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Abstract

:

The effect of deposition pattern on the temperature and global distortion of Direct Metal Tooling (DMT) based Additive Manufactured (AM) is investigated through the experimental results of laser deposited SUS316. DMT is one of the Directed Energy Deposition (DED) processes. In situ temperature measurements were used to monitor the temperature of the substrates and global distortion patterns were analyzed using CMM (coordinate Measuring Machine) after the deposition. Six different patterns combining long raster and short raster patterns were considered for the case studies. The results showed that the deposition pattern affects the temperature gradient and that the peak temperature of each layer can increase or decrease according to the sequence of the deposition pattern. Also, the pattern of the first layer had a dominant influence on the longitudinal bending deflection that occurs. Based on these results, appropriate tool path schedule can be utilized to control not only the distortion but also the peak temperature of the DMT-based AM parts.
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1. Introduction


Direct Metal Tooling (DMT)based Additive Manufacturing (AM) is one of the Directed Energy Deposition (DED) processes where metal powder is fused by focused laser thermal energy to deposit material onto a substrate or pre-existing part [1,2]. The DMT-based AM technology is generally able to build parts at a faster rate than the Powder Bed Fusion (PBF) process with low, controllable heat input compared to arc-based AM process [3]. These advantages make DMT-based AM an effective process for repairing and surface coating of high value parts such aerospace components [4].



However, due to the inherent characteristics of metal AM, residual stresses and distortion always occur in AM parts and it has similarities with the welding process [5]. When the part is fabricated, the deposited material undergoes rapid heating and cooling cycles repeatedly as layers are added. This thermal cycle generates uneven temperature distribution in the AM parts and causes distortion and residual stress and negatively affects the dimensional accuracy of the AM parts, as well as the fatigue strength [6]. Several researchers have studied techniques in order to reduce distortion of the AM parts. Typical methods to reduce the distortion of the AM parts are to add mechanical treatments [7,8,9] or to add thermal treatments [10]. However, since these methods increase production costs, it is important to optimize the process variables beforehand. In particular, AM process parameters such as travel speed, deposition pattern, powder mass flow rate, beam diameter, laser power, etc., strongly affect the distortion and residual stress but also the mechanical characteristics of the AM parts [11]. The most flexible process parameter among these variables is the deposition pattern. Travel speed, powder mass flow rate, beam diameter and laser power directly affect the unit heat input and the deposit shape [12]. Considering that the principle of AM is slicing the Computer-Aided Design (CAD) part into designated height and width to schedule the tool path, those parameters should be predetermined in order to plan the tool path. However, it is possible to consider various deposition patterns such as short raster pattern, long raster pattern, spiral pattern, etc. for each layer since the deposition pattern does not affect the deposit shape. Therefore, it is necessary to analyze the temperature distribution and the distortion of the AM part according to the deposition pattern which is the most flexible method to reduce the distortion.



Several researchers have studied the influence of deposition pattern on the residual stress distribution and mechanical patterns of AM parts. From the literature survey, it can be seen that the anisotropy of the mechanical property is generated by the single direction deposition pattern [13,14,15]. For the Fused Deposition Modeling (FDM) based AM, several researchers have studied the influence of deposition pattern on the mechanical properties of the manufactured parts [16,17,18]. Therefore, it is understood that the deposition pattern should be designed uniformly in various directions rather than a single direction to prevent such anisotropy. However, experimental works that show these various deposition patterns affecting the distortion pattern and temperature distribution have not been well studied. Nazemi and Urbanic [19] conducted an experimental and numerical study on the distortion and residual stress distribution of surface cladding according to the different deposition strategies. However, this study provided only a single layer deposited AM structure. Nickel et al. [20] showed that the deposition pattern in the AM process has a significant effect on the part residual stresses and deflections. However, this study only showed the longitudinal deflection value according the deposition pattern. According to various welding distortion studies [21,22,23], there are several types of welding distortion and these distortions occur simultaneously. So to clearly understand how the deposition pattern affects the distortion, not only the longitudinal deflection value but also the global distortion tendency should be investigated.



Therefore, this study focuses on the influence of deposition pattern on the global distortion and the temperature distribution of the AM parts. In this study, DMT-based AM process with SUS304 powder was used on the SM45C substrate to build four layered deposited specimens. Six different patterns were designed that are combined with long raster and short raster patterns. In situ temperature measurements were used to monitor the temperature of the substrates and global distortion patterns were analyzed using CMM (Coordinate Measuring Machine) after the deposition. The resulting trends were analyzed, and the results will be helpful to understand and control the distortion and the maximum temperature of AM parts by optimizing the deposition pattern.




2. Methods


2.1. Process Parameters and Deposition Patterns


This study used an Insstek® MX-1000, a DMT metal 3D printer employing a 2 kW Ytterbium Fiber Laser (Figure 1). A molten pool is generated by the laser beam focused on the substrate, while the powder was deposited at the same time into the focal area of the laser through coaxial nozzles with flowing argon gas. The argon gas serves as a shield to protect the molten pool from oxidation. The nozzle head is positioned at a location 10 mm above the build and the beam diameter at the part surface is 1.2mm.



Powder materials and the substrate were chosen as SM45C steel and SUS304. If the substrate material and the deposited material are different, residual stress and distortion may occur due to different thermal expansion coefficients. However, since the substrate material is cut after manufacture and discarded, industry practice was taken into account that always considers inexpensive materials for the substrate. The test sample deposited on each substrate is 1.8 mm height, 4.0 mm wide, and 60.0 mm long, and the substrate is 3.0 mm thick, 50.0 mm wide, and 100.0 mm long. The substrates were fully clamped with a jig for the 20mm longitudinal direction (Figure 2).



The test samples are deposited with the target bead height of 0.45 mm and hatching space of 0.8 mm. The target bead height is experimentally determined with the process parameters described in Table 1.



Six patterns were designed using long raster patterns, short raster patterns, and combinations of both. To reduce the time difference between the completion of one layer deposition and the start of the next layer’s deposition for all cases, the long raster pattern consists of two tool paths A and B. The short raster pattern consists of two tool paths C and D (Figure 3). Pattern 1 applies only the long raster pattern to deposit four layers and pattern 2 only applies the short raster pattern. Pattern 3~6 are designed to apply the short raster pattern and long raster pattern twice in four-layer deposition, respectively. (Table 2). Although the tool paths were selected to minimize the time difference between the pattern, there is a slight difference in the total deposition time according to the pattern. In particular, Patterns 3 and 4 require switching from the previous layer’s ending point to the current layer’s starting point. This extra movement allows extra cooling time between these layers and increases the total deposition time by approximately 5~8%.




2.2. In Situ Temperature Measurement


For temperature measurement, five locations on the back side of the substrate were selected, as shown in Figure 4. A K-type thermocouple with 2.3 mm diameter which has ±0.75% accuracy was used for the experiments. The thermocouple signals are read by National Instruments 4353 modules and data were recorded in LabView at a sampling rate of 20 Hz. When performing each case, the cooling time was maintained for more than 1 hour. In each case, sufficient cooling time was given to prevent additional heating, so that the initial conditions of each experiment were kept the same as possible. Experimental setup for the in situ temperature measurement are shown in Figure 5.




2.3. Postprocess Distortion Measurement


Postprocess substrate distortion measurement was conducted using Cimcore® Infinite® 2.0 Portable coordinate-measurement machine (CMM) which is capable of measuring to ±0.01524 mm (Figure 6). A total of 70 points were selected at the bottom side of the substrate, as shown in Figure 7 and measurements were taken twice before and after the deposition. The global distortion value was calculated by subtracting the preprocess from the postprocess measurements.





3. Results


3.1. In situ Temperature Measurements


For the six pattern case studies, temperature measurements were performed at five locations, and a total of 30 locations were measured. Of the 30 measurements, four of the trials failed due to the poor contact of the thermocouple, but the temperature was successfully measured for the remaining 26 points, and the temperature distribution according to each pattern was analyzed (Table 3). The corresponding temperature histories for each pattern are provided in Figure 7.



In situ temperature measurements show that the temperature trends at each point are significantly different depending on the long raster pattern and the short raster pattern. These results are especially evident in TC2 (Figure 8b), which is the center location of the substrate back side. In the case of the short raster pattern, the maximum temperature gradually increases with rise and fall, whereas in the case of the long raster pattern, the maximum temperature gradient increases with a rapid temperature gradient and the temperature tends to decrease with a rapid temperature gradient in each layer.



Maximum temperature recorded in thermocouple 2 for each layer and temperature at the end of each layer for pattern 1 and pattern 2 are shown in Figure 9. From this result, even if the same heat input is applied to the same area for the same time, the temperature distribution and maximum temperature generated according to the tool path are different. In both patterns considering the tool path, the temperature rises when the distance between the temperature measurement point and the heat source decreases, and the temperature decreases when the distance increases. However, the temperature gradient in pattern 2 is found to be steeper than in pattern 1, and the highest temperature in thermocouple 2 is also higher in pattern 2. Furthermore, when comparing the highest recorded temperatures for each thermocouple in pattern 1 and pattern 2, it was shown that the higher temperature was also measured in pattern 2 at the same point in Figure 10. The unit heat input is the same since both pattern 1 and pattern 2 deposited the same amount of heat input over the same area for the same time. The major difference between the two patterns is that the deposition with a long raster pattern has a larger surface area exposed to the atmosphere during the deposition. Analyzing this tendency, it can be seen that the heat loss from the DMT-AM process has a great effect on the radiation and convection caused by the contact between the deposited material and the atmosphere.



Similarly, for patterns 1 to 6, the maximum temperature at each layer measured in the thermocouple 2 is compared in Figure 11. When deposited with a short raster pattern, the temperature rise gradient is larger than with the long raster pattern, but the temperature decrease gradient is also greater. Therefore, it is shown that for some of the combination of the short raster pattern and the long raster pattern (pattern 3 and pattern 5) has a higher maximum temperature than when the four layers are deposited with the short raster pattern. Also, the results show that the peak temperature of each layer can even decrease according to the sequence of the deposition pattern (pattern 4 and pattern 6). These experimental results are evidence that the appropriate design of the deposition pattern for each layer can be utilized to control the maximum temperature of the AM parts. Table 4 shows the overall maximum temperature recorded in thermocouple 2 for patterns 1 to 6.




3.2. Postprocess Distortion Measurements


The global distortion that occurred in patterns 1~6 are measured by CMM and plotted as shown in Figure 12. The results show that there is a difference in quantitative values, but the tendency of out-of-plane deformation is similar for all of the patterns except for pattern 2. In particular, it can be seen that longitudinal bending is dominant in pattern 1 and angular distortion in transverse direction is predominant in pattern 2. The top view, front view and the side view of the pattern 1 specimen results are shown in Figure 13.



A comparison of the deflection values at the center of the substrate along the length direction is shown in Figure 14. In the case of patterns 3~6 applied by combining short raster pattern and long raster pattern, it is shown that the amount of deflection is within the result range of Pattern 1 and Pattern 2. The results of pattern 2, 4, and 6, in which the first layer was applied as a short raster pattern, were shown to have a small deflection when a short raster pattern was applied at a lower layer. Likewise, pattern 1, 3, and 5 in which the first layer was applied as a long raster pattern, showed the same tendency. From these results, it can be seen that the design of the first layer pattern has a dominant influence on the longitudinal bending deflection that occurs.





4. Discussion


This research studied the effect of deposition pattern on the temperature and global distortion of Direct Metal Tooling (DMT) based Additive Manufactured (AM) part through the experimental approach. The novelty of this study is that deposition patterns were designed combining the long raster pattern and the short raster pattern uniformly in various directions rather than single direction to prevent such anisotropy. The main conclusions are as follows:




	(1)

	
The deposition pattern highly affects the temperature gradient of each layer. For the case study, short raster pattern had higher temperature gradient for both heating and cooling compared with the long raster pattern.




	(2)

	
The peak temperature of each layer can increase or even decrease according to the sequence of the deposition pattern. This experimental result can be the evidence that appropriate design of the deposition pattern for each layer can be utilized to control the maximum temperature of the AM parts.




	(3)

	
The resulting trends demonstrated that with the short raster pattern deposition, angular distortion is the main distortion and with the long raster pattern deposition, longitudinal bending is the main distortion of the substrate. The pattern of the first layer had a dominant influence on the longitudinal bending deflection that occurs.




	(4)

	
Although the short raster pattern deposition showed higher temperature than the long raster pattern in the substrate, distortion in the longitudinal direction showed higher value with the long raster pattern than the short raster pattern. Based on these results, the expected dominant distortion type needs to be considered in advance of planning an appropriate tool path schedule.










5. Conclusions


In this study, the effect of deposition pattern on the temperature and global distortion of Direct Metal Tooling (DMT) based Additive Manufactured (AM) part was investigated through the experimental results of laser deposited SUS316. In situ temperature measurements were used to monitor the temperature of the substrates and global distortion patterns were analyzed using CMM (coordinate Measuring Machine) after the deposition. Six different patterns combining long raster and short raster patterns were considered for the case studies. The results showed that the deposition pattern affects the temperature gradient and the peak temperature of each layer can increase or decrease according to the sequence of the deposition pattern. Also, the pattern of first layer had a dominant influence on the longitudinal bending deflection that occurs.



The limitation of this work is that it was presented only based on an experimental point of view discussing only a single geometry. In order to find out the generalized relationship between the maximum temperature and the distortion value, various shapes should be investigated. In the future, through experiments on various shapes, we will investigate the relationship between the maximum temperature distribution and the overall distortion pattern. Finally, based on these studies, appropriate tool path schedule will be utilized to control not only the distortion but also the peak temperature of the DMT-based AM parts.
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Figure 1. Insstek® MX-1000, a Direct Metal Tooling (DMT) metal 3D printer. 






Figure 1. Insstek® MX-1000, a Direct Metal Tooling (DMT) metal 3D printer.



[image: Applsci 10 07653 g001]







[image: Applsci 10 07653 g002 550] 





Figure 2. Schematics of the substrate and test sample dimensions. 
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Figure 3. Tool path of the short, long raster pattern. 
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Figure 4. Schematic of the thermocouple (TC) location. 
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Figure 5. Experimental setup for the in situ temperature measurement. 
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Figure 6. Cimcore® Infinite® 2.0 Portable coordinate-measurement machine (CMM). 
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Figure 7. Schematic of 70 CMM points on the back side of the substrate. 
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Figure 8. In situ temperature history of each thermocouple for all patterns: (a) Thermocouple 1 temperature history; (b) Thermocouple 2 temperature history; (c) Thermocouple 3 temperature history; (d) Thermocouple 4 temperature history; (e) Thermocouple 5 temperature history. 
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Figure 9. Maximum temperature and temperature at the end of each layer: (a) In situ temperature history of thermocouple 2 recorded in pattern1 and pattern 2; (b) Maximum temperature and temperature at the end of each layer recorded in thermocouple 2 for pattern 1 and pattern 2. 
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Figure 10. Overall maximum temperature comparison between Pattern 1 and Pattern 2. 
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Figure 11. Maximum in situ temperature recorded in thermocouple 2 at each layer. 
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Figure 12. Out of plane (in Z axis) global distortion of Pattern 1~Pattern 6. 
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Figure 13. Pattern 1 specimen result: (a)Top view; (b)Front view; (c)Side view. 
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Figure 14. Deflection values at the center of the substrate along the length direction of pattern 1~pattern 6: (a) Overall patterns 1~6; (b) pattern 1, pattern 3 and pattern5; (c) pattern 2, pattern 4 and pattern 6. 
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Table 1. Process parameters.
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	Item
	Value





	Nominal Laser power (kW)
	0.6



	Travel speed (m/min)
	0.85



	Mass feed rate (g/min)
	8.0



	Hatching space (mm)
	0.8



	Layer thickness (mm)
	0.45



	Beam diameter (mm)
	1.2



	Substrate material
	SM45C



	Powder material
	SUS316
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Table 2. Tool path for the Pattern 1~6.
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	1st Layer
	2nd Layer
	3rd Layer
	4th Layer





	Pattern 1
	A
	B
	A
	B



	Pattern 2
	C
	D
	C
	D



	Pattern 3
	A
	C
	A
	C



	Pattern 4
	C
	A
	C
	A



	Pattern 5
	A
	B
	C
	D



	Pattern 6
	C
	D
	A
	B
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Table 3. Temperature measurement success/failure results at each location.
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	TC 1
	TC 2
	TC 3
	TC 4
	TC 5





	Pattern 1
	○
	○
	○
	○
	○



	Pattern 2
	○
	○
	○
	○
	○



	Pattern 3
	○
	○
	×
	×
	○



	Pattern 4
	○
	○
	×
	○
	○



	Pattern 5
	×
	○
	○
	○
	○



	Pattern 6
	○
	○
	○
	○
	○
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Table 4. Overall maximum temperature recorded in thermocouple 2.
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	Maximum Temperature (℃)
	Pattern





	550~600
	Pattern 3, Pattern 5



	500~550
	Pattern 2, Pattern 4



	450~500
	Pattern 1, Pattern 6
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