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Abstract
The main challenge associated with the application of Selective Laser Melting (SLM) to Ni-based superalloys is the performance of process optimisation to maximise the mechanical properties. The energy density parameter has typically been used as a semi-quantitative approach to identify the energy threshold beyond which the material achieves virtually full consolidation. Nonetheless, some Ni-superalloys are susceptible to crack formation during SLM, which cannot be avoided via process optimisation. In this report, a comparative study is presented showing the utility of the energy density parameter in process optimisation for  and / strengthened Ni-based superalloys. For both classes, it was found that the build density increases (i.e. void area (%) decreases) with the increase in the energy density. Nonetheless, no direct correlation can be found between the energy density parameter and the cracking density. 

Introduction
Selective Laser Melting (SLM) is a process of ever growing interest and popularity for the production of Ni-based superalloys netshape components directly from metal powder. The specifics of SLM and its position within the family of technologies that make up ‘Additive Manufacturing’ is well documented; technology overviews and review papers can be found elsewhere 1-4. As the interest in this, and other, additive manufacturing methods grows, so does the drive for high quality research to understand the process and its influence on the microstructure, mechanical properties, and behaviour of a wide range of Ni-based superalloys. 
Previous work presented by Carter et al. 5, 6 has examined process optimisation of SLM for high  volume-fraction alloys and associated microstructural in-homogeneity induced by the laser scanning strategy7. There has been significant focus on the alloy IN718 due to its weldability typified by the studies performed by Liu et al.8, 9 and Amato et al.10 which examine the microstructure with relation to the mechanical properties. Similar research has be carried out on Nimonic 263 by Vilaro et al.11 focussing on residual stress development; the study presented by Rickenbacher et al.12 examining the mechanical properties of IN738LC and the detailed investigation into the influence of pulse shaping on SLM fabricated IN625 presented by Mumtaz & Hopkinson13. These studies illustrate the range of research being carried out in this field and the interest specifically in the SLM forming of nickel alloys driven by both academic and industrial entities. 
This paper summarises a number of studies examining SLM processing of various Ni-base superalloys, focusing on the application and validity of using a combined ‘energy density’ parameter to combine three of the key processing parameters. 

Energy Density Studies
Energy Density Introduction
Parametric studies of SLM can be complex and lengthy due to the large amount of process variables involved. Studies have shown that certain measured responses can be related directly to a combined energy density parameter14, 15, which can effectively reduce the complexity of parametric studies. Other studies employed statistical methods (e.g. Taguchi method or factorial experiments), which can speed up the optimisation process using a ‘black-box’, yet without probing the physics behind the process.
The results presented here have been collated from a number of parametric studies in which the individual process parameters were investigated for various Ni-based superalloys, including -strengthened alloys (CM247LC and CMSX486) and /-strengthened alloys (IN625 and IN718). Electron microscopy and image analysis using stereological methods were used to quantify the void (porosity) area (%) in CM247LC, CMSX486, IN625, and IN718, as well as the cracking density in the crack susceptible alloys (CM247LC and CSMX486). The exact methodology is described elsewhere 5, however, in general terms, a threshold was applied to micrographs to produce a binary image. The defects showing an area of > 500 m2 (≈  25 μm) were defined as pores, with the sum of their areas was presented as a percentage of the total micrograph area examined. Smaller large aspect ratio defects were defined as cracks and their length approximated by the Feret diameter, which was summed and averaged with respect to micrograph area giving a cracking density in mm/mm2. At the current time, no research has been carried out into the correlation between the sectioned image analysis and 3-dimensional volumetric data. 
All studies were carried out using the Concept Laser M2 SLM facility located at the University of Birmingham, using argon gas atomised powder (+15 -53 m) processed under argon atmosphere (<0.1% O2). The laser power can be controlled up to the maximum of 400 W, with a maximum scanning speed of 7000 mm/s and the hatch spacing between the scan vectors defined by the a1 parameter as in Equation 1.  
		- Equation 1
Due to the collated nature of the data, the methodology for each study varied slightly. Table 1 provides key study details for each of the investigated materials. Equation 2 shows the calculation of energy density (J/mm2).
 		- Equation 2
Other studies in the literature have used a volumetric energy density function (J/mm3) which also includes the layer thickness 14, 15. These studies have not specifically investigated the layer thickness as a parameter (all but the IN718 study being carried out using a constant 20 μm layer thickness); additionally the high degree of re-melting between layers (often several layers thick) calls into question its relevance as in the energy density function. The two-dimensional energy density function has therefore been used for this study, although future detailed investigations may focus on the relevance of layer thickness. 
The nominal composition of each of the alloys investigated is provided in Table 2 for reference. 
Figure 1 shows typical backscattered electrons (BSe) Scanning Electron Microscope (SEM) micrographs of CM247LC that were used to quantify the cracking density and void area (%). Figure 1 (a) shows a sample containing large voids with partially melted powder particles, which is a typical low energy density condition, whereas Figure 1 (b) shows a sample showing only cracks, mostly along the build direction. 

[bookmark: _Ref357679558]Table 1: Key investigation details for parametric studies of CM247LC, CMSX486 & IN625
	Material
	CMSX486
	IN625
	CM247LC 
	CM247LC 
	IN718

	Powder Supplier
	Carpenter
	LPW Technology
	LPW Technology
	LPW Technology
	Erasteel

	Laser Power Range Investigated (W)
	100 - 200
	100 - 200
	100 - 200
	200-400
	125-376

	Scan Speed Range Investigated (mm/s)
	500 - 2500
	1000 – 3000
	400 - 2000
	1000-3500
	580-1420

	Layer thickness (m)
	20
	20
	20
	20
	30

	Hatch Spacing Range Investigated (a1)
	0.2 – 0.8
	0.2 – 0.8
	0.2 – 0.53
	0.2-0.8
	0.37-0.7

	Laser scanning strategy
	Islands
	Islands
	Islands
	Raster
	Raster

	Analysis Method
	BSE SEM
	Optical
	BSE SEM
	BSE SEM
	Optical

	No. of Micrographs per Specimen
	28
	11
	30
	21
	64

	Approximate Area of Each Micrograph (mm2)
	0.24
	0.47
	0.24
	0.05
	1.86

	Specimen Dimensions (X,Y,Z)(mm)
	10, 10, 20
	10, 10, 20
	10, 10, 20
	10, 10, 10
	10, 10, 10



Table 2: Nominal compositions of the alloys under investigation (wt. %)
	
	C
	Cr
	Ni
	Co
	Mo
	W
	Ta
	Ti
	Al
	B
	Zr
	Hf
	Re
	Nb
	Fe
	Mn
	Cu

	CM247LC
	0.07
	8
	Bal.
	9
	0.5
	10
	3.2
	0.7
	5.6
	0.015
	0.01
	1.4
	N/A
	N/A
	N/A
	N/A
	N/A

	CMSX486
	0.07
	5
	Bal.
	9.3
	0.7
	8.6
	4.5
	0.7
	5.7
	0.015
	0.005
	1.2
	3
	N/A
	N/A
	N/A
	N/A

	IN625
	0.05
	21.5
	Bal.
	N/A
	9
	N/A
	N/A
	0.2
	0.2
	N/A
	N/A
	N/A
	N/A
	3.6
	2.5
	N/A
	N/A

	IN718
	0.08
	17-21
	50-55
	1
	2.8-3.3
	N/A
	N/A
	0.3
	0.65-1.15
	N/A
	N/A
	N/A
	N/A
	4.75-5.5
	Bal.
	0.35
	0.2-0.8
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[bookmark: _Ref409601162]Figure 1: BSE SEM micrographs showing SLM fabricated CM247LC; (a) illustrates a typical sample showing large voids and (b) a sample showing cracking.

Energy Density Results
Figure 2 shows the void (porosity) area (%) measured by images analysis of all the samples in the five different studies plotted against the energy density. The dashed line indicates the approximate boundary between the high and low void area (%) regions of the processing window; this boundary occurs at approximately 1.7 J/mm2 for all the nickel superalloys examined (equates to 85 J/mm3 if the layer thickness is considered). All the investigated alloys demonstrated the same trend, whereby the increase in the energy density results in a decrease in the void area (%), until a threshold energy density is achieved. Interestingly, the void area (%) does not increase again at higher energy density levels, which might have been expected if over-melting (e.g. evaporation or turbulent melting) was experienced. Figure 3 shows the cracking density of the cracking susceptible alloys (CM247LC and CMSX486) plotted against energy density; this relationship is much more complex than that for the void area (%). Nonetheless, the scatter of the CM247LC data appears to show a cracking density that increases with the increase in the energy density.
[image: ]
[bookmark: _Ref357761512]Figure 2: Void area (%) plotted against energy density generated from the collated results of five different studies relating to SLM of Ni-superalloys. 
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[bookmark: _Ref357762689]Figure 3: Cracking density and plotted against energy density for SLM fabricated CM247LC & CMSX486 generated from the collated results of three different studies.

Energy Density Discussion
Figure 2 clearly illustrates how the energy density can be used to define the portion of the processing window where ‘full-consolidation occurs’. In this instance, ‘full-consolidation’ refers to the point at which no large voids are present within the material, i.e. the SLM process has fully melted and densified the powder regardless of the other defects that may be present (for example residual gas-porosity introduced by the power feedstock, or microcracks within the material). The boundary between the fully consolidated material and material containing large voids is clearly visible in this case (occurring at approximately 1.7 J/mm2) and this energy density threshold could in future be used to quickly eliminate certain regions of the processing window of the system for future parametric studies. Additionally this threshold appears to be reasonably constant for all the Ni-based superalloys examined, interestingly regardless of the exact individual process parameters. This is a logical result as, regardless of final mechanical properties or usage, all Ni-based superalloys are likely to have a fairly similar absorption coefficient for this wavelength of radiation and a reasonably similar melting point. The threshold energy density value at which this occurs is most likely a relationship between the energy required to heat and melt the material, the specific absorption of the laser energy and the heat transfer properties of the material. The values for CM247LC, CMSX486 and IN625 (1.6, 1.4, 1.6 J/mm2 respectively) are all very similar and are consistent with the research presented by Wu et al. 15 that found the threshold value for Hastelloy X to be  1.5 J/mm2 which is comparable to the threshold value shown here. The research presented by Olakanmi et al. 14 investigated the SLM fabrication of an aluminium alloy (Al-12Si) and included the layer thickness in the energy density calculation (i.e. J/mm3) showing that maximum density was achieved at 67 J/mm3. Taking an average value for the threshold of consolidation for the Ni alloys presented here of 1.5 J/mm2 and by considering the constant layer thickness of 20 m then, by contrast to Al-12Si, this equates to a volumetric energy density of  75 J/mm3. 
Figure 3 shows the cracking density (in those materials susceptible to weld cracking) plotted against energy density. In sharp contrast to Figure 2, there is no clear trend or threshold within the data. At best, it could be stated that a general trend appears to show cracking density increasing with energy density, however in this case there is a distinct risk of drawing false conclusions from the data without fully appreciating the experimental method. Based purely on the graph in Figure 3, it might be stated that the cracking density in CM247LC drops sharply below an energy density of approx. 1.8 J/mm2 however this would be an erroneous conclusion as below 1.8 J/mm2 large voids begin to appear in the samples (see Figure 2). These voids occupy a larger and larger portion of the micrographs as the energy density is reduced and therefore a smaller portion of solid material is visible for the cracking quantification. This change in analysed area is not taken into account during the image analysis process and it is assumed that the area of material analysed is always equal to the visible area within the micrograph; therefore the cracking density appears to drop sharply as the fraction of large voids increases. 
Furthermore, examining the portion of Figure 3 in the region of energy densities greater than 1.8 J/mm2 there is no clear trend in the data for the CM247LC (High Power) and CMSX486 studies. There does appear to be an almost linear trend in CM247LC (Low Power) study relating cracking density to energy density, however, examination of the experimental details reveal this to also be an erroneous conclusion. Due to the nature of the CM247LC (Low Power) study (full details can be found elsewhere 5) , the energy variation was achieved in many of the points by varying the laser scan speed and power, only a few samples were investigated where the scan spacing was the variable, these points relate to the low cracking density points seen at approximately 2.2 J/mm2 and 3.3 J/mm2.
By considering the void formation and the crack formation cases individually, further understanding can be gained. The formation of large voids in SLM fabricated material is due to the inability of the process to fully consolidate the material under that particular set of processing conditions. This is most likely due to the molten pool being insufficiently wide or cold to consolidate the current laser scan track with the surrounding material. By extending this idea, it is easy to see how increasing the laser power, or decreasing the scan speed would result in a greater energy input to the material and so a larger melt pool, and also that by reducing the scan spacing a smaller melt pool could also be accommodated to result in full consolidation. As these are the parameters combined to form energy density the idea of a threshold value at which full consolidation occurs is very logical. This threshold energy density for full consolidation could prove very useful in future work. By collecting threshold values for all materials processed by SLM and building a library it may be possible to ultimately link these values to the fundamental material properties (previously mentioned) and as such provide a good indication as to the processing window for new materials. This would allow initial process parameters to be quickly identified and reduce to the length and complexity of parametric studies. 
The more complex interaction between cracking density and energy density seen in CM247LC and CMSX486 illustrates the limitations of using the energy density as a combined processing parameter. When considered in terms of energy density, these results are unclear and the individual interactions of the laser power, speed and spacing cannot be identified. The cracking behaviour can be much better understood by considering each parameter individually and by combining the measurements with the observation of the crack structure (outside the scope of this paper). As cracking is largely governed by the formation of residual stresses within the material, other factors such as laser scanning strategy and build geometry must also be considered. 
The approach can be useful in creating porous structure, especially that the consolidation regime (prior to the threshold) shows somehow a linear trend, which can be used to tailor a specific level of porosity to control the mechanical properties or density, Figure 4. 
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Figure 4: The consolidation regime in IN625, showing a) a low power build with a high void area (E = 0.5 J/mm2) and b) the optimum build with low void area (E = 2.2 J/mm2)
Combining several processing parameters into one overall parameter is an attractive option in order to reduce the length of parametric studies however, this collected research has illustrated that caution must always be used as information is always lost when doing this. The energy density function has therefore proven to be of interest when assessing the parameters required for full consolidation however has not proven to be effective when examining the cracking density of certain alloys. 
Overall Conclusions
[bookmark: _GoBack]The collated research presented here has shown the value of comparing results across similar studies. The composite ‘energy density’ parameter has proven to be a useful tool in quickly assessing the processing window by proving a boundary for complete consolidation. In the case of the IN625 study this allowed for the optimisation of the process parameters to be based on processing speed once this window had been established. However with the use of this parameter, and every method where parameters are combined, a certain level of detail and potential understanding is lost; this was illustrated in the cracking density data. 
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Figure Captions:
Table 1: Key investigation details for parametric studies of CM247LC, CMSX486 & IN625
Figure 1: BSE SEM micrographs showing SLM fabricated CM247LC; (a) illustrates a typical sample showing large voids and (b) a sample showing cracking.
Figure 2: Void area (%) plotted against energy density generated from the collated results of five different studies relating to SLM of Ni-superalloys.
Figure 3: Cracking density and plotted against energy density for SLM fabricated CM247LC & CMSX486 generated from the collated results of three different studies.
Figure 4: The consolidation regime in IN625, showing a) a low power build with a high void area (%) (E = 0.5 J/mm2) and b) the optimum build with low void area (%) (E = 2.2 J/mm2)
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