value and actual value of bending strength of wax-filtrated part

4.2.2 Experiment Result of RSM

Response surface and contour graphs of the relationship between the preheating time, treatment fluid temperature and immersion time are plotted through the regression equation, as shown in Fig. 5.
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Figure 5: Response surface and contour graphs of bending strength of wax-filtrated part: (a)–(b) Preheating time and treatment fluid temperature; (c)–(d) Preheating time and immersion time; (e)–(f) Treatment fluid temperature and immersion time

From Fig. 5a, it can be seen that response surface is in bending state, and response surface bending degree is big along the direction of treatment fluid temperature, and its bending degree is small along the direction of preheating time. In Fig. 5b, it is clear that contour is elliptical, and the center of ellipse is the peak of the bending strength of WSPC wax-filtrated parts. Contour is dense along the direction of treatment liquid temperature; contour is scattered along the direction of preheating time. Hence, the influences of the preheating time and treatment fluid temperature on the WSPC permeability wax the bending strength are significant, but the influence of treatment fluid temperature on the bending strength of WSPC wax-filtrated parts is more significant than that of preheating time.

From Fig. 5c, the response surface is in bending state, and response surface bending degree is small along the direction of preheating time and immersion time. In Fig. 5d, it is clear that contour is elliptical, and the center of ellipse is the peak of the bending strength of WSPC wax-filtrated parts. Contour is scattered along the direction of both preheating time and immersion time. Therefore, the influences of preheating time and immersion time on the WSPC permeability wax the bending strength are significant.

From Fig. 5e, it can be clear that response surface is in bending state, and response surface bending degree is big along the direction of treatment fluid temperature, and its bending degree is small along the direction of immersion time. In Fig. 5f, it is clear that contour is elliptical, and the center of ellipse is the peak of the bending strength of WSPC wax-filtrated parts. Contour is dense along the direction of treatment liquid temperature; contour is scattered along the direction of immersion time. Hence, the immersion time and treatment fluid temperature on the WSPC permeability wax the influences of the bending strength are significant, but the influence of treatment fluid temperature on the bending strength of WSPC wax-filtrated parts is more significant than that of immersion time.

The optimal processing parameter of post processing of WSPC part was developed by Version 8.0.6 of the Design-Expert Software, which shows that bending strength of the WSPC wax-filtrated part was optimum value was 5.0 MPa as treating fluid temperature of 70°C, preheating time of 50 min, immersion time of 20 s. The optimal processing parameters is just the parameters at 5 repeated tests. The bending strength was 4.7 MPa using optimum parameters. The value shows close approximation to the predicted value, which indicates that the degree of fitting is good.

4.3 Morphologies

The SEM images of the surfaces and cross-sections of WSPC parts and the optimized WSPC wax-filtrated parts are shown in Fig. 6. Figs. 6a and 6b show that although high temperature can accelerate the spread of the powder, forming sintered parts of a large number of sintering neck and low porosity [28], but because of the walnut shell powder particle hinders the laser beam to Co-PES powder particles and the flow of molten Co-PES fluid, only forming the smaller sintering neck on the surface of WSPC sintering, not a large continuous sintering zone, so there are a large number of holes and pores on the surface and inside of the WSPC parts, which affects surface quality and mechanical properties of WSPC parts. However, wax-filtrated post-treatment can effectively improve the surface and internal structure of WSPC parts, and the larger the surface cavity and internal pores of the parts are, the more conducive to the post-treatment fluid infiltration, but too large pores and holes are not conducive to the full filling of the post-treatment fluid. Figs. 6c and 6d show the morphologies of surface and cross-section of the optimized WSPC wax-filtrated parts. Fig. 6c shows that through wax-filtrated treatment of WSPC parts, the holes on the surface of WSPC parts are almost immersed by treatment fluid, thus filling the surface up. Therefore, the surface quality of WSPC parts is improved. Fig. 6d shows that after wax-filtrated treatment, because a large number of air in WSPC parts, and wax-filtrated treatment technology is under natural conditions, air can not to be completely vented, causing a small amount of porosity inside the parts, but most internal pores of WSPC parts is filled, so as to effectively improve the internal structure of WSPC parts. Hence, the surface quality and mechanical property of WSPC parts become better by wax-filtrated treatment.
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Figure 6: Scanning electronic microscopy (SEM) images of the surfaces and cross-sections of WSPC parts and the optimized WSPC wax-infiltrated parts: (a) surface of WSPC part; (b) cross-sections of WSPC part; (c) surface of WSPC wax-infiltrated part; (d) cross-section of WSPC wax-infiltrated parts

4.4 Investment Casting

Fig. 7 shows the investment casting process of WSPC part. In Fig. 7a, WSPC part of stable shape dimension, clear outline and smooth surface is observed. But it is inevitable that there is obvious staircase effect only in curved surface of the local part, which is the characteristic of selective laser sintering technology. Staircase effect tends to affect surface quality of the curved surface of the part, but through the post-treatment process and surface treatment process, the curved surface quality defects generated from the staircase effect can be mended (see Fig. 7b), so as to improve the surface quality of WSPC wax-filtrated part.
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Figure 7: Investment casting process of WSPC part: (a) WSPC part; (b) optimized WSPC wax-infiltrated part; (c) TG and DTG curves of optimized WSPC wax-infiltrated part; (d) metal casting part

According to the flow chart of investment casting process, optimized WSPC wax-filtrated part was used for investment casting. WSPC wax-filtrated part was processed by smearing refractory materials, stucco, and hardening to prepare a mould cavity. Then the mould cavity was processed by dewaxing under high temperature of 150–160°C and high pressure of 5–6 MPa for 1 h. The temperature rose to approximately 850–100°C and heat was preserved for 2 h, and then dropped to 300°C for roasting. TG results was observed in Fig. 7c. The decomposition temperature of WSPC wax-infiltrated parts was 211.86°C, the maximum weight loss rate temperature was 278.77°C, the termination decomposition temperature was 600°C, and the residual mass after decomposition accounts for 13.155% of the total mass, where the residual mass was ash mass, so the ash content of WSPC wax-infiltrated parts was large. WSPC wax-filtrated part contained a large number of ash. In order to avoid the ash content influencing quality of casting, after roasting, the residues of WSPC parts were removed by high-press air. Finally, molten steel was poured into the mould after preheating to 900°C. The metal casting was obtained after treatment such as polishing and sanding. Experimental results showed that metal casting part was of stable structure and smooth surface (Fig. 7d). The surface quality of investment casting was not affected by staircase effect of WSPC parts and residues. The result showed that EPC fabricated by SLS WSPC powder not only produces parts of complex structure, but also produces metal casting effectively.

5  Conclusions

In this paper, the effect of post-processing parameters on the mechanical strength of WSPC wax-filtrated part was obtained. The impacts of treating fluid temperature, preheating time, and immersion time on the bending strength of WSPC wax-filtrated parts were analyzed by single factor analysis method. The results showed that the optimum range of effect factors were the treating fluid temperature of 65–75°C, preheating time of 40–60 min and immersion time of 10 MPa. In addition, the processing parameters of post processing were optimized using RSM, which showed that bending strength of the WSPC wax-filtrated part was optimum value was 5.0 MPa as treating fluid temperature of 70°C, preheating time of 50 min and immersion time of 20 s. Through tests, bending strength of the WSPC wax-filtrated part was 4.7 MPa using optimum parameters. Test value was closed to predicted value, which illustrated that the process parameters’ selection consideration was derived from the desirability function by RSM. The WSPC wax-filtrated part using optimal processing parameters was processed by investment casting, and then the metal casting of dimensional stability and smooth surface was obtained. The result showed that EPC was fabricated by SLS WSPC powder, which meets the requirement for a fast changing market and single and small batch production.
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