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Abstract

:

It is widely acknowledged that the blended elemental (BE) powder metallurgy (PM) Ti6Al4V alloy attracted unusual due to its low cost and comprehensive mechanical properties. However, the high porosity and mediocre mechanical properties of traditional vacuum sintering limited its application. To achieve better mechanical performance, the central composite designs (CCDs) method was employed to analyze the influence of sintering parameters, such as sintering temperature (St), heating rate (Hr), and holding time (Ht). The results indicated that St makes the most significant contribution to compressive strength and sintering density, accounting for 95.5% and 86.54% respectively. In addition, Ht makes the most significant contribution to compression ratio, which accounted for 89.35%. Through the analysis of response surface methodology (RSM), the optimum sintering parameters (St, Ht, Hr) could be considered to be 1300 °C, 148 min and 5 °C/min. In addition, verification experiments were carried out under the optimum conditions, and the experimental results were in good agreement with the predicted values, since the deviation of the predicted and experimental values was less than 4.9%. Therefore, the results of this study could certify the reliability of CCDs method, which would contribute to the development of titanium alloys with low cost and high mechanical properties.
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1. Introduction


Titanium and titanium alloy have been extensively used in the national defense industry and the civilian industry due to their outstanding advantages including excellent corrosion resistance and high specific strength [1,2]. Among them, the Ti6Al4V titanium alloy has received wide attention because of its excellent corrosion resistance, high specific strength, high stiffness, and good weldability, which accounted for 50% of the total titanium alloy output and 95% of the titanium alloy components [3,4]. Forging and casting were two typical methods of titanium alloy formation. Titanium alloys with high strength, high density and good plasticity could be formed through forging and casting, but the problems of forging and casting could not be ignored, such as low production efficiency and high requirements for mold materials. Furthermore, the use rate of materials in processing was poor [5]. According to data, in 2010, the production capacity of titanium sponge in China reached 103.5kt, and the expected production capacity of titanium ingot reached 89.2 kt. However, the actual production capacity of titanium ingot was 46.262 kt, only accounted for 50% of the expected production [3,4,5,6]. For a long time, the main problem limiting the industrialization of titanium alloys was the high cost. Therefore, compared with the complex process of conventional processing of titanium alloys and the huge material loss, the near net shape (NNS) forming process was a very attractive choice [6,7,8,9,10].



Near net-shaped was a no-cutting or less cutting process, including additive manufacturing (AM), superplastic forming (SPF), powder metallurgy (PM), etc. AM took the high-energy beam (laser beam/electron beam/electric arc, etc.) as the heat source, and the metal components were stacked layer by layer with melting the powder or wire [11,12,13,14]. At present, the tensile properties of titanium alloy products formed by AM could meet the forging standard. While the problems of novel microstructure and texture orientation, poor fatigue performance, large residual stress and the high cost limited its industrialization [15]. SPF could be employed to fabricate complex and high- quality components, but the long processing time and high forming temperature (900 °C) limited its application. In addition, the added costs of such processes would offset the costs advantages of the PM process over wrought processing [16]. Powder metallurgy, as a typical near net shaping (NNS) manufacturing process, was first proposed by Kroll in the late 1940s [17]. Powder metallurgy technology could directly press and sinter the powder into products of the desired shape, which not only shortened the process flow and reduced processing losses. In addition, powder preparation without the need for VAR (vacuum arc remelting), EBM (electron beam melting) or PAM (plasma arc) Smelting), then could reduce energy loss. Compared with forging products, the powder metallurgy products were more cost effective due to the increment of raw material use rate, and could obtains the same excellent performance [18,19]. That was why powder metallurgy has been quite popular in the research field. Typically, powder metallurgy could be divided into two types: pre-alloy (PA) method and Blended-Element (BE) Method. The raw material of the pre-alloying method was usually PA powder with high purity, which was made by the process of rotating electrode plasma rotating electrode process (PREP), gas-atomization (GA) and electrode-induction-gas-atomization (EIGA) [20,21]. However, the raw material powder of the Blended-Element (BE) method could be directly obtained by crushing sponge titanium, and alloy elements could be added by mixing. Therefore, compared to pre-alloying methods, the BE method was more energy efficient and less expensive, which was more conducive to the industrial application of titanium alloy [22]. With the development of the titanium industry, the use of low-cost titanium hydride powder as a raw material for titanium powder metallurgy has also attracted widespread attention. Its main advantage was higher concentration of vacancies and dislocations, due to the volume change caused by hydrogen decomposition in the sintering process of titanium hydride, which promoted the diffusion between elements. In addition, the brittle titanium hydride was broken into finer particles during the pressing process, resulted in increased sintering surface. During the sintering process, the released hydrogen reacts with oxygen to clean the surface, reduced the oxygen content, increased the surface activity, and facilitated the densification of the sintering process. Therefore, compared with the sintered samples of hydrogenated dehydrogenated titanium, hydrogenated powder could obtain higher density and performance [23,24,25,26].



The process of sintering was the essential step in traditional powder metallurgy. J.-M. Oh., et al. studied the effect of sintering temperature on the sintering performance of TC4, and the result shown that sintering temperature has a major impact on sintering performance [27]. In addition, Zhang et al. have also studied the influence of the main process factors on the sintering process of titanium hydride powder, the control of variables such as sintering temperature (St), holding time (Ht) and heating rate (Hr) were the main parameters that affect the performance of the sample during the sintering process. However, according to previous studies [28,29,30], these studies did not specifically analyze the degree of impact of each parameter and lack of research on the effect of the interaction of three process parameters. Therefore, this study used the experimental design method of combining CCD and RSM to study the influence of the interactions of various factors (St, Ht, Hr) and the specific contribution of each parameter, then determined the optimal sintering parameters. First, several experiments were conducted according to the central composite experimental design (CCD), then response surface methodology (RSM) was adapted to analyze and optimize the data [31]. RSM was a method under optimizing experimental conditions, suitable for solving related problems of nonlinear data processing [32] The combination of central composite experimental design (CCD) and response surface method (RSM) could involve the cross-effects of variables on the overall response and obtain the specific contribution of each parameter. In addition, the correlation between the influencing factor and the response value could also be represented by a three-dimensional rendering diagram or a two-dimensional contour diagram [33,34].



The objectives of this study were to develop the mathematical model to predict the response of sintering performance using the design of experiment method in terms of Ht, St and Hr [34]. Data analysis used MINITAB statistical software combined with variance analysis to study the contribution of three factors on the output response (compressive, density and compression ratio), and obtained a quadratic regression equation between the input response and the output response.




2. Experimental Strategy


2.1. Sample Preparation


Raw materials were TH2 powder with the particle size of ~75 μm, the particle size distribution is shown in Figure 1. Then, the raw materials and commercially purchased AlV55 and TiAl35 powder were weighted by electronic balance and mixed in a V-type mixer for 4 hours with the protection of high purity argon. Later, mixed raw materials were pressed by using 34SM-810H-T hydraulic machine at 650 MPa with the holding time of 60 s, and the pressing method was biaxial compaction. Finally, the green compacts were sintered at a high vacuum molybdenum wire furnace for sintering with the vacuum degree less than 5 × 10−3 Pa. In addition, at least seven specimens of each sintering condition were needed to ensure the reliability of the results.




2.2. Experiment Design


CCD was flexible and effective, and could provide a lot of information about experimental variables and experimental errors with the least experimental cycle. In addition, central experiment design (CCD) added an axial point and a center point to the two-level factorial design point for simulation improvement of the response surface. Therefore, several experiments were carried out according to the central experiment design (CCD). Table 1 showed the sintering parameters generated by the central composite design method and their coding levels. The range of sintering factors are set at sintering temperature of 1100 °C, 1200 °C, and 1300 °C, heating rate of 5 °C/min, 7.5 °C/min, and 10 °C/min and holding time of 120 min, 180 min and 240 min.




2.3. Experimental Tests


Density measurement: The sintered density of the samples was measured by the Archimedes method, which can be calculated by the following equation:    ρ  s i n t e r e d   =    M 0     M 1     , where M0 was the mass of the sintered sample, and M1 represented the mass of drainage quality, and M0 and M1 were weighed by electronic balance. Since the density of water was 1 g.cm−3, the volume of the sample can be determined as M1. To ensure the reliability of the results, at least seven parallel samples should be calculated and then averaged.



Microstructure evolution: The microstructure of these samples was measured by optical microscopy (OM, JX-2000B) and scanning electron microscopy (SEM, Hitachi S3400N). First, these samples were grounded using silicon carbide polishing paper with the mesh number from 600–4000 mesh, then polished with diamond polishing paste, and finally etched by Kroll’s solution: (90% H2O, 7% HNO3, 3% HF). The distribution, morphology, and pore size of the holes was detected by JX-2000B microscopic imager, and the pore size and porosity of the sample was calculated by Image-Pro Plus software. The phase evolution of the sample was detected by X-ray diffractometer (XRD, DX—2600, Dandong Fang Yuan, China) with Cu-Kα radiation, which was operated at a wavelength of 0.1542 Å, voltage of 35 kV and scan range from 30° to 90°.



Mechanical behavior: The compression experiments were carried out on Instron 5569 tester at a compression rate of 0.3 mm/min, the diameter and the height/diameter ratio of these samples were 5.8 mm and 1.5, respectively, which conformed with the “Metal compression test method” (GB/T 7314-87). The microhardness of these samples was measured by HVS-1000 microhardness tester (Shanghai special precision instrument) with the loading weight of 500g and the holding time of 10s, which is in agreement with the “metallic materials—Vickers microhardness test” (GBT4342-1991). In addition, at least 20 scattered points of each sample were measured and then averaged to ensure the reliability of the results.





3. Results and Discussion


3.1. Microstructure Characterization


Figure 2 showed the OM images and SEM images of PM TC4 alloy sintered at different temperatures. As the sample was cooled with furnace after sintering, the microstructure changed into lamellar structure (Figure 2) at the low cooling rate. When the sintering temperature was 1100 °C, a large amount of pure titanium phase was retained, many slender and continuous pores could be observed in Figure 2a1, which indicated that the PM Ti6Al4V alloy did not complete sintering at 1100 °C. However, when the sintering temperature was 1200 °C, the β grain boundary began clear and the continuous pores changed into independent closed pores, the grain size was about 50 μm, and the average thickness of α–layer was close to 4 μm. When the sintering temperature was 1300 °C, it was observed that a completely lamellar structure was formed in Figure 2c1, and the grain size was about 90 μm, and the average thickness of α–layer was close to 7.5 μm.



To investigate the influences of sintering temperature on elements diffusion, EDS analysis was carried out on SEM images (Figure 2a2,b2,c2). EDS could perform element analysis by measuring the energy of the excited X-ray photons of solid materials, for samples with less complex element distribution, this measure was efficient and stable. Besides, X-ray fluorescence analysis and X-ray photoelectron spectroscopy were also frequently applied for elemental analysis [35]. The EDS spectrum in Figure 2 represented the fluctuation of element content. The stronger the peak intensity, the higher the element content in this region. When the sintering temperature was 1100 °C, the EDS spectrum fluctuates significantly, and the rising peaks (1, 3) of titanium could be observed, corresponding to the aggregation areas (AB and CD) of titanium. In this area where the titanium element was concentrated, Al and V are not fully diffused yet, and the α + β structure is not formed yet. Therefore, the red dashed area in Figure 2a2 could be divided into the α phase area, and the red outer dashed area was (α + β) Phase area. When the sintering temperature was 1200 °C, the EDS spectra of the three elements have no obvious fluctuation, indicating that the diffusion of Ti, Al and V was almost completed at this temperature. While for the sintering temperature of 1300 °C, the fluctuation of the EDS peak pattern at 1200 °C was more stable, indicating that the diffusion of Ti, Al and V was more uniform.



Figure 3 was the XRD diagram of PM Ti6Al4V. Apparently, only the diffraction peaks of α-Ti phase could be detected when the sintering temperature was 1100 °C. Then, the diffraction peak (110) of β-Ti appeared when the temperature rose to 1200 °C, and strengthened. Furthermore, with the increase of sintering temperature, the FWHM of diffraction peaks became narrower and the intensity of diffraction peaks increased gradually, but the position of diffraction peaks tended to shift to the left. As can be shown in Figure 2a1,a2, when the sintering temperature reached 1100 °C, the phase transformation was inadequate and the microstructure was mainly composed of α phases, which was the reason only the diffraction peaks of α-Ti phase could be detected. Later, the phase transition in PM TC4 alloy was basically completed when the sintering temperature rose to 1200 °C (Figure 2b2), after that the diffraction peak (110) of β-Ti appeared. Meanwhile, the lattice constant of α-Ti phases increased gradually with the solution of Al and V elements, leading to the shift of diffraction peak position. In addition, the FWHM of α peak gradually widen from 1100 °C to 1300 °C, which was mainly due to the growth of α clusters after the increase of sintering temperature.



Figure 4 showed the microstructure of PM TC4 alloy when sintered at 1300 °C for 2 h or 4 h. Apparently, as the holding time increases, the grain size increased and the α clusters thickened. The main reason for these phenomena was that when the sintering temperature was high enough (e.g., 1300 °C), the diffusion activation energy of the elements was high enough to make the elements diffuse uniformly in a short time. Therefore, there was almost no connected pore phenomenon in the sintered products (Figure 2c2). After that, with the prolongation of holding time, the grain size grown rapidly, and the thickness of α clusters increased after cooling, which eventually leads to the decreases of strength and plasticity.




3.2. Pore Analysis


Using “count/size” in image pro-plus to perform porosity and size statistics on metallographic images which showed in Figure 5, combined pixel conversion to calculate its porosity and maximum pore size. Table 2 clearly showed the statistics of porosity in various sinter conditions. As seen in Figure 5, with the sintering temperature increased, the number of pores was significantly reduced, and the shape of the pores has changed from irregular continuous pores to spherical pores.



As shown in Figure 6, the sintering temperature of PM TC4 alloy showed significant influence on porosity, which reduced with the rise of temperature from 1100 °C to 1300 °C. It could be observed from Table 3 that the increase of porosity directly leads to the decrease of compressive strength. However, there were some special cases, for instance: When the porosity of A (1300 °C, 120 min, 5 °C/min) was greater than that of B (1200 °C, 180 min, 7.5 °C/min), the compressive strength of B was less than A. This phenomenon could be explained from the perspective of aperture size. Based on the statistics of the sample pore size, the largest pore area ratio of A and B was 0.12% and 0.69%, respectively. As we all known, even when the porosity was reduced to a very low level (<0.1%), the occurrence of extremely sized pores can still exhibit significant impact on the mechanical properties [1]. Moreover, stress concentration was more likely to occur around the macropores, which leads to crack initiation and fracture, this was the reason the compressive strength of A was greater than of B.




3.3. Properties Analysis


Figure 7 showed the compression curves of PM TC4 alloy when sintered at different conditions. Obviously, the compressive strength increased significantly with the increase of sintering temperature. The hardness value was determined by the initial plastic deformation resistance and the continuous plastic deformation resistance. The higher the strength of the material, the higher the resistance to plastic deformation of the material, so there was a correlation between strength and hardness. As shown in Table 3, when the sintering temperature rise from 1100 °C to 1300 °C, the compressive strength and the microhardness increased from 1100 MPa to 1387 MPa and from 209 HV to 361 HV, respectively, which was mainly due to the decrease of porosity of these samples after sintering (Figure 6). Besides, when the sintering temperature and heating rate remain unchanged, the corresponding compression ratio decreased from 0.33 to 0.265 with the increase of the holding time (Table 3), the compression ratio was defined as the ratio of the deformation of the material after yielding to the initial length. This was mainly because when the sintering temperature was 1300 °C, the alloying elements have enough activation energy to complete the diffusion in a short time, which reduced the synergistic effect of plastic deformation between the grains, thus resulting in a significant decrease in the plasticity of PM TC4 alloy [28].




3.4. Model Analysis


3.4.1. ANOVA (Analyze of Variance)


To find out the influence of sintering parameters on the properties of PM TC4 alloy, an ANOVA (analyze of variance) was carried out. Basically, when the p value (the significance probability) of each input responds in Table 4 were less than 0.05, the influence factor was significant. In addition, the value of R-sq was employed to judge the reliability of the model, which was determined by the equation: R-sq = SSR/SST (SSR: Sum of squares of the regression, Total sum of squares). Moreover, the closer the R-sq value was to 100%, the higher correlation of input response and output response derived by the regression equation. More importantly, the value of R-sq should be greater than 80% to ensure the correlation of input response and output response. In addition, the reliability of the analyzed data was tested by residual analysis.



For density, according to the results of ANOVA in Table 5, the p values of Hr, Ht × Ht, Hr × Hr, St × Hr and St × Ht were greater than 0.05, indicating that the influence of these parameters could be neglected. Then, the regressive equation could be rewritten as Equation (1):


  Density   =   − 1578 + 8.593 × St + 1.276 × Ht − 0.03128 × St × St + 0.0299 × Ht × Hr  



(1)







The R-sq value of this equation was 99.51% (Table 5), which showed that the input response and density were highly correlated. In addition, the contribution rate of St to the sintering density was about 86.54% (Figure 8), indicating that St was the most significant influence for sintering density.



For compression ratio, the p values of Hr, Hr × Hr, St × St, Hr × Ht and St × Hr were higher than 0.05, indicating that the influence of these parameters should be neglected. Then, the regressive equation could be rewritten as Equation (2)


  Compression   Ratio   =   − 0.359 + 0.0006 × St + 0.005103 × Ht − 0.000005 × Ht × Ht − 0.000003 × St × Ht  



(2)







The R-sq value of the model shown in Table 5 was 83.16%, indicating that the input response and compression ratio were highly correlated. Besides, the contribution rate of Ht to the compression ratio was about 89.35% (Figure 8), indicating that Ht was the most important factor for compression ratio.



For compressive strength, the p values of Ht, Hr, Hr × Hr, Ht × Ht, St × Hr and St × Ht were higher than 0.05, which the influence of these parameters should be neglected. Then, the regressive equation could be rewritten as Equation (3)


  Compressive   Strength   =   − 4876 + 8.16 × St − 0.3 × Hr − 0.003 × St × St − 0.075 × Ht × Hr  



(3)







The R-sq value of this model shown in Table 5 was 98.9%, indicating that the input response and compressive strength were highly correlated. As shown in Figure 8, the contribution rate of St to the compression ratio was about 95.5%, which represented that St was the most important factor for compressive strength.



According the normal probability plot for process parameters in Figure 9, the experiments data in the plot (Figure 9) was able to generated straight line, which mean the residuals were in normal distribution. Therefore, the plot proved that the assumptions of the model were correct and the data was reliable.




3.4.2. Variables Analysis


To illustrate the effect of sintering parameters (St, Ht, Hr) on compressive strength, density, and compression ratio, the change between the output responses (compressive strength, density, compression ratio) and sintering variables should be analyzed systematically. As shown in Figure 10a1–a3, the influence of heating rate on compressive strength, compression ratio and sintered density could be neglected, which was also consistent with the results of the quadratic regression equations (Equations (1)–(3)). As shown in Figure 10b1,b3, when the holding time reached 180 min, the increase of holding time would not promote the increase of sintering density and compressive strength. However, as shown in Figure 10b2, the compression ratio of powder metallurgy TC4 alloy decreases sharply with the extension of holding time, which was mainly due to the fact that the change of sintered density begun to slow down at the end of sintering process. At this time, the extension of holding time would lead to the coarsening of β grain and the thickening of α clusters, which results in the degradation of mechanical performance, especially the compression ratio. Because of compression ratio was a reflection of the ability of a metal to resist plastic deformation without breaking. When the grains were coarsened, the number of grains in a certain volume starts to decline, the slip system during plastic deformation was smaller, and the deformation could not be uniformly dispersed, which was not conducive to plastic deformation. As shown in Figure 10c1–c3, there was an almost linear relationship between sintering temperature and compression ratio, sintering density. Therefore, sintering temperature was the important effect on compressive strength, compression ratio and sintered density. For compression ratio and sintering density, the holding time was also an important factor, while for compressive strength, the heating rate could not be neglected. The 3D surface images in Figure 11a,b showed the interaction between sintering temperature and holding time on density, compression ratio. In addition, Figure 11c showed the interaction between sintering temperature and heating rate on compressive strength. Obviously, the density and compressive strength have a more obvious response to the sintering temperature, while the compression ratio has a more obvious response to the holding time. With the increase of the sintering temperature, both the density and the compressive strength increased sharply, and the compressibility decreased dramatically with the increase of the holding time.





3.5. Optimization of Response Results


To obtain the optimal sintering parameters, the response surface analysis between the input response and the output response should be systematically investigated, and the optimization results are shown in Figure 12. Obviously, the optimal parameters could be determined to be 1300 °C, 148 min, and 5 °C/min, and the corresponding mechanical performance could be predicted as: sintered density, compression ratio and compressive strength of 4330 kg/m3, 0.326 and 1370 MPa, respectively. According to previous studies [31,33,34], the density of TC4 alloy prepared by traditional vacuum sintering technology is mostly between 94–97%, therefore, the optimized sintering parameters achieved the purpose of improvement. To verify the accuracy of the prediction, a verification experiment should be carried out under the optimal parameters. As shown in Table 6, the sintered density, compression ratio and compressive strength of the sintered sample were 4332 kg/m3, 0.310 and 1388 MPa, respectively. The deviations between the experimental results and the predicted values also could be seen in Table 6. Therefore, the experimental results were in good agreement with the predicted results, which proves the reliability of the optimization results.





4. Conclusions


The optimum sintering parameters could be obtained based on the results of ANOVA and response surface analysis, and the influence of sintering parameters on element diffusion, pore distribution and mechanical properties of PM Ti6Al4V was systematically studied. The main conclusions were as follows:




	(1)

	
Sintering temperature was noted to be the most significant of compressive strength and sintering density, which contributed to 95.5% and 86.54%, respectively.




	(2)

	
Holding time has the most significant effect on the compression ratio of PM Ti6Al4V alloy, which contributed to 89.35%.




	(3)

	
Sintering temperature has the greatest influence on element diffusion. When the sintering temperature was 1100 °C, there was a phenomenon of uneven diffusion of the alloy elements in the sample, yet alloying elements were basically uniformly diffused when the sintering temperature rises to 1200 °C.




	(4)

	
Through the analysis of response surface, the optimum sintering parameters can be considered to be St of 1300 °C, Ht of 148 min, and Hr of 5 °C/min.




	(5)

	
Since the R-sq values of Equations (1)–(3) reaches 99.51%, 83.16% and 98.9%, respectively, and the residuals were normally distributed. It could be determined that the correlation of input response and output response, and the assumptions of the model were correct and the data was reliable.
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Figure 1. The particle size distribution diagram of TH2 powder. 
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Figure 2. OM (a1,b1,c1) and SEM (a2,b2,c2) images of PM TC4 alloy when sintered at (a1,a2) 1100 °C, 3 h, 7.5 min/°C; (b1,b2) 1200 °C, 3 h, 7.5 min/°C; (c1,c2) 1300 °C, 3 h, 7.5 min/°C. 






Figure 2. OM (a1,b1,c1) and SEM (a2,b2,c2) images of PM TC4 alloy when sintered at (a1,a2) 1100 °C, 3 h, 7.5 min/°C; (b1,b2) 1200 °C, 3 h, 7.5 min/°C; (c1,c2) 1300 °C, 3 h, 7.5 min/°C.
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Figure 3. Comparison of XRD Plots for the various St at Ht of 180 min and Hr of 7.5 °C/min. 






Figure 3. Comparison of XRD Plots for the various St at Ht of 180 min and Hr of 7.5 °C/min.



[image: Metals 11 00197 g003]







[image: Metals 11 00197 g004 550] 





Figure 4. OM images of PM TC4 alloy when sintered at (a) 1300 °C, 120 min, 5 °C/min; (b) 1300 °C, 240 min, 5 °C/min. 
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Figure 5. Pore morphology and distribution of these samples when sintered at various conditions. 
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Figure 6. Porosity of these samples when sintered at various temperatures. 
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Figure 7. The compression curves of these samples when sintered at (a) 1300 °C, (b) 1200 °C and (c) 1100 °C. 
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Figure 8. Histogram of the contribution of St, Ht, and Hr to the performance of sintered samples. 
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Figure 9. Normal Probability Plot for process parameters: (a) Density; (b) Compressive strength; (c) Compression ratio. 
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Figure 10. Main effect plots for (a1) Hr Vs. compressive strength; (a2) Hr Vs. compression ratio; (a3) Hr Vs. density; (b1) Ht Vs. compressive strength (b2) Ht Vs. compression ratio; (b3) Ht Vs. density; (c1) St Vs. compressive strength; (c2) St Vs. density; (c3) St Vs. compression ratio. 
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Figure 11. 3D surface diagram of (a) density and (b) compression ratio vs. sintering temperature and holding time; (c) compressive strength vs. sintering temperature and heating rate. 
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Figure 12. The optimal response result graph of this experiment. 
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Table 1. Sintering parameter and their levels.
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	Level 1
	Level 2
	Level 3





	Sintering parameters
	−1
	0
	+1



	Sintering Temperature
	1100
	1200
	1300



	Holding Time
	120
	180
	240



	Heating Rate
	5
	7.5
	10
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Table 2. Porosity statistics of these samples when sintered at various conditions.
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	Conditions
	Porosity





	1 (1100 °C-120 min-5 °C/min)
	2.83%



	2 (1100 °C-120 min-10 °C/min)
	3.9%



	3 (1100 °C-180 min-7.5 °C/min)
	3.68%



	4 (1100 °C-240 min-5 °C/min)
	3.19%



	5 (1100 °C-240 min-10 °C/min)
	2.95%



	6 (1200 °C-120 min-7.5 °C/min)
	1.78%



	7 (1200 °C-180 min-5 °C/min)
	2.15%



	8 (1200 °C-180 min-7.5 °C/min)
	1.49%



	9 (1200 °C-180 min-10 °C/min)
	1.63%



	10 (1200 °C-240 min-7.5 °C/min)
	1.87%



	11 (1300 °C-120 min-5 °C/min)
	1.75%



	12 (1300 °C-120 min-10 °C/min)
	0.91%



	13 (1300 °C-180 min-7.5 °C/min)
	0.96%



	14 (1300 °C-240 min-5 °C/min)
	1.27%



	15 (1300 °C-240 min-10 °C/min)
	1.41%
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Table 3. Performance of TC4 at different temperatures.
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	Conditions
	Compressive Strength (MPa)
	Compression Ratio
	HV





	1100 °C-180 min-7.5 °C/min
	1100
	0.325
	209



	1200 °C-180 min-7.5 °C/min
	1279
	0.325
	295



	1300 °C-180 min-7.5 °C/min
	1387
	0.300
	361
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Table 4. The input factors and output results of sintering experiments.
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	Running Sequence
	Point Type
	St (°C)
	Ht (min)
	Hr (°C/min)
	Compression

Strength (MPa)
	Density

(kg/m3)
	Compression

Ratio





	1
	1
	1100
	120
	5
	1090
	4106.6
	0.310



	2
	1
	1300
	120
	5
	1343
	4321.1
	0.330



	3
	1
	1100
	240
	5
	1120
	4145.3
	0.330



	4
	1
	1300
	240
	5
	1390
	4338.0
	0.265



	5
	1
	1100
	120
	10
	1101
	4105.1
	0.320



	6
	1
	1300
	120
	10
	1381
	4317.5
	0.323



	7
	1
	1100
	240
	10
	1113
	4153.0
	0.320



	8
	1
	1300
	240
	10
	1357
	4362.0
	0.268



	9
	-1
	1100
	180
	7.5
	1100
	4134.0
	0.325



	10
	-1
	1300
	180
	7.5
	1387
	4341.7
	0.300



	11
	-1
	1200
	120
	7.5
	1260
	4251.2
	0.310



	12
	-1
	1200
	240
	7.5
	1270
	4276.0
	0.280



	13
	-1
	1200
	180
	5
	1291
	4273.9
	0.330



	14
	-1
	1200
	180
	10
	1267
	4271.9
	0.310



	15
	0
	1200
	180
	7.5
	1275
	4262.9
	0.325



	16
	0
	1200
	180
	7.5
	1262
	4262.5
	0.315



	17
	0
	1200
	180
	7.5
	1269
	4262.8
	0.325



	18
	0
	1200
	180
	7.5
	1265
	4261.8
	0.318



	19
	0
	1200
	180
	7.5
	1271
	4262.7
	0.326
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Table 5. ANOVA results of CCDs experiments.
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	Compressive Strength
	Density
	Compression Ratio





	Regression
	
	
	



	(p value)
	0.001
	0.001
	0.001



	DF
	9
	9
	9



	(Residual error)
	10
	10
	10



	(Lack of fit and pure error)
	5 and 5
	5 and 5
	5 and 5



	p-value for each response
	
	
	



	Linear terms
	0.000
	0.000
	0.002



	St
	0.000
	0.000
	0.001



	Ht
	0.151
	0.028
	0.009



	Hr
	0.018
	0.103
	0.934



	Square terms
	0.000
	0.000
	0.013



	St × St
	0.001
	0.000
	0.885



	Ht × Ht
	0.204
	0.124
	0.004



	Hr × Hr
	0.399
	0.279
	0.196



	Interactions
	0.068
	0.081
	0.001



	St × Ht
	0.553
	0.120
	0.000



	St × Hr
	1.000
	0.413
	0.799



	Hr × Ht
	0.012
	0.043
	0.734



	Total (AdjSS)
	185655
	116578
	0.007412



	R-sq (Adsj)
	98.90%
	99.51%
	83.16%
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Table 6. Analysis of the verification experiments.






Table 6. Analysis of the verification experiments.





	
Compressive Strength

	
Compression Ratio

	
Density




	
Predict

	
Actual

	
Error

	
Predict

	
Actual

	
Error

	
Predict

	
Actual

	
Error






	
1370 MPa

	
1388 MPa

	
1.3%

	
0.326

	
0.310

	
4.9%

	
4330 kg/m3

	
4332 kg/m3

	
0.04%
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