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Abstract

:

Laser Powder Bed Fusion (LPBF) technologies such as Selective Laser Melting (SLM) are being increasingly considered as viable production routes. This paradigm change demands an in-depth understanding of the fabrication process and variables, as previous studies have shown that energy density calculation alone is insufficient, because parts fabricated using similar energy density, but using different combinations of parameters, can display significantly different properties and dimensions. Thin-walled parts are particularly influenced by processing parameters; in this sense, this study explores the influence of laser power and scan speed on the dimensions of Ti6Al4V thin-walled tubes. Predictive models for manufacturing Ti6Al4V thin-walled tubes were developed using Response Surface Methodology (RSM), and the most influential (single and combined) factors were determined using Analysis of Variance (ANOVA). Three models were obtained: for the wall melt zone thickness, the total wall thickness, and the hole width.
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1. Introduction


Ti alloys—particularly Ti6Al4V—are currently the main choice of manufacturers of endosseous implants, mainly due to their high corrosion resistance and biocompatibility [1,2]. A current trend in this field is to add novel functions to these implants—either biological or chemical (e.g., drug delivery sites [3])—and also to tailor some of their properties, such as roughness, stiffness, etc. [4,5,6]. The design and fabrication of multifunctional implants with active roles inside the patient, instead of merely being integrated into the host, can represent an outstanding improvement compared to currently available solutions. This work is focused on the fabrication of Ti6Al4V thin-walled hollow parts that can be fabricated in the outer region of an endosseous implant, for serving the specific function of acting as containers for a drug or biological agent. These agents could elicit an enhanced biological response, by acting against pathogens, or by stimulating cellular response.



Metallic thin-walled parts can be effectively manufactured by Additive Manufacturing (AM) Laser Powder Bed Fusion (LPBF) technologies such as Selective Laser Melting (SLM). This layer-by-layer process replicates Computer-Aided Design (CAD) data. Under an inert atmosphere, a build platform is heated, above which a thin layer of powder is spread. The parts’ production proceeds using a laser to selectively melt the powder bed, according to a slicing procedure previously performed. Then, the platform descends (Z-axis) to a predefined height to provide a specific layer thickness via the recoating system. This process continues iteratively until achieving the final part [7,8,9].



This technology’s flexibility can be used to fabricate lattice structures [10,11] to obtain tailored mechanical properties, high strength-to-weight ratios, and other thin-walled parts, such as thin-walled tubes or channels [3,7,12,13]. Additionally, while for some applications a near-net-shaped part is obtained, for others some post-processing—such as machining—is needed to guarantee the dimensional and surface quality [13,14]. In fact, AM has already been used as a manufacturing process for fabricating commercially available Ti6Al4V plates, screws, and staples for foot and ankle surgeries [15], as well as acetabular parts for hip surgery [16,17]. Regarding thin-walled hollow parts for biomedical applications, AM can present several advantages, by either eliminating or significantly reducing the need for massive machining to obtain a desired thickness or surface roughness. This aspect has a significant impact on the cost per part, as well as waste reduction (e.g., metal scrap and cutting fluid, the latter correlated to pathogen contamination on implants’ surfaces) [18].



Parameters such as laser power (W), scan speed (mm/s), hatch spacing (µm), and layer thickness (µm) are considered to be the key parameters, and are commonly selected and their effects analyzed through the calculation of the delivered volumetric energy density (J/mm3) [14,19,20]. In addition, planar (J/mm2) and linear (J/mm) energy density can also be determined, as they are useful for the analysis of single tracks and thin features [21]. SLM Ti6Al4V thin-walled parts are critically reliant on processing and material parameters, as their reduced thickness obliges an extremely efficient densification and bond between the successively scanned layers. Regarding the feedstock materials for SLM, finer powders are usually selected for obtaining higher resolution, combined with reduced layer thickness, which is also important to address the powder size distribution to prevent particle segregation [19].



Several studies report that SLM parameters (e.g., power, scan spacing, scan speed) influence Ti6Al4V parts’ density and mechanical properties [22,23,24,25]; however, for thin-walled parts, such information is seldom found [7,12]. Furthermore, most of the studies assess the influence of individual SLM processing parameters, but their interactions are not thoroughly explored. As a matter of fact, the same laser power can have extremely different effects (on the density and thickness of a thin-walled part) when combined with drastically different scan speeds.



In this work, Ti6Al4V thin-walled tubes’ dimensional aspects (i.e., wall thickness and hole length) were analyzed and correlated with the SLM parameters (i.e., laser power and scanning speed) used for their fabrication. Response Surface Methodology (RSM) was applied to model the effects of SLM parameters on Ti6Al4V thin-walled tubes’ dimensions. These models are powerful tools that can avoid the extensive experimental testing required for obtaining an optimized part via SLM.




2. Experimental Procedure


2.1. SLM Fabrication Details


For the Ti6Al4V thin-walled tubes’ fabrication, powdered alloy (D90 of 40 µm) from SLM Solutions GmbH, Lübeck, Germany was used. These parts were made under an argon flow on an equipment from SLM Solutions GmbH, Lübeck, Germany apparatus (model 125 HL [8]) equipped with an 87 μm spot Yb-Fiber laser.



Thin-walled tubes were designed with a rectangular section (0.4 mm × 5 mm) and 5 mm height, excluding the supports, which had 4 mm height. Figure 1 shows the laser path used for the fabrication that was performed, exclusively defining the volume border of the part.



Figure 2 presents a schematic representation of the SLM process, while Figure 3 shows some examples of these rectangular thin-walled tubes after fabrication, still in the production platform, which was set at a constant temperature of 200 °C during fabrication.



In order to assess the ability of the Selective Laser Melting (SLM) technology to manufacture Ti6Al4V thin-walled tubes, with walls ranging from 100 to 300 μm in thickness, several experiments were planned. An experimental field was defined for fabrication, defining a laser power range between 50 and 100 W, and a scan speed range from 300 to 1250 mm/s, covering a liner energy density within the range 0.072–0.333 J/mm. Table 1 presents the plan of experiments for the fabrication of the thin-walled tubes, where different processing parameters were combined in different experiments to assess their influence on the fabricated parts’ dimensional aspects. A constant layer thickness of 30 μm was used.




2.2. Dimensional Analysis


The manufactured Ti6Al4V thin-walled tubes’ dimensions (i.e., wall thickness and hole length) were determined by analyzing Scanning Electron Microscopy (SEM) top-view images, acquired on a NanoSEM FEI Nova 200, from FEI, Hillsboro, OR, USA. For each experiment, each result is presented as an average of four measurements. This analysis was performed to determine the optimal combination of parameters for obtaining tubes of the desired thickness (between 100 and 300 µm), and also to determine the minimum thickness obtainable using commercial equipment with an 87 μm spot laser beam.



Response Surface Methodology (RSM) was used to model the effects of two independent variables (called factors) and their interactions on the thickness (response variable) of these thin-walled tubes. The two independent variables were chosen for the statistical experiment design as follows: laser power (X1) and scan speed (X2).



The most common model used to describe the relationship between independent variables and response variables is the quadratic regression model, which can be expressed as follows:


  Y =  b 0  +   ∑   i = 1  k   b i   X i  +   ∑   i = 1  k   b  i i    X i    2  +   ∑   i = 1   k − 1     ∑   j > i  k   b  i j    X i   X j  + ε  



(1)




where Y is the response variable,    X i    and    X j    are dimensionless coded independent variables, k is the number of independent variables,    b 0    is the constant coefficient,  ε  is the random error, and    b i   ,    b  i i    , and    b  i j     are coefficients for the linear, quadratic, and interaction effects, respectively.



Statistical analysis was performed using the statistical software R (R statistical software, version 4.1.2., R Foundation for Statistical Computing, Vienna, Austria). Analysis of Variance (ANOVA) was performed to evaluate the statistical significance of the model. The proportion of variance explained by the models obtained was given by the multiple coefficient of determination, R2, and the adjusted coefficient of determination (adjusted R2), whereas the adequacy of the model was determined by a lack of fit test. Residual analysis was conducted to validate the assumptions used in the Analysis of Variance (ANOVA). The p-values for the different model terms were analyzed to determine the probability that the manufacturing parameter (single or combined) affects the measured feature.



Three different measurements were made: wall melt zone thickness (white dotted arrow in Figure 4), total wall thickness (yellow dotted arrow in Figure 4), and hole dimensions (white arrow in Figure 3). These results are presented as means and standard deviations, obtained from eight measurements for each feature.





3. Results and Discussion


3.1. Dimensional Analysis


Figure 5 shows an example of a thin-walled tube that demonstrates that SLM technology is suited for the fabrication of these thin-walled features, since no building defects such as incomplete melting or porosity were found. These images from the top (final) face of the thin-walled tube show a typical melt track (with little adhered powder), allowing the laser spot path to be perceived.



The SLM parts present a typical rough outer surface—a consequence of the partial melting of adjacent particles from the powder bed—in the vicinity of the melted volume (Figure 6 shows an example of the lateral surfaces of a thin-walled tube). This aspect explains the differences found between the melt thickness and the total thickness of the walls of the fabricated thin-walled tubes, and as stated by M. Leary [26] this can compromise both the function and tolerances of these 3D-printed parts, making it necessary to know and anticipate this outcome to obtain the required surface properties and/or tolerances.



The average results of the measurements performed on the thin-walled tubes (i.e., melt thickness, total thickness, and hole width) are shown in Figure 7.



Considering all of the experiments, the average difference between the melt thickness and the total thickness was 46.60 ± 10.37 µm. This value can be correlated with the starting powder size (D90 of 40 µm) once it is known that a partial melt of these particles occurs in the inner face of the wall, as in the outer face.



Another conclusion taken from the data of Figure 7 is that, although measured independently, the hole width results are consistent with the total and melt thickness measurements, with lower thicknesses leading to larger holes, and higher thicknesses to narrower holes.




3.2. Statistical Analysis


As seen in Figure 4, measurements were performed to assess the tubes’ thickness (explicitly determining the melt thickness and the overall thickness, or total thickness). Furthermore, the tubes’ hole width was independently measured.



Regression models were developed using these results (as output data), and the processing parameters (laser power (A) and scan speed (B), as input data) are shown in Table 1.



The three models obtained for the melt zone thickness (Equation (2)), the total thickness (Equation (3)), and the hole width (Equation (4)), are presented below. Analysis of Variance (ANOVA) of the three quadratic models is shown in Table 2, Table 3, and Table 4, respectively.


  M e l t   t h i c k n e s s = 94.4422 + 14.3044 A − 28.2910 B + 20.6710  



(2)






  T o t a l   t h i c k n e s s = 143.7705 + 12.1570 A − 25.5784 B + 19.2904 A B    



(3)






  o l e   w i d t h = 192.3954 − 9.9847 A + 30.5547 B − 15.5497 A B    



(4)







As can be seen from Table 2, Table 3 and Table 4, for all three models presented, all p-values were less than the significance level of 0.05, meaning that all of the terms have significant effects on the response variable. This implies that there are significant individual effects of both laser power (A) and scan speed (B), as well a significant combined effect of laser power and scan speed (AB). Moreover, the models’ F-values (17.81, 16.03, and 13.46) and the very low probability values ((Prob > F) < 0.001) indicate that the regression models are significant. In addition, among these factors, it should be noted that scanning speed is the most significant impact factor with the greatest F-value, which can be ascribed to the influences of scanning speed on melt thickness, total thickness, and hole width.



The lack-of-fit of the models was not significant, indicating the validity of the statistical models. The value of the coefficient of determination (R2) was in the range of 0.63–0.71, reflecting that at least 63% of the predicted values could be matched with the observed values. Adjusted R2 was in reasonable agreement with the predicted value (with a difference of less than 0.2).



Adequate precision values compare the range predicted point to the design point. A ratio greater than 4 is desirable. In this case, the values were between 13 and 14, allowing us to conclude that the models were able to give reasonable performance according to the prediction.



The normal probability plots of the residuals and the plots of the residuals versus the predicted response are shown in Figure 8, Figure 9 and Figure 10.



For all of the models, the normal probability plots of the residuals show that these generally fall on a straight line, indicating that the errors are distributed. The plots of the residuals versus the predicted response reveal that they have no obvious pattern and unusual structure, indicating that the models are adequate. This implies that the models proposed are adequate, and there is no reason to suspect any violation of the independence or constant variance assumption. The residuals were scattered randomly around ±2.00. This was an indication that the experimental data were well fitted with the models.



The models obtained for the melt and total thickness demonstrate the influence of the laser power and scan speed on the thickness of these parts. The positive coefficient of laser power (A) and the negative coefficient of scan speed (B) prove the individual influence of these parameters. As for laser power, these two models show that higher power and, consequently, higher energy density lead to thicker walls (melt zone and total), due to the generation of a larger melt pool. Figure 11a,b show thin-walled tubes fabricated with different laser powers (50 and 100 W, respectively), but with the same scan speed (400 mm/s), where it is possible to observe a larger melt track when using higher power.



Regarding scan speed (B), the negative coefficients found for both thickness models indicate that with increasing speed, lower thicknesses (melt and total) are obtained, as expected. Figure 12a,b show specimens produced with the same laser power (100 W) but extremely different scan speeds (300 and 1250 mm/s, respectively), allowing us to perceive that the thickness of the thin-walled tubes is greatly reduced when increasing speed, due to a lower energy delivery per second when the laser moves faster.



Regarding the hole width model, as expected, coefficients with opposite signs to those of the thickness models were determined (for A and B), as thicker walls lead to narrow holes and thus, the effects of power and speed were opposite.



In addition to the individual influence of the laser power (A) and scan speed (B), all of the models exhibited interactions between these two independent variables. The 3D response surface plots shown in Figure 13 prove the tendency for higher thicknesses (melt and total) with increasing power, at any given speed. Conversely, there is a tendency towards lower thicknesses (melt and total) with increasing speed—especially when using lower laser power values. The large thickness range covered by these surface plots on the studied domain shows that these thin-walled parts’ final dimensions are extremely dependent on process variables, namely, on power and scan speed; thus, particular attention must be paid to the SLM parameters for their accurate fabrication.





4. Conclusions


	-

	
The influence of the Selective Laser Melting (SLM) parameters laser power and scan speed on Ti6Al4V thin-walled tubes’ thickness was assessed.




	-

	
Predictive models for the influence of these processing parameters (independent variables) on the thickness (dependent variable) of thin-walled tubes were developed.




	-

	
The developed models prove that these micro-sized parts’ final dimensions are greatly dependent on these SLM processing parameters.




	-

	
These models can be used to optimize the micro-manufacturing of Ti6Al4V thin-walled parts by SLM.
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Figure 1. Schematic representation of the laser path during the fabrication of the thin-walled tubes. 
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Figure 2. Schematic representation of the Selective Laser Melting (SLM) process. 
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Figure 3. Ti6Al4V thin-walled tubes after SLM fabrication. 
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Figure 4. Measurements performed on the Ti6Al4V thin-walled tubes. 
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Figure 5. Thin-walled tube of a rectangular section built in experiment number 9 (80 W/300 mm/s). 
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Figure 6. Outer wall of a thin-walled tube built in experiment number 9 (80 W/300 mm/s). 
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Figure 7. Dimensional results obtained from the thin-walled tubes. 
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Figure 8. Normal probability plot of residuals, and plot of residuals vs. fitted values, for melt thickness data. 
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Figure 9. Normal probability plot of residuals, and plot of residuals vs. fitted values, for total thickness data. 
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Figure 10. Normal probability plot of residuals, and plot of residuals vs. fitted values, for hole width data. 
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Figure 11. Central part image of thin-walled tubes built in experiment numbers (a) 2 (50 W/400 mm/s) and (b) 18 (100 W/400 mm/s). 






Figure 11. Central part image of thin-walled tubes built in experiment numbers (a) 2 (50 W/400 mm/s) and (b) 18 (100 W/400 mm/s).



[image: Metals 12 01226 g011]







[image: Metals 12 01226 g012 550] 





Figure 12. Central part image of thin-walled tubes built in experiment numbers (a) 17 (100 W/300 mm/s) and (b) 21 (100 W/1250 mm/s). 
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Figure 13. 3D response surface plots for thin-walled tubes: (a) melt thickness model and (b) thickness model. 
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Table 1. Plan of experiments for the fabrication of Ti6Al4V thin-walled tubes.
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Experiment

	
A

	
B




	
Power (W)

	
Scan Speed (mm/s)






	
1

	
50

	
300




	
2

	
50

	
400




	
3

	
60

	
300




	
4

	
60

	
400




	
5

	
60

	
500




	
6

	
60

	
600




	
7

	
70

	
400




	
8

	
70

	
550




	
9

	
80

	
300




	
10

	
80

	
500




	
11

	
80

	
600




	
12

	
80

	
700




	
13

	
80

	
800




	
14

	
90

	
600




	
15

	
90

	
700




	
16

	
90

	
1250




	
17

	
100

	
300




	
18

	
100

	
400




	
19

	
100

	
500




	
20

	
100

	
600




	
21

	
100

	
1250
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Table 2. ANOVA and regression analysis summary for the thin-walled tubes’ melt thickness.






Table 2. ANOVA and regression analysis summary for the thin-walled tubes’ melt thickness.





	
Model Terms

	
Sum of Squares

	
Degree of Freedom

	
Mean Square

	
F Value

	
p-Value






	
Model

	
3095.734

	
3

	
1031.911

	
17.810

	
<0.001




	
A

	
1732.033

	
1

	
1732.033

	
29.894

	
<0.001




	
B

	
2826.825

	
1

	
2826.825

	
45.978

	
<0.001




	
AB

	
1366.774

	
1

	
1366.774

	
23.590

	
<0.001




	
Residuals

	
1274.63

	
22

	
57.94

	

	




	
Lack of fit

	
999.57

	
15

	
66.64

	
1.6959

	
0.2454




	
Pure error

	
275.06

	
7

	
39.29

	

	




	
Corrected Total

	
4370.364

	
25

	

	

	




	
Press

	
2204.695

	

	

	

	




	

	

	

	
Multiple R2: 0.7083

Adjusted R2: 0.6685

Predicted R2: 0.4955

Adequate precision: 13.4268
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Table 3. ANOVA and regression analysis summary for the thin-walled tubes’ total thickness.






Table 3. ANOVA and regression analysis summary for the thin-walled tubes’ total thickness.





	
Model Terms

	
Sum of Squares

	
Degree of Freedom

	
Mean Square

	
F Value

	
p-Value






	
Model

	
2337.174

	
3

	
779.058

	
16.030

	
<0.001




	
A

	
1147.771

	
1

	
1147.771

	
23.617

	
<0.001




	
B

	
2234.525

	
1

	
2234.525

	
45.978

	
<0.001




	
AB

	
1143.759

	
1

	
1143.759

	
23.534

	
<0.001




	
Residuals

	
971.91

	
20

	
48.60

	

	




	
Lack of fit

	
870.67

	
14

	
62.19

	
3.6857

	
0.058707




	
Pure error

	
101.24

	
6

	
16.87

	

	




	
Corrected Total

	
3309.084

	
23

	

	

	




	
Press

	
1813.276

	

	

	

	




	

	

	

	
Multiple R2: 0.7063

Adjusted R2: 0.6622

Predicted R2: 0.4520

Adequate precision: 13.06467
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Table 4. ANOVA and regression analysis summary for the thin-walled tubes’ hole width.






Table 4. ANOVA and regression analysis summary for the thin-walled tubes’ hole width.





	
Model Terms

	
Sum of Squares

	
Degree of Freedom

	
Mean Square

	
F Value

	
p-Value






	
Model

	
4244.342

	
3

	
1414.781

	
13.460

	
<0.001




	
A

	
1062.045

	
1

	
1062.045

	
10.104

	
0.00404




	
B

	
3616.83

	
1

	
3616.83

	
34.410

	
<0.001




	
AB

	
1399.101

	
1

	
1399.101

	
13.311

	
0.00127




	
Residuals

	
2522.60

	
24

	
105.11

	

	




	
Lack of fit

	
2061.35

	
17

	
121.26

	
1.8402

	
0.2098719




	
Pure error

	
461.25

	
7

	
65.89

	

	




	
Corrected Total

	
6766.942

	
27

	

	

	




	
Press

	
3634.965

	

	

	

	




	

	

	

	
Multiple R2: 0.6272

Adjusted R2: 0.5806

Predicted R2: 0.4628

Adequate precision: 13.79676
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