Prabhat Pant 
email: prabhat.pant@liu.se
  
Vladimir Luzin 
  
Sebastian Proper 
  
Seyed Hosseini 
  
Johan Moverare 
  
Kjell Simonsson 
  
Ru Lin Peng 
  
Effect of re-melting strategies on the residual stresses in additively manufactured l-shaped IN718 parts

Keywords: Residual stress, Neutron diffraction, additive manufacturing, scan strategy, IN718 ______________________________________________________________________________________________________________________________

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Laser-based powder bed fusion (LPBF) method is one of the common methods implemented in the realm of additive manufacturing (AM) technology to fabricate highly complex design components. This process relies on the laser beam scanning particular areas in the powder bed which is given as input from a CAD geometry in a layer after layer sequence. Due to this repeated process of laser melting, the temperature between the subsequent layers differs vastly due to high cooling rates in the order of 10 5 -10 6 K/s [START_REF] Gu | Densification behavior, microstructure evolution, and wear performance of selective laser melting processed commercially pure titanium[END_REF]. This thermal mismatch between already printed layers and freshly printed layer causes the development of residual stress (RS) during the process. The magnitude of the RS generated varies with processing parameters such as laser power, speed, laser scan strategy, material system, part orientation, etc. Previously, high levels of tensile stresses close to the yield strength of the material were observed at the surface [START_REF] Pant | Mapping of residual stresses in as-built Inconel 718 fabricated by laser powder bed fusion: A neutron diffraction study of build orientation influence on residual stresses[END_REF] and these high levels of stress being generated can lead to the formation of cracks during printing as well as warping of the part [START_REF] Buchbinder | Investigation on reducing distortion by preheating during manufacture of aluminum components using selective laser melting[END_REF][START_REF] Carter | The influence of the laser scan strategy on grain structure and cracking behaviour in SLM powder-bed fabricated nickel superalloy[END_REF][START_REF] Mercelis | Residual stresses in selective laser sintering and selective laser melting[END_REF], causing failure of the part while printing or leading to sub-optimal parts in terms of mechanical performance. It is well known that the magnitude of RS can affect the in-service life drastically especially in dynamic loading conditions. These RS are in an equilibrium state when no external loads are applied. However, when external mechanical loads are applied the RS can elevate or degrade the mechanical performance of the component depending upon their magnitude and distribution. It is a known phenomenon that tensile surface RS can reduce the fatigue life of the component by assisting surface crack opening, and growth [START_REF] Hua | Experimental investigation of principal residual stress and fatigue performance for turned nickel-based superalloy Inconel 718[END_REF][START_REF] Webster | Residual stress distributions and their influence on fatigue lifetimes[END_REF][START_REF] Köhler | Residual Stresses in Steel Specimens Induced by Laser Cladding and their Effect on Fatigue Strength[END_REF][START_REF] James | Residual stresses and fatigue performance[END_REF] and the opposite is true for compressive surface RS which will deter the crack growth and thus increase the fatigue life [START_REF] Webster | Residual stress distributions and their influence on fatigue lifetimes[END_REF][START_REF] Köhler | Residual Stresses in Steel Specimens Induced by Laser Cladding and their Effect on Fatigue Strength[END_REF][START_REF] James | Residual stresses and fatigue performance[END_REF][START_REF] Chen | Effect of Cooling and Shot Peening on Residual Stresses and Fatigue Performance of Milled Inconel 718[END_REF]. In the best-case scenario, compressive RS at the surface or low level of tensile RS are desired.

LPBF process provides significant freedom in terms of the selection of processing parameters to produce high-quality products. As mentioned earlier that temperature gradient is one of the main mechanisms to form RS, so the process parameters used can significantly alter the RS magnitude. Out of many laser scan strategies, the most common one is to employ a 67° rotation of laser movement between the layers to have a high-density part, to lower the degree of texture as well as to have a lower magnitude of the RS [START_REF] Cheng | Stress and deformation evaluations of scanning strategy effect in selective laser melting[END_REF][START_REF] Pant | A study of the influence of novel scan strategies on residual stress and microstructure of L-shaped LPBF IN718 samples[END_REF][START_REF] Nadammal | Effect of hatch length on the development of microstructure, texture and residual stresses in selective laser melted superalloy Inconel 718[END_REF][START_REF] Robinson | The effect of hatch angle rotation on parts manufactured using selective laser melting[END_REF]. Also, the orientation of the part in the build plate and their placement in the build plate affect the RS magnitude for the same scan strategy employed for all the components [START_REF] Pant | Mapping of residual stresses in as-built Inconel 718 fabricated by laser powder bed fusion: A neutron diffraction study of build orientation influence on residual stresses[END_REF][START_REF] Salmi | On the Effect of Part Orientation on Stress Distribution in AlSi10Mg Specimens Fabricated by Laser Powder Bed Fusion (L-PBF)[END_REF][START_REF] Wu | An Experimental Investigation into Additive Manufacturing-Induced Residual Stresses in 316L Stainless Steel[END_REF][START_REF] Mugwagwa | A methodology to evaluate the influence of part geometry on residual stresses in selective laser melting[END_REF][START_REF] Vrancken | Residual stress via the contour method in compact tension specimens produced via selective laser melting[END_REF][START_REF] Mishurova | New aspects about the search for the most relevant parameters optimizing SLM materials[END_REF]. Generally, using a shorter scan length has shown lower RS formation [START_REF] Lu | Study on the microstructure, mechanical property and residual stress of SLM Inconel-718 alloy manufactured by differing island scanning strategy[END_REF]. Similarly, non-standard strategies such as fractal scans had shown promising results in printing non-weldable superalloys which are highly susceptible to cracking [START_REF] Catchpole-Smith | Fractal scan strategies for selective laser melting of 'unweldable' nickel superalloys[END_REF].

Out of various scan strategies, remelting strategy where already printed layers are scanned again with the laser but without any new layer of powder being applied on top can modify the RS magnitude in as-built components. In an earlier study by Shiomi et al. [START_REF] Shiomi | Residual Stress within Metallic Model Made by Selective Laser Melting Process[END_REF] on 316L stainless steel, it was reported that re-scanning an already printed layer with 150 % higher power than that used for printing reduced the RS by approximately 55 %. Changing the scan speed for rescanning can also affect the final RS magnitude and it had been reported that using a higher speed led to increased RS levels [START_REF] Kruth | Assessing and comparing influencing factors of residual stresses in selective laser melting using a novel analysis method[END_REF]. For IN718, using 5% of the energy density used for normal printing for rescanning every layer resulted in a reduction of RS [START_REF] Park | Effect on microstructural and mechanical properties of Inconel 718 superalloy fabricated by selective laser melting with rescanning by low energy density[END_REF]. Also, it has been reported that remelting every 3 rd layer with the same power used for the primary printing resulted in approximately 25 % lower tensile RS at the surfaces [START_REF] Pant | A study of the influence of novel scan strategies on residual stress and microstructure of L-shaped LPBF IN718 samples[END_REF]. To manufacture high-value complex components, fine-tuning of the process parameters depending upon geometry and the material being used is required. In the current work, the investigation is focused on the influence of different process parameters used for remelting sequences for L-shaped samples manufactured using LPBF technology.

Material and Method

Samples from gas atomized Inconel 718 (IN718) powder with 10-45 µm particle size were printed using an SLM 125 HL (SLM Solutions Group AG, Germany) machine equipped with a soft rubber re-coater system and Argon was used as protective gas. In this study, L-shaped samples as shown in Fig. 1 were printed using four different scanning techniques for remelting. For primary printing of layers for all the samples, a strategy with 67° rotation of laser path between the layers was employed. The layer thickness was kept at 30 microns and a laser hatch distance of 0.12 mm was used. Stainless steel 316L was used as the build plate and the temperature of the build plate was kept at 200° C. In total 8 samples were printed, 2 for each scanning strategy. One set of samples was used to create a sliced sample for the measurement of the stress-free lattice parameter. The reference sample (RM-3) was manufactured employing a remelting scan after every 3 rd printed layer with the same process parameters as the primary printing. Details of samples printed for the current study together with respective parameters can be found in Table 1. The RS were measured using the neutron diffraction technique at the KOWARI beamline of ANSTO. The neutron diffraction method relies on using a particular set of hkl planes as a strain gauge and change in distance between the planes dhkl due to the RS is measured using Braggs law [START_REF] Hutchings | Introduction to the Characterization of Residual Stress by Neutron Diffraction[END_REF]. This measured distance is converted into strains using a stress-free sample where the same hkl planes are measured. For the current study 311 planes were measured as IN718 is FCC dominant material and this plane is least affected by texture and has high intensity as well [START_REF] Hutchings | Introduction to the Characterization of Residual Stress by Neutron Diffraction[END_REF]. Strains were measured parallel to the sample axes X, Y, and Z at four cross-sections as shown in Fig. 1. The stress components along these axes were calculated using elastic isotropy Hooke's law and elastic constant values for the 311 plane: E311 = 202 GPa and ν311 = 0.31 from [START_REF] Aba-Perea | Determination of the high temperature elastic properties and diffraction elastic constants of Ni-base superalloys[END_REF]. Uncertainty for the stress values calculated for each point was ~30 MPa. Details regarding experimental setup and the stress-free sample measurement and stress (force) balance in the crosssection can be found in [START_REF] Pant | A study of the influence of novel scan strategies on residual stress and microstructure of L-shaped LPBF IN718 samples[END_REF]. 

Results and Discussion

Results from the neutron diffraction measurements are presented in Fig. 2 for the cross-sections C1 and C2 in the different samples. For σz along the build direction (BD), tensile stresses near the surface are revealed, with a gradual change towards a compressive field in the center of the cross-sections for all the measured samples. Similar stress distributions with a stress magnitude between 600 -850 MPa near the surface and about -600 MPa in the central region are observed for all the samples. For the C2 cross-section, the tensile stresses are in general somewhat higher due to the presence of the hole. On the other hand, low tensile stresses near the surface, around 200 MPa, and compressive stresses of similar magnitude in the center region are observed for both σy and σx which are in the transverse (Y) and through-thickness (X) direction, respectively.

It is evident that keeping the energy density (ED) the same but increasing laser speed and power for the remelting sequence resulted in higher tensile stresses in BD in the RM-P sample in comparison to the reference sample (RM-3). This tensile stress increased by approximately 200 MPa and 150 MPa near the surface is observed in the C1 and C2 cross-sections, respectively. From Fig. 2 looking into sample RM-ED, increasing the energy density also gave higher stress in BD near the surface for both C1 and C2 cross-sections but in contrast to the RM-P sample a slightly lower increment was observed in C1, and a higher increment was observed in C2. When the remelting was performed on every layer in RM-1, no big variation in stress distribution and magnitude was found for the C2 cross-section but a slight increment in the C1 cross-section for the BD in comparison to the RM-3 sample. For the other stress components for all the samples, no significant variation in stress distribution was observed for C1 and C2 cross-sections.

Looking into the other two cross-sections, C3 and C4 (see Fig. 3 and Fig. 4), also reveals a stress change from tensile to compressive with moving from the outer surface towards the bulk of the cross-sections. Both the cross-sections in samples RM-P, RM-ED, and RM1 showed slightly lower values of stresses near the base plate (at Z=0) for the σy which is perpendicular to the cross-section. Higher stress levels of approximately 400 MPa and 200 MPa were observed near the top surfaces, Z= 55 mm, and 20 mm for C3 and C4 respectively. Similarly, a very low level of tensile stress is observed for σz close to the base plate for RM-P, RM-ED, and RM-1, and a greater region of higher compressive stress is seen in comparison to the RM-3 sample. As for σx, no big variation in stress distribution is observed in both the cross-sections between the samples and therefore are not presented here.

Remelting every 3 rd layer (RM-3) using the same parameters as for the primary printing reduced the surface tensile stresses by approximately 25 % as mentioned earlier [START_REF] Pant | A study of the influence of novel scan strategies on residual stress and microstructure of L-shaped LPBF IN718 samples[END_REF]. This is because one of the primary reasons for RS formation in AM is due to the temperature gradient between the consecutive layers and the temperature gradient between the layers is decreased as the remelting will elevate the temperature of the already cooled layer to a higher level and thus reduce the thermal strain developed during processing. Changing the laser power and scan speed while keeping the rest of the remelting parameters unchanged has modified the magnitude of the RS. This phenomenon can be linked to the difference in the resulting temperature rise of the solidified layers by the remelting sequence or cooling rate. In the case of the RM-P sample, both the laser power and speed were increased for the remelting sequence. Although the total energy input was the same as for the RM-3, due to the higher scan speed, heat conduction from the melt pool to the already solidified layers and bulk was quicker, resulting in higher thermal strains which created the higher magnitude of RS. In the case of the RM-ED sample, a higher energy input due to the increment in laser power led to more heat accumulation, leading to a greater heat-affected zone. Due to the slower scan speed, the heat accumulated gets dissipated to the bulk more gradually than in the RM-P sample so the change increment in RS is slightly lower than in the RM-P case, but the distribution remains the same. In the case of the sample without any remelting utilized, the effect of increasing energy density has been studied earlier and it has been reported that increasing energy density is not beneficial from the point of view of RS [START_REF] Simson | Residual stress measurements on AISI 316L samples manufactured by selective laser melting[END_REF][START_REF] Vastola | Controlling of residual stress in additive manufacturing of Ti6Al4V by finite element modeling[END_REF][START_REF] Mukherjee | Mitigation of thermal distortion during additive manufacturing[END_REF].

Remelting every layer (RM-1) did not show any significant change in RS magnitude and distribution in comparison to the RM-3 sample. In principle remelting every layer should increase the temperature of the already printed layers higher than doing it after every 3 rd layer but from the observation, there is no strong evidence to suggest that. This can be due to the use of the same energy density for both cases and this leads to the same penetration depth which is typically between 3 -4 layers. Thus, the heat affect zone will be similar. So, from point of view of reducing the time for printing remelting should be done based on the number of layers the laser can penetrate with one set of parameters. 

Conclusion:

With remelting, RS can be reduced in comparison to the normal printing with the same parameters, but careful selection of remelting parameters is important to achieve the desired reduction in surface RS. Here it was observed that the same energy density but with higher speed and power used for the remelting can increase the RS levels at the surface in the building direction. Similar nature of RS distribution and magnitude was also observed for samples with higher energy density for the remelting scan. In addition, remelting at every printed layer does not seem to have any positive influence on decreasing the RS levels. While this study demonstrates the dependence of RS on processing parameters for the re-melting strategy (RM), more comprehensive investigation is required to fine-tune and identify the optimum process parameters such as scan strategy, power, speed, number of layers after which re-melting is to be done, etc., for remelting to be adopted as one of the methods to reduce the RS in as-built samples.

Fig. 1

 1 Fig. 1 Sample geometry and measured cross-sections with measured points (each point represents gauge volume size of 2 x 2 x 2 mm 3 )

Fig. 2

 2 Fig. 2 Measured stress distribution for different samples for C1 and C2 cross-sections

  

  

Table 1

 1 Samples and parameters used for printing

		Power	Speed	Energy	Remarks
		(W)	(mm/s)	density (ED)	
				(J/mm 3 )	
	Primary	200	900	61.7	Same for all the samples
	printing				
	RM-3	200	900	61.7	Remelting every 3 rd layer with
					the same strategy as for primary
					printing
	RM-P	300	1350	61.7	Remelting every layer with
					higher speed and power but the
					same ED
	RM-ED	300	900	92.59	Energy density changed and
					remelting was done every 3 rd layer
	RM-1	200	900	61.7	Remelting done every layer
					with same ED as RM-3
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