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Abstract 
[bookmark: _Hlk62038334]This work presents the effects of input processing parameters and strut thickness (in square struts) on microstructure and properties in laser powder bed fusion additively manufactured stainless steel 316L lattice-emulating structures. Lattice-emulating X-structures with square cross-sections of 1.5, 1.0, and 0.5 mm were fabricated using three different parameter sets with varying power, speed, and therefore, linear energy density. Grain size and morphology were shown to be dictated by epitaxial growth, which was dependent on weld pool morphology. Additionally, grain size and morphology were shown to change across the thickness direction of the struts (from the bottom inclined surface to the top inclined surface). The spatial variation in grain size was reflected by changes in hardness through the thickness of each strut. The 0.5 mm struts exhibited more significant grain elongation in the strut direction and larger sub-grain solidification cell diameters than their thicker counterparts. The larger sub-grain solidification cell diameters in the 0.5 mm samples resulted in correspondingly lower hardness values when compared to samples of higher thicknesses. 
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Introduction 
Additive manufacturing (AM) provides the ability to fabricate parts with geometries that are challenging or impossible to produce with traditional subtractive methods, including lattice structures and other topologically optimized geometries [1,2]. Lattice structures are three-dimensional networks of unit cells that offer high elastic modulus, specific strength, and energy absorption capacity; thus these structures may provide routes for lightweighting of components [1,3,4]. Stainless steel 316L (SS316L) may be viewed as an alternative to Ti-6Al-4V in AM lattice structures, commonly selected for its high specific strength and corrosion resistance, based on the higher ductility, lower sensitivity to residual stress and cracking, and lower cost of SS316L [5]. However, before these lattices and other topologically optimized structures are employed, it is imperative to understand how the properties of the struts and nodes differ from those of bulk components.
During AM, high cooling rates, repeated thermal cycling, and spatially and temporally varying thermal gradients during layer-by-layer melting with a high-power laser lead to complex non-equilibrium microstructures. Cellular solidification structures in AM SS316L are caused by the non-equilibrium conditions during solidification leading to constitutional supercooling in the liquid and rejection of solute into the cell walls, in this case primarily Mo and Cr [6–12]. As a consequence of the enrichment of these larger elements, the cell walls are densely populated with geometrically necessary dislocations [6–8,10,13–15]. The cellular structure, along with grain boundary strengthening, has been hypothesized to be a key factor resulting in the high strength of parts made by AM due to the impediment of dislocation motion [6–8,10,13–16]. For FCC crystals, these columnar cells grow preferentially in the <100> directions along the maximum thermal gradient, occurring perpendicular to the weld pool boundary [17–24]. However, nucleation energy can be decreased by growing epitaxially from the crystal below the melt pool. This epitaxial growth can occur in either the same primary direction, or a secondary growth direction, which is perpendicular to the primary direction and in this case adopts the same crystal orientation by cubic symmetry. This epitaxial growth often leads to elongated grains along the vertical build direction [19–21,23–26]. 
However, the minimization of mismatch angle between the epitaxial direction and maximum thermal gradient can lead to varied growth preferences resulting in significant changes in grain morphology. Several studies have shown that differences in scanning strategy can result in {100} or {110} texture preferences along the vertical build direction based on the effects of weld pool stacking, defined by the multitudes of variations in weld pool shape and the relative locations of each weld pool, controlled by processing parameters such as power, speed, and hatch spacing, on the thermal gradient and mismatch angle [19,20,23,24]. 
As established by welding literature, solidification structures in AM can be described by the thermal gradient in the liquid at the solid-liquid interface, G, and the growth rate of the solidification front, R, of the melt pool. The different ratio of G/R dictates the morphology of the solidification structures, which can be cellular structures, columnar dendrites, or equiaxed dendrites. The cooling rate, GR, determines the size of the solidification structures [17]. Cooling rate in laser PBF has also been shown to be roughly inversely proportional to linear energy density (LED, power/velocity) [22]. Therefore, changing LED should impact solidification behavior without significantly affecting part density, as long as hatch spacing and layer thickness are appropriately controlled [27–29]. 
In studies attempting to optimize design for AM lattice structures, relative density, repeat unit size, unit geometry, strut length, and strut thickness are often altered [30,31]. Finite element analysis is commonly used to predict and optimize the mechanical properties of these complex lattice structures with varying shapes and sizes; however, these methods are often not validated by experiments as they assume isotropic bulk mechanical properties for the lattice struts and nodes.  Microstructural non-homogeneities coupled with significant differences between as-designed and as-built geometry in the form of surface roughness leads to property differences between as-modeled and as-fabricated lattices [32–34]. With increasingly small feature size, fewer grains are present within single struts, increasing the importance of understanding how variations in microstructure (e.g., grain size, morphology, and texture), and the proportionally large importance of surface roughness, impact lattice properties compared to bulk materials. 
While researchers have characterized microstructure in bulk AM stainless steels, there are limited published studies on the effects of complicated part geometry on microstructure and resultant properties for SS316L. Relationships between geometry, microstructure, and hardness have been explored in analogous studies of AM Ti-6Al-4V and AlSi10Mg [35–43]. These studies have observed finer microstructural features in general, and in Ti-6Al-4V, appearance of α’ [36,38,39,41–43]. These fine features, associated with higher cooling rates caused by lower total heat input locally within each layer in thin samples, corresponded to an increase in hardness in thin block and fin geometries compared with bulk samples [36,39–43]. Changes in total heat input have also been shown to impact microstructures in AM SS316L. Piazza et al. fabricated cylindrical and cone shaped SS316L bulk parts with equal base diameters finding that the hardness values of the cylindrical part were more sensitive to changes in processing parameters [44]. The upper layers of the cylindrical part had larger areas requiring higher cumulative heat inputs, which exceed the heat extraction capacity of the geometry below; thus; when higher energy processing parameters were employed, the cylindrical part underwent more drastic heat accumulation which resulted in slower cooling rates [44]. Similarly, Mohr et al. demonstrated how feature geometry may restrict heat flow, contribute to heat accumulation, and alter microstructure by fabricating bulk prisms atop 2 and 6 mm connections to the base plate that then connected to the bulk [45]. Leicht et al. and Niendorf et al. both demonstrated grains were elongated along the vertical direction in vertical and inclined struts similar to bulk material [46,47]. At the surface of the vertical struts, small randomly oriented grains were elongated toward the center of vertical struts [46,47]. Wang et al. showed similar changes at the edge of the struts, and a transition from <110> to <100> texture in vertical struts below a thickness of 0.25 mm due to changes in heat flow [16]. Pauzon et al. fabricated 1 and 3 mm thickness tensile specimens and observed a possible variation in sub-grain solidification structures, though with low certainty, and no difference in hardness was observed [48]. While it is clear that part geometry impacts AM microstructures, relationships between process parameters, structure, and properties have not been well established for SS316L parts with small geometries. There are a lack of investigations that report local changes in microstructure when fabricating an inclined strut over powder, and how different processing parameter sets affect these changes. This is particularly important in struts that are 1 mm and thinner, as these are proportionally more affected by edge effects. Furthermore, there has been limited quantitative information on the effects of processing and thickness on SS316L sub-grain solidification structures in thin struts. 
The aim of this study was to separate the effects of input processing parameters and strut thickness on grain and sub-grain characteristics in AM SS316L inclined lattice structures. Lattice-emulating X-structures were fabricated using laser powder bed fusion (PBF). Three different parameter sets were used, and each parameter set was used to fabricate structures with different strut thicknesses. Grain size (in terms of an equivalent grain diameter), grain morphology, and sub-grain cell diameters were compared for each parameter set and strut thickness. Additionally, grain size and morphology were characterized as a function of position across the struts. Hardness was also measured and compared between parameter sets and thicknesses as well as a function of position across the struts (i.e., from the bottom inclined surface to the top inclined surface, referred to here as along the strut thickness).
Methods 
Fabrication
Samples in this study were fabricated using an EOS M290 with a laser spot size of 100 µm and a maximum power of 400 W. Powder composition is given in Table 1. Three parameter sets that varied LED by changing power and scanning velocity were selected for this study as shown in Table 2. Parameter set 1 (P1) corresponds to the optimized settings from the machine manufacturer, parameter set 2 (P2) increased LED by decreasing speed and maintaining power, and parameter set 3 (P3) had the same LED as (P2) but at a lower power and a correspondingly lower scanning speed. All samples were fabricated on one build plate, where processing parameters were varied within the single build.
[bookmark: _Ref56513710]Table 1. Chemical composition of powder used for the X-samples and SS316L plate used for single-track testing (weight percent). Average particle size = 27.7 μm.
	
	Fe
	Cr
	Ni
	Mo
	Mn
	Si
	N
	O
	C
	Cu
	S
	P

	Powder
	64.7
	18.07
	13.17
	2.26
	0.91
	0.71
	0.072
	0.03
	0.02
	0.015
	0.011
	0.006

	316L Plate
	Bal
	17.11
	10.09
	2.06
	1.22
	0.46
	0.052
	
	0.016
	0.310
	0.001
	0.030



[bookmark: _Ref48430528]Table 2. PBF parameters for fabrication of the lattice emulating X-samples. Percent porosity is reported for the 1.5 mm samples.
	
	Power,
P (W)
	Scanning Velocity,
v (mm/s)
	Linear Energy Density,
LED (J/mm)
	Hatch Spacing, h (µm)
	Layer Thickness,
t (µm)
	Volumetric Energy Density,
VED (J/mm3)
	Measured Percent Porosity

	P1 (Nominal)
	214
	928
	0.23
	100
	40
	57.5
	<0.01%

	P2 (High LED)
	214
	535
	0.40
	130
	
	76.9
	0.2%

	P3 (Low P, High LED)
	100
	250
	0.40
	110
	
	90.9
	1.2%

	Up-skin
	150
	515
	0.29
	100
	
	72.8
	-

	Down-skin
	74
	951
	0.08
	90
	
	21.6
	-



To determine appropriate hatch spacings for each parameter set, single-track laser scans, without powder, were conducted on a SS316L plate, with the composition (provided by supplier, Outokumpu) given in Table 1, similar to He et al. [49]. Single-track samples were sectioned, mounted, and polished using standard metallographic techniques to a final polish of 0.05 µm alumina, and electrolytically etched using 10% oxalic acid to reveal weld pools. The depths, widths, and morphologies of the weld pools were characterized. Single-track samples without powder provide a conservative approximation of weld pool geometry as the plate provides an optimal heat transfer condition with no radiative heat transfer in the downward vertical direction or contact resistance between powder particles, which would result in heat losses if powder were present; therefore, performing these measurements without powder results in the smallest weld pool geometries, providing conservative estimations of required hatch spacing and layer height. The hatch spacing necessary for dense PBF builds was determined based on the width of the track at the depth corresponding to the PBF layer height, 40 µm, as shown in Figure 1. This ensures higher density values for the resulting bulk samples produced with powder as any welds produced will be equal or larger in size to what is predicted from the plate values.
[image: ]
[bookmark: _Ref51760335]Figure 1. Single-track melt pool morphologies for the (a) nominal (P1), (b) high LED (P2), and (c) high LED, low power (P3) parameter sets. (d) Example of measurements taken from cross-sections to determine hatch spacing.
X-shaped structures, with the geometry shown in Figure 2 were fabricated using each parameter set to emulate the thin struts in lattice structures with thicknesses of 1.5, 1.0, and 0.5 mm. The P3, 0.5 mm samples were not successfully built and were not included in this analysis. The X-shaped structures were designed to provide a simplified planar structure compared to lattice structures for streamlined characterization. The X-shaped planar structures differ from fully three-dimensional lattices, and therefore do not represent an identical match in thermal history to a full lattice structure; however, they allow for a direct connection between thickness, parameters, microstructure, and hardness. Samples of the same thickness were spaced 0.35 mm apart for improved buildability and support on a standard build plate of 1030 carbon steel from EOS. The different thicknesses were spaced 20 mm apart. A bi-directional scan pattern was employed with 60° rotations between each layer. For all three parameter sets, lower energy contours were used for the top and bottom 120 µm of each inclined surface (shown in Figure 3) as indicated by the up-skin and down-skin surface parameters in Table 2. The surface parameters were selected based on recommendations from the manufacturer. As the focus of this study was on changes to bulk parameter settings in thin struts, contour settings were kept constant across samples to isolate the effects between samples to the changes in bulk parameter sets and strut thickness. The hatch spacings of each parameter set, determined by the width of the track at the 40 µm depth in single-track laser scans, are also listed in Table 2.  It is worth noting that changes to hatch spacing have impacts on total heat input, represented here by volumetric energy density [27,28]. 
[image: ]
[bookmark: _Ref50835011][bookmark: _Ref50835003]Figure 2. Engineering drawing for the X-samples. Thickness (t) also corresponds with out of plane thickness (all dimensions in mm). Area of analysis in the upper strut for EBSD and grain analysis, SEM for cell size analysis, and positional hardness analysis is marked in gray.
X-ray computed tomography was conducted using a ZEISS Xradia Versa 520 with a voxel size of 12.6 μm, providing the ability to resolve pores with dimensions greater than about 38 μm, to collect porosity percentages in the 1.5 mm samples. Measured values are presented in Table 2.
Characterization
Following polishing, electron backscatter diffraction (EBSD, Oxford Symmetry) analysis was conducted with a step size of 3.0 μm. Grain characterization was performed in MTEX [50]; grains were segmented with a threshold angle of 10° and grains with areas less than 10 pixels were removed. 
Samples were etched for weld pool and solidification structure characterization via scanning electron microscope (SEM, ThermoFisher Scientific Apreo). For characterization of cell size, images were collected in which cells had grown primarily out of plane as shown in a representative image in Figure 3. To ensure statistical significance, 12 images were collected for each sample: 6 at the node and 6 at the center of each strut. MATLAB image processing was used to measure the diameters of the cellular solidification structures [51]. Cellular structures are assumed to be long cylinders where any deviation in the orientation of the cells can be accounted for by measuring the minor axis of the cells, which is equal to the diameter of the cylinder. 
[image: ]
[bookmark: _Ref48430580]Figure 3. (a) Optical micrographs of etched sample overlaid by its build direction inverse pole figure (IPF) map for the nominal (P1) sample’s upper strut with (b) grains spanning many weld pools due to epitaxial growth. Gray regions indicate surface area where up-skin/down-skin surface parameters were applied. Area outlined with dotted lines represents region used for grain size analysis in Figure 6. SEM images of cellular structures (c) growing out of plane and (d) epitaxially with a {110} texture preference in the build direction. Arrows indicate the <100> growth direction of cells. Cells growing perpendicular to one another have the same crystal orientation by symmetry. 
Vickers microhardness measurements were performed with a force of 100 g and 10 sec dwell (Leco MHT Series 200). Hardness measurements taken at nodes and across the struts were spaced according to ASTM E92-17, with spacings greater than 3 indentation diagonal lengths [52]. 
Simulation of Cooling Rates to Predict Cell Diameters
To estimate cooling rates for the three different process parameter combinations, approximate temperature fields were calculated using Rosenthal’s solution for a moving point heat source, which gives [53,54]:
[bookmark: _Ref56070306]				 Eqn. 1
where R is the distance from the point source, x is the horizontal distance from the point source, T0 the ambient temperature, k the thermal conductivity,   the thermal diffusivity, and A the absorptivity. The thermal parameters were taken at the melting point and assumed constant with the values given in Table 3, while power (P) and velocity (v) were varied according to parameter set. The solution assumes a semi-infinite plate, radiant loss is not considered, and latent heat of solidification is not considered. Additionally, the Rosenthal calculations do not consider laser energy distributions or powder bed absorption. Calculations were performed in MATLAB with 1 µm resolution for each parameter set in this study.
[bookmark: _Ref51778503]Table 3: List of properties for SS316L used in Rosenthal calculations.
	Property
	Value
	Reference

	Ambient temperature (T0)
	200 °C
	

	Melting temperature (Tm)
	1375 °C
	[55]

	Thermal conductivity (k)
	29.5 W/mK
	[56]

	Thermal diffusivity (α)
	0.05 cm2/s
	[57]

	Absorptivity (A)
	0.35
	[58]



Results and Discussion
[bookmark: _Ref62013635]Grain Size and Morphology
 As shown in Figure 1, the single-track melt pool morphologies of the three parameter sets varied widely. While the nominal (P1) and high LED, low power (P3) samples appeared to be within the conduction mode, the shapes of the weld pool boundaries are slightly different. The high LED parameter set (P2) had a drastically different weld pool geometry, indicating that these parameters are approaching keyhole melting.
Etched images of the 1.5 mm X-shaped structures are overlaid with the vertical build direction inverse pole figure (IPF) maps in Figure 4. For each parameter set, grains extended across multiple weld pools along both the horizontal and vertical direction. A higher magnification image of the nominal parameter set (P1) is shown in Figure 3, along with examples of the solidification structure and EBSD of each upper strut is shown in Figure 5. Different weld pool shapes, as seen in single-track samples, and hatch spacings lead to different grain morphologies based on the varied alignments of thermal gradients and possibilities for epitaxial growth. Since growth occurs perpendicular to the weld pool boundaries, the difference in weld pool interactions caused by weld pool shape and parameter hatch spacings likely led to the differences in grain morphology shown in Figure 4. 
[image: ]
[bookmark: _Ref48435823]Figure 4. Optical micrographs of etched samples overlaid by their corresponding build direction IPF maps for the (a) nominal (P1), (b) high LED (P2), and (c) high LED, low power (P3) samples. Grains span many weld pools, differently shaped for each process, due to epitaxial growth.
[image: ]
[bookmark: _Ref56437043]Figure 5. Build direction IPF maps of the upper struts of each thickness for the nominal (P1), high LED (P2), and high LED, low power (P3) samples.
Distributions of the equivalent grain diameters and aspect ratios of the upper struts for each sample are shown in Figure 6. Surface grains were removed from these distributions, i.e., any grains with centroids less than 150 μm away from the top inclined surface of the strut or with centroids that extended past the planned strut thickness, corresponding to the roughness at the bottom inclined surface as shown in Figure 3. A limited number of grains are available for quantitative analysis, constrained by the large grains in limited areas; thus, caution is advised in observing these data as overly quantitative, particularly in the 0.5 mm samples, which include around 200 grains, compared to around 800 grains in the 1.5 mm samples. 
Each parameter set, as shown in Figure 5, had impacts on grain morphologies based on different preferences of epitaxial growth regardless of strut dimensions: the grains in the nominal sample (P1) were elongated in either the vertical direction or at a slight angle, the grains in the high LED sample (P2) were scallop shaped and elongated slightly off of vertical, and the grains in the high LED, low power sample (P3) changed elongation direction more frequently. Quantification of equivalent grain diameters and aspect ratios indicates little to no variation as process parameters are varied. For instance, the average equivalent grain diameter and aspect ratio of the nominal parameter set (P1) are slightly higher than the high LED sample (P2) in the 1.5 mm samples, but the opposite is true in the 1.0 mm samples. The small number of grains, however, could impact whether or not these trends are accurate. The lack of changes in these metrics despite the obvious visual differences in microstructure are noteworthy as they illustrate the shortcomings of equivalent grain diameter/aspect ratio metrics in non-equiaxed and heterogeneous grains present in AM; this is amplified by the limited area present in thin struts and the lack of three-dimensional information. 
While there does not appear to be a consistent trend in changes to equivalent grain diameters and aspect ratios between the processing parameters, when observing the measured grain aspect ratios in combination with the EBSD images in the 0.5 mm samples there appears to be an increase in aspect ratio in these thinner samples. This is likely caused by changes in heat flow promoting grain elongation along the strut direction. When melting over powder, as opposed to dense solidified metal of previous layers, heat flow is limited along the vertical direction and is primarily directed toward the bulk of the preceding layers along the strut direction. The 0.5 mm samples are proportionally more impacted by the influence of the powder and because there is less surrounding dense material to conduct heat, are more thermally restricted compared to thicker samples, with the heat most readily being conducted along the strut direction. This results in a higher preference for elongation in the strut direction and correspondingly higher grain aspect ratios in the 0.5 mm samples. Wang et al. observed a similar effect of the effect of changes in heat flow in very thin vertical struts, which resulted in a high preference for <100> growth in the vertical direction compared to <110> preferences in thicker struts [16].  
[image: ]
[bookmark: _Ref50712388]Figure 6. Equivalent grain diameter (top) and aspect ratio (bottom) distributions for the struts of each 1.5 mm (left), 1.0 mm (center), and 0.5 mm (right) sample. Averages are reported in the legend.
Dependence of Grain Morphology on Position 
To further describe the effects of small part geometries on microstructure, grain size variation across a strut is investigated as shown in Figure 7 by plotting a simple moving average of equivalent grain diameter, Gi, versus the moving average of the distance of the grains from the bottom edge, Xi, with these variables given as:
,				 Eqn. 2
where Di is the equivalent diameter of each grain, di is the distance of each grain centroid from the top edge, and n is the number of grains over which the moving average is calculated, in this case 50 grains. Note that the bottom inclined surface is defined based on the designed distance from the top smooth surface (i.e. x=0 in Figure 7 is 1500 µm away from the top edge for the 1.5 mm sample). The approximate up-skin and down-skin regions are denoted as 120 µm from the top and 120 µm from the assumed bottom of the strut. 
Across parameter sets and thicknesses, equivalent grain diameters were considerably lower at the bottom edge of the strut, increasing toward the center of the strut until gradually leveling out about 400 µm away from the bottom of the strut. The effective grain diameter at the center of the strut reached a maximum and was approximately constant until a slight decrease in grain diameters about 150 µm away from the top of the strut. 

[image: ]
[bookmark: _Ref48435964]Figure 7. Moving average equivalent grain diameter (top), moving average axis angle (center), and moving average aspect ratio (bottom) for the 1.5 mm (left), 1.0 mm (center), and 0.5 mm (right) nominal (P1), high LED (P2), and high LED, low power (P3) samples. Grayed out regions correspond to areas for which up-skin and down-skin parameters were applied. Negative values correspond to grains that extended past the designed thickness such as roughness at the bottom inclined surface.
Similar to the positional grain analysis plots, simple moving averages of grain axis angles, , and aspect ratios, Α, are plotted versus the moving average of the distance of the grains from the bottom edge in Figure 7 according to the following equations:
,				 Eqn. 3
where ωi is the angle of the major axis from the vertical direction of each grain based on an elliptical fit, αi is the aspect ratio of each grain, and n is the number of grains over which the moving average is calculated, in this case 50 grains. The grains in the centers of the struts were primarily elongated along, or slightly off from, the vertical direction, but the grains at the edges of the samples were shown to elongate along the strut direction. The change in axis angle is less clear in the bottom of the strut due to the inclusion of partially sintered powder, which is composed of small equiaxed grains. As discussed in Section 3.1, the 0.5 mm samples demonstrate higher aspect ratios than the other thicknesses because heat flow is more strongly directed along the strut direction towards the node or baseplate.  
While the partially sintered powder along the bottom surface of the struts is included in these figures, the change in effective grain diameters extends well beyond the areas that include any partially sintered powder. The differences in effective grain diameters and elongation occurred across larger thicknesses than the regions where up-skin and down-skin parameters were active (120 µm) suggesting additional contributing factors to grain development beyond the change in parameters, especially in the down-skin region. 
At the top of the strut, the grain elongation at the edges of the strut was caused by consistently stacking the weld pools preferentially to one side. As shown in Figure 8, the application of the up-skin contour resulted in weld pools at the edge stacking optimally for grain elongation along the strut direction. There is an alignment between the crystal orientation of the unmelted portion of the preceding melt pool and the maximum thermal gradient of the new melt pool, leading to epitaxial growth along the strut direction. 
[image: ]
[bookmark: _Ref50727311]Figure 8. SEM image of top edge (schematically marked in gray) of the nominal 1.5 mm sample (P1) upper strut showing grain elongation in the strut direction (from right to left in the figure, also indicated by the dotted arrow) caused by weld pool stacking and epitaxial growth. Arrows indicate the <100> growth direction of cells. Cells growing perpendicular to one another have the same crystal orientation by symmetry. 
At the bottom incline of the strut, in addition to the stacking of weld pools to one side, the structure underwent grain selection and changes in heat flow, which contributed to grain elongation along the strut direction. Without an established texture, grain selection occurred from the bottom of the struts when building over powder. Rai et al. computationally and experimentally studied grain selection in overhangs in a T-shaped IN718 sample [59]. They showed that initially, many columnar grains grow at a variety of orientations, but as the build advances the grain structure coarsens through grain selection as grains with less favorable growth directions are blocked by those with more favorable orientations. This process has been demonstrated through simulations and experiments for SS316L and other alloys with grain selection and texture development still occurring for over 1 mm into the build [59–63]. Since grain selection occurred for around 400 µm for each thickness in the present work, the 0.5 mm samples only just reached maximum grain size. This suggests that struts with lower thicknesses may not undergo sufficient grain selection before reaching a maximum grain size. 
The combination of initial grain formation from the powder, changes in heat flow, and consistent stacking of weld pools resulted in a grain structure with small grains elongated along the strut direction at the bottom of the strut transitioning into coarser grains elongated along the vertical and strut directions as grain selection continued into the centers of the struts. Changes in grain morphology have been shown to occur across similar AM thin structures in vertical SS316L struts and angled struts of other materials [16,46,47,64–66]. The present study demonstrates this effect occurring across different thickness and parameter sets well past the regions where down-skin parameters were applied and illustrates the impacts of heat flow directions as geometries become exceedingly thin.
Sub-Grain Solidification Structures
Combined averages, standard deviations, and 95% confidence intervals of cell diameters for each process and sample from the first build are show in Table 4. Distributions of cell diameters taken from each parameter set of 1.5 mm samples and each thickness from the nominal (P1) parameter set are given in Figure 9. Probability densities are aggregated by equally weighting the probability density of each image. When aggregating averages and standard deviations, the cell diameters of each image were treated as subgroups and combined into a single group for each sample. Standard deviations of each subgroup (image) were combined while correcting for the deviance of each image from the main group (sample) as recommended for combining alternative sets of the same data by the Cochrane handbook [67]. No significant difference in cell diameters was detected between the node and the center of the struts for each sample. 
No significant difference was observed between the higher thickness (1.5 and 1.0 mm) samples of the same processing parameters. However, the solidification cells in the 0.5 mm samples were about 30% larger than in the thicker samples. This difference is postulated to be due to a slower cooling rate resulting from the 0.5 mm struts having less surrounding dense material to extract heat and the more thermally insulative powder beneath the strut impacting a larger portion of the sample. This finding is dissimilar to the literature on the effects of microstructure on thin geometries in Ti-6Al-4V, where finer microstructural features are attributed to lower total heat input in thin parts; however, these studies were primarily conducted on larger length scales, comparing 1 and 5 mm sample thicknesses, and in primarily vertically built geometries [36,39–42]. In both cases of vertical struts and thicker samples, the effects of powder surrounding the part would be less extensive.
[bookmark: _Ref55727015]Table 4. Aggregated average cell diameters (n=12) and hardness (n=15) values for each thickness of the nominal (P1), high LED (P2), and high LED, low power (P3) samples as well as upper and lower bounds of the 95% confidence intervals. 
	 
	 
	Cell Diameter (μm)
	Hardness (HV)

	 
	 
	Average
	Standard Deviation
	Lower Limit
	Upper Limit
	Average
	Standard Deviation
	Lower Limit
	Upper Limit

	1.5 mm
	P1
	0.55
	0.11
	0.48
	0.61
	226
	7.39
	221
	230

	
	P2
	0.60
	0.13
	0.53
	0.66
	227
	10.5
	221
	233

	
	P3
	0.67
	0.14
	0.59
	0.75
	217
	9.59
	211
	223

	1.0 mm
	P1
	0.55
	0.11
	0.49
	0.62
	227
	9.10
	222
	232

	
	P2
	0.57
	0.13
	0.50
	0.64
	223
	13.9
	215
	230

	
	P3
	0.70
	0.15
	0.62
	0.79
	213
	10.8
	207
	218

	0.5 mm
	P1
	0.75
	0.21
	0.63
	0.86
	199
	8.14
	194
	203

	
	P2
	0.77
	0.22
	0.64
	0.89
	208
	8.49
	203
	212



[image: ]
[bookmark: _Ref49558407]Figure 9. Aggregated cell diameter distributions for the 1.5 mm samples of each process (nominal (P1), high LED (P2), and high LED, low power (P3); left) and the nominal (P1) samples of each thickness (right). Average cell diameters are presented in the legend.
Calculation of Cell Diameters by Rosenthal Simulations
To support the experimental results, Rosenthal simulations were conducted for each of the parameter sets used in this study. Similar to Bertoli et al. [22], the temperature fields were calculated according to Eqn. 1 and used to compute the maximum thermal gradient, G, by summing the component vectors of Gx and Gz, the temperature gradients in the x and z directions, respectively. The solidification rate, R, was then calculated as [68]: 
					 Eqn. 4
where v is the scanning velocity.
The cooling rate at the center of the weld pool,  , of each sample was assumed to be related to the resulting cell diameter, δ, according to the following equation (with the constants of 80 and 0.33 pertaining to stainless steels) [69]:
						 Eqn. 5
Bertoli et al. performed Rosenthal simulations across a variety of processing parameters and observed a direct relationship between LED and solidification cell diameters [22]. Here, the cell diameter calculations were accurate in the two higher thicknesses (1.5 and 1.0 mm) for the nominal (P1, 0.57 µm) and high LED, low power (P3, 0.69 µm) samples, but the predicted cell diameters for the high LED sample (P2, 0.69 µm) were about 20% larger than the experimental measurements in Table 4.  Although not measured experimentally, the up-skin (LED=0.29 J/mm) is predicted to have comparable cell diameters of 0.62 µm. The down-skin was not calculated as the thermal properties are expected to change drastically at the bottom of the strut when printing over powder. This effect is not well reflected in the simplifying assumptions for Rosenthal simulations and also explains the change in cell diameters in the thinnest struts. The relationship between high LED and large cell diameters was observed in the two higher thicknesses (1.5 and 1.0 mm) of the experimental samples here between the nominal (P1) and high LED, low power (P3) sample, but not between the nominal and high LED samples at the same power, (P1) and (P2). The disparity in the predictions versus experimental observations in the high LED sample (P2) is most likely due to the transition to the keyholing regime in these samples, which is poorly represented by the point source used in predictions. 
 Hardness
Hardness values taken at the nodes of each sample from the first build are shown in Table 4. Kolmogorov-Smirnov tests and an ANOVA multiple comparison test were used to confirm normality and test for significance between hardness for different process parameters and thicknesses [70–73]. The hardness data for the 1.5 and 1.0 mm samples with the same processing parameters exhibited statistically equivalent values. The high LED, low power parameter set (P3) displayed a statistically significant, albeit small, variation in hardness compared to the other parameter sets. The nominal (P1) and high LED (P2) 0.5 mm samples also displayed significant differences in hardness in comparison to the higher thickness samples of the same parameter set. The differences in hardness correlate to the difference in cell diameters observed in these samples, associated with a lower dislocation density. 
Hardness data were also collected along the thicknesses of the struts for the dense parameter sets (nominal (P1) and high LED (P2)). No statistically significant difference in hardness was observed between the node and the center of the struts for each sample. When hardness overlays moving average of inverse root of the equivalent grain diameter, it follows a Hall-Petch relationship for the majority of the strut as shown in Figure 10. The 0.5 mm samples follow a similar Hall-Petch relationship across the strut but at lower hardness values, corresponding to the larger cell diameters, which correspond to a lower dislocation density. The Hall-Petch relationship is inconsistent near the bottom incline surface of the strut, related to an unknown through-thickness uneven surface beneath the hardness measurements caused by dross at the down-skin. Additionally, the grains at the bottom of the strut were affected by different factors as explained previously; the material at the bottom of the strut underwent an entirely different thermal history, included partially sintered powder, and grain selection was still occurring.
[image: ]
[bookmark: _Ref54137610]Figure 10. Hardness measurements versus position within struts overlaid with moving average of inverse root of equivalent grain diameter for the 1.5 mm (left), 1.0 mm (center), and 0.5 mm (right) nominal (P1, top) and high LED (P2, bottom) samples. 
Conclusions
The present work provides insights into the impacts of processing parameters and geometry on the microstructure and hardness of SS316L thin, lattice emulating structures fabricated via PBF AM. Three sets of process parameters were applied with two having the same laser power but different LED and two having the same LED but different power (and velocity). Weld pools were shown through single bead studies to be stable and amenable to fabrication of lattice-type structures. Thicknesses were varied between 1.5, 1.0, and 0.5 mm across these three sets of parameters. The primary findings are as follows:
· Epitaxial growth was shown as the primary phenomenon impacting grain size and morphology, agreeing with observations in the literature, in struts and nodes. Variations in bulk parameter sets were shown to alter grain morphology due to the interactions of melt pool morphology and hatch spacing. Outside of the influence of surface parameters there was little difference in equivalent grain diameters between AM parameter sets or sample thicknesses despite changes in morphology. The study of these particular interactions has only just begun in the literature but will have great impacts on the understanding of AM microstructures. This is especially important in the context of thin lattice structures where the number of grains across a strut is small. 
· Across each AM parameter set and strut thickness, large grains were elongated along or slightly off the vertical direction through the center of the struts due to epitaxy. Up to about 400 µm away from the bottom of the struts and 150 µm away from the top of the struts (despite surface parameters only being active for 120 µm), grains were smaller and elongated along the strut direction. In the 0.5 mm struts, changes to heat flow also resulted in increased elongation of grains throughout the strut. A larger area of the 0.5 mm struts was occupied by smaller grains along the surface, highlighting the impacts of surface versus bulk grains in small-feature size components fabricated using AM. 
· Cell diameters were shown to vary between AM parameter sets, with the low power parameter set demonstrating larger cell diameters. No variations in cell diameters were present between 1.5 and 1.0 mm sample thicknesses with the same processing parameters; however, the 0.5 mm samples had larger cell diameters due to reduced available material for heat extraction. 
· Hardness at the nodes remained constant between 1.5 and 1.0 mm samples with the same processing parameters but different thicknesses. Variations in processing parameters displayed only small differences in hardness, with no significant variation between the nominal (P1) and high LED (P2) sample and a less than 10% lower hardness in the low power, high LED (P3) sample. The 0.5 mm samples demonstrated lower hardness than their thicker counterparts. The lower hardness in these samples is caused by their larger cell diameters and therefore comparably low dislocation density.  This could indicate that as feature sizes become exceedingly small, the strength observed in bulk AM material may no longer be present.
· In all thicknesses of the nominal (P1) and high LED (P2) samples, the hardness across the strut followed a Hall-Petch relationship with the moving average equivalent grain diameters across the strut, with the 0.5 mm samples at lower hardness than their thicker counterparts due to the lower contribution of strength from the larger solidification structures and corresponding lower dislocation density. 
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