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Abstract 24 

Beam shaping introduces additional flexibility in laser-based powder bed fusion of metals (PBF-LB/M) by enabling spatially tailored 25 

energy distributions. However, this increased degree of freedom significantly expands the process parameter space and complicates 26 

parameter development. While hatch package experiments have been shown to provide representative melt track characteristics of multi-27 

layer builds in Gaussian-beam PBF-LB/M, their applicability to beam-shaped PBF-LB/M remains unclear. In this study, the 28 

transferability of hatch package experiments to multi-layer builds is investigated for beam-shaped processes. Surface topography, 29 

surface classification, and melt track characteristics obtained from single-layer hatch package experiments are compared with 30 

corresponding measurements from multi-track experiments using cube specimens. A strong correlation between hatch package and cube 31 

data is observed, with most hatch package surface classifications matching the corresponding classifications obtained from cube 32 

specimens. Flat and Lack-of-Fusion (LoF) regimes show particularly strong agreement, while Bulging and Wavy morphologies exhibit 33 

systematic deviations attributed to layer-wise interactions. Furthermore, melt track dimensions derived from hatch package experiments 34 

capture the trends observed in cube measurements, with coefficients of determination relative to the identity line of 0.895, 0.756, and 35 

0.693 for depth, width, and area, respectively. Only melt track area shows consistently higher values for the hatch package compared to 36 

the cube measurements. Qualitative comparisons further confirm a strong agreement in spatial surface features and melt track geometry. 37 

Overall, hatch package experiments provide an efficient approach for assessing surface topography and melt track characteristics in 38 

beam-shaped PBF-LB/M, while highlighting limitations associated with the propagation of surface irregularities during multi-layer 39 

build-up. 40 

 41 
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1. Introduction 42 

Beam shaping has emerged as a promising approach to expand the process capabilities of laser-based powder bed fusion of metals 43 

(PBF-LB/M). By enabling the spatial tailoring of the laser intensity distribution, beam shaping introduces an additional degree of 44 

freedom that allows targeted modification of melt pool behavior [1] or thermal gradients [2]. While this provides new opportunities for 45 

process optimization and control, it simultaneously increases the complexity of parameter development, as the parameter space is 46 

extended beyond conventional variables such as laser power and scan speed. Consequently, the experimental effort required for 47 

identifying suitable process conditions increases significantly. 48 

Commonly, process parameter development in PBF-LB/M relies on simplified experimental approaches, such as single-track 49 

investigations [3]. However, it has been shown that single-track experiments are not representative of volumetric builds, as they fail to 50 

capture essential multi-track and multi-layer interactions governing the final component properties [4]. As a result, parameter sets 51 

derived from single-track analyses often do not translate reliably to part-scale production. 52 

To address this limitation, hatch package experiments, i.e. single-layer scans consisting of multiple adjacent tracks, have been 53 

successfully applied in conventional PBF-LB/M with Gaussian beam profiles [5]. These experiments provide a more representative 54 

approximation of the steady-state melt track characteristics in volumetric builds. 55 

However, it remains unclear whether this approach can be directly transferred to beam-shaped PBF-LB/M processes. In contrast to 56 

Gaussian intensity distributions, beam-shaped profiles, such as ring-shaped beams, exhibit fundamentally different spatial energy input 57 

characteristics, including multi-peak intensity distributions and enlarged interaction zones. These differences can significantly affect 58 

melt pool geometry, thermal gradients, and remelting behavior, potentially altering layer-wise interactions in comparison to conventional 59 

processes [6]. 60 

In particular, while hatch package experiments rely on the assumption that the dominant process conditions are established within a 61 

single layer and persist during subsequent deposition, this assumption may not hold for beam-shaped processes. The modified heat input 62 

distribution could lead to an altered time the steady-state process is reached, enhanced sensitivity to track overlap, altered melt pool 63 

dynamics, and increased influence of layer-wise accumulation effects. 64 

To date, no systematic study has assessed whether hatch package experiments remain transferable to volumetric builds in beam-65 

shaped PBF-LB/M. Therefore, the present study investigates the applicability of hatch package experiments for parameter development 66 

using beam-shaped laser intensity distributions. The objective is to evaluate whether top-surface topography, classification of top-surface 67 

topographies, and melt track characteristics obtained from hatch package experiments can reliably transfer to the behavior of multi-layer 68 

builds. 69 

By establishing this relationship, this work aims to provide both a practical methodology for efficient parameter screening and a 70 

deeper understanding of the limitations of single-layer experiments in the context of advanced beam shaping strategies. 71 

 72 



4 

 

2. Materials and methods 73 

This section describes the materials, experimental setup, and characterization methods used to assess the transferability of hatch 74 

package experiments to multi-layer builds in beam-shaped PBF-LB/M. Identical process parameter sets were applied to both hatch 75 

package specimens and cube builds, enabling a direct comparison of surface and melt track characteristics. The following subsections 76 

outline the material system, beam shaping implementation, experimental design, and the applied surface and metallographic 77 

characterization methods. 78 

2.1. Material 79 

Inconel 718 (IN718), a nickel-based superalloy commonly processed by PBF-LB/M due to its high-temperature strength and 80 

resistance to corrosion and creep, was used as feedstock material in this study. A gas-atomized IN718 powder supplied by Oerlikon 81 

Metco (US) Inc. was employed, corresponding to the commercial grade MetcoAdd™ 718C. The particle size distribution of the 82 

investigated batch, determined in accordance with ASTM B822, was characterized by d10,3 = 20 µm, d50,3 = 33 µm and d90,3 = 51 µm. 83 

The nominal chemical composition of the powder is summarized in Table 1. 84 

Table 1:  Chemical composition of the used MetcoAddTM 718C batch, characterized by Inductively Coupled Plasma Optical Emission 85 

Spectroscopy (ICP-OES). 86 

Element Ni Cr Fe Nb+Ta Mo Ti Al Co Si Mn Rest 

Weight % 52.10 18.84 17.93 5.01 2.97 0.93 0.43 0.11 0.09 0.05 Bal. 

2.2. System technology and beam shape characterization 87 

All experiments were conducted on a modified commercial PBF-LB/M system (M290, EOS GmbH) equipped with a liquid-crystal-88 

on-silicon (LCoS) spatial light modulator (SLM) for beam shaping. A 2 kW single-mode fiber laser (YLR-2000-SM, IPG Photonics) 89 

emitting at a wavelength of 1070 nm was used, with a minimum focal spot diameter of 90 µm in the Gaussian configuration. The LCoS-90 

based optical setup enables phase-based wavefront modulation for generating tailored beam profiles as well as rotation of non-91 

axisymmetric beam shapes relative to the scan direction. 92 

Beam shape characterization was performed using a camera-based beam profiling system (FBP 2KF, CINOGY Technologies) with 93 

RayCi Pro software (v2.6.4). Ring-shaped beam profiles were characterized using a binary mask enclosing 86.47 % of the total beam 94 

energy. The mask was generated by ranking image pixels by intensity and selecting the minimum number required to reach the target 95 

energy fraction. This value corresponds to the energy enclosed within the standardized 1/e² diameter of a Gaussian beam, providing a 96 

consistent basis for comparison. To reduce the influence of noise and boundary irregularities, the mask was smoothed using an adaptive 97 

median filter with a kernel size scaled to the equivalent diameter of the energy-enclosure region. The resulting mask was used for all 98 

subsequent geometric measurements. The centroid of the smoothed mask was determined and used as the origin of a polar coordinate 99 

system. A total of 720 radial rays, corresponding to an angular resolution of 0.5°, were projected over the full circumference. For each 100 

ray, the first and last intersections with the mask defined the inner and outer ring boundaries. Ring thickness was calculated as the radial 101 

distance between these boundaries, while the outer diameter was obtained as twice the distance from the centroid to the outer boundary. 102 

Mean values of ring thickness and outer diameter were calculated from all angular positions, enabling a robust characterization of 103 

annular beam profiles. The main algorithm steps are shown in Figure 1. 104 
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 105 

Figure 1:  Main algorithm steps to determine the ring-shaped beam dimensions outer diameter and ring thickness. 106 

2.3. Experimental design 107 

Six ring-shaped beam configurations were investigated in this study, as ring profiles enable a more distributed energy input and are 108 

of particular industrial relevance due to their potential to improve process stability and productivity [7]. The selected beam profiles were 109 

defined based on the resolution capabilities of the beam shaping system, resulting in outer widths of 340 µm, 450 µm, and 560 µm. For 110 

the 340 µm configuration, ring widths (defined as the radial distance between the inner and outer intensity boundaries) of 100 µm and 111 

125 µm were applied, while the 450 µm configuration included widths of 125 µm, 135 µm, and 155 µm. The 560 µm configuration was 112 

realized with a ring width of 115 µm. Throughout this work, the beam shapes are denoted using the nomenclature Ring-“outer width”-113 

“ring width” (in µm). Figure 2 shows the intensity distribution in the working plane. 114 

 115 

Figure 2:  Intensity distribution in the working plane for the beam shapes used in this study. The ring configurations are denoted using 116 

the nomenclature Ring-“outer width”-“ring width”. The scanning direction is upwards. 117 

For each beam configuration, a parameter matrix consisting of 18 distinct parameter sets was investigated and repeated three times, 118 

resulting in 54 specimens per configuration for both hatch packages and cube experiments, resulting in a total of 318 hatch packages 119 

and cubes. For the Ring-560-115 configuration, two parameter sets were omitted because they would have likely resulted in insufficient 120 

energy input. The process parameters laser power PLaser and scan speed vScan were varied across three levels, while the hatch distance h 121 

was varied across two levels. Identical parameter matrices were applied for the 340 µm and 450 µm configurations, whereas the 560 µm 122 

configuration required an adapted parameter range due to its reduced energy input. 123 

For each combination of laser power and scan speed, hatch distances were selected to cover process conditions associated with 124 

different surface topographies. All experiments were conducted using a constant layer thickness δLayer of 80 µm and a base-plate 125 

temperature T0 of 80 °C. A summary of the investigated process parameters is provided in Table 2. 126 
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Table 2:  Parameters used for the hatch package and cube experiments. Fixed parameters were a layer thickness δLayer of 80 µm, base 127 

plate heating T0 of 80 °C and the material IN718. 128 

Parameter Ring-350-100, Ring-350-120, Ring-450-112, Ring-450-125, Ring-450-150 

Laser power PLaser in W 700 1000 1300 

Scan speed vScan in mm/s 400 1200 2000 800 1600 2400 800 1600 2400 

Hatch distance h in mm 0.15, 0.25 0.10, 0.15 0.10, 0.15 0.15, 0.25 0.10, 0.20 0.10, 0.20 0.15, 0.30 0.10, 0.25 0.10, 0.25 

 Ring-550-100  

Laser power PLaser in W 700 1000 1300  

Scan speed vScan in mm/s 800 1600 400 1200 2000 400 1200 2000  

Hatch distance h in mm 0.15, 0.20 0.10, 0.15 0.15, 0.40 0.15, 0.25 0.10, 0.20 0.15, 0.35 0.15, 0.30 0.10, 0.25  

2.4. Specimen design and layout 129 

Hatch packages were produced on additively manufactured substrates with dimensions of 25 mm × 15 mm × 5 mm, onto which a 130 

successive powder layer with δLayer of 80 µm was applied. The substrates were fabricated using the standard process parameters provided 131 

by the machine manufacturer, employing a Gaussian beam with a diameter of 90 µm and parallel to gas flow direction. The hatch 132 

packages had dimensions of 3 mm in width and 12 mm in length and were oriented parallel to the gas flow direction. This resulted in 133 

minimum eight melt tracks, which exceeds the approximately three to four overlapping tracks reported by Templeton et al. [5] to reach 134 

steady-state melt pool conditions for IN718. 135 

Cuboid specimens with lateral dimensions of 12 mm × 12 mm and a build height of 13 mm were manufactured for comparison. The 136 

specimens were oriented at 45° relative to the recoating direction. A layer-wise scan rotation of 90° combined with an initial offset of 137 

45° was applied, ensuring alignment of the scan vectors with the specimen edges. 138 

For the parameter set Ring-340-100, an additional stripe with a width of 4 mm was fabricated at the center of the cube top surface 139 

to enable direct comparison of melt track characteristics between hatch package and cuboid specimens. A bidirectional scanning strategy 140 

was applied consistently for both hatch packages and cube builds. 141 

2.5. Top-surface measurements 142 

The top-surfaces of all specimens were characterized using fringe projection (VR-3100, Keyence Corporation) operated at a 143 

magnification of 12×. This configuration provided a lateral resolution of 5 µm and a vertical resolution of 0.1 µm. All measurements 144 

were conducted in accordance with ISO 25178. For hatch package surfaces exhibiting adhered spatter on the top-surface, a short-145 

wavelength cut-off of λs = 250 µm was applied. For the cube top-surfaces such spatters were not present, therefore omitting the filtering. 146 

The measurement region was positioned centrally on the top surface of each specimen and covered an area of 8 mm × 1.5 mm, ensuring 147 

a representative characterization of the surface topography, see Figure 3. 148 

 149 

Figure 3: Surface measurement areas for (a) the hatch packages and (b) the cubes. 150 
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2.6. Top-surface characterization 151 

Surface topography was classified based on a previously established methodology [8]. Four distinct surface topography classes were 152 

considered: Flat, Bulging, Irregular, and Wavy, where Flat and Bulging are defined as continuous and Irregular and Wavy as 153 

discontinuous surfaces. The classification was performed using a rule-based approach derived from areal surface parameters, namely 154 

the arithmetic mean height Sa, the autocorrelation length Sal, the developed interfacial area ratio Sdr, and the reduced peak height Spk [8]. 155 

These parameters capture both amplitude- and spatial-related characteristics of the surface, enabling a consistent distinction between the 156 

different topography classes. The classification rules can be found in Table 3. 157 

Table 3:  Threshold rules for the different surface topography classes, result of [8]. 158 

Class Threshold Rules 

Continuous Spk ≥ 1206.75⋅Sdr - 48.68 

Discontinuous Spk < 1206.75⋅Sdr - 48.68 

Flat Spk ≥ 1206.75⋅Sdr - 48.68 AND 

Sal < -91.12⋅Sa + 4269.50 

Bulging Spk ≥ 1206.75⋅Sdr - 48.68 AND 

Sal ≥ -91.12⋅Sa + 4269.50 

Irregular Spk < 1206.75⋅Sdr - 48.68 AND 

Sdr ≥ 0.0076⋅Sa - 0.4437 

Wavy Spk < 1206.75⋅Sdr - 48.68 AND 

Sdr < 0.0076⋅Sa - 0.4437 

2.7. Confusion matrix for transferability evaluation 159 

To evaluate the transferability of single-layer hatch package measurements, the classification model previously developed for cube 160 

top-surface morphologies was directly applied to the measured surface parameters obtained from the hatch package specimens. Since 161 

the objective is to assess whether hatch package specimens exhibit the same surface topography classes as the corresponding cube builds, 162 

the resulting class assignments were compared using a confusion matrix. The confusion matrix quantifies the agreement between hatch 163 

package and cube classifications by showing how frequently specimens are assigned to the same class and where misclassifications 164 

occur. Entries along the diagonal represent cases in which hatch package and cube specimens are assigned to the same surface 165 

morphology class, indicating successful transferability, whereas off-diagonal entries correspond to transitions between different classes 166 

and thus highlight deviations between single-layer and multi-layer behavior. Both absolute sample counts and relative frequencies are 167 

reported to provide a comprehensive assessment of classification agreement and transferability. 168 

2.8. Metallurgical preparations 169 

For melt track analysis, specimens were sectioned along the build direction and perpendicular to the scan direction of the top layer 170 

using a precision cutting machine (Secotom-50, Struers ApS). The samples were subsequently mounted in conductive Bakelite using a 171 

hot mounting press (CitoPress-30, Struers ApS). Metallographic preparation was carried out by sequential grinding with SiC papers 172 

(#320, #500, and #1000), followed by diamond polishing using suspensions with particle sizes of 9 µm and 3 µm. A final polishing step 173 

was performed using a 0.25 µm silica-based suspension on an automatic grinding and polishing system (Tegramin-30, Struers ApS). 174 

The microstructure was revealed by electrochemical etching using a 10 % phosphoric acid solution at an applied voltage of 3.1 V. 175 
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2.9. Melt track characterization 176 

The melt track geometry was evaluated based on cross-sectional analyses, as shown in Figure 4. All the measurements were taken 177 

on the last track of the hatch package. The melt track width wMT was defined as the lateral distance between the two triple points at the 178 

surface, where the melt track boundary intersects the surrounding material. The melt track depth δMT was measured at the midpoint of 179 

the determined width. From this location, the depth was evaluated perpendicular until the lowest point of the melt track boundary was 180 

reached. The melt track area AMT was determined by integrating the enclosed region defined by the melt track contour. For this purpose, 181 

the boundary of the melt track was manually outlined, and the corresponding cross-sectional area was calculated.  182 

 183 

Figure 4:  Melt track measurements sketch for the melt track depth δMT, width wMT, and area AMT on IN718 using the Ring-340-100, a 184 

laser power PLaser of 700 W, scan speed vScan of 400 mm/s hatch distance h of 0.15 mm and layer thickness δLayer of 0.08 mm. 185 

 186 
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3. Results and discussion 187 

The following section presents the comparison between hatch package experiments and corresponding cube builds with respect to 188 

surface topography and melt track geometry. First, the transferability of areal surface parameters and resulting surface topographies is 189 

evaluated, followed by an assessment of the transferability of hatch package-based surface classification. Subsequently, the agreement 190 

in melt track geometry between single-layer and multi-layer conditions is analyzed. The results are discussed in the context of the 191 

underlying process mechanisms governing layer-wise interactions and their influence on the final surface and melt track geometry. 192 

3.1. Comparison of surface parameters and top-surface topography 193 

Figure 5 shows the comparison of the areal surface roughness Sa between hatch package and cube measurements for different surface 194 

topographies, revealing a strong dependence of the agreement on the respective surface class. The surface classes correspond to the 195 

classes observed for the cube specimens for the respective process parameters. 196 

 197 

Figure 5:  Comparison of surface parameter Sa between hatch packages and cube measurements for the investigated parameter 198 

combinations using ring-shaped beams. The surface classes correspond to the classes observed for the cube specimens for 199 

the respective process parameters. 200 

For cube samples classified as Flat, both the cube and hatch package measurements show a generally close correspondence, with 201 

data points clustering around the identity line. However, the observed deviations are not negligible, with a mean deviation of 202 

7.7 µm ± 9.7 µm (25.9 % ± 30.6 %), corresponding to a noticeable fraction of the absolute roughness values. This indicates that while 203 

the surface characteristics captured in the single-layer hatch package experiments are broadly representative of the final surface state, 204 

quantitative differences remain for this regime. Sa is systematically larger for Bulging surfaces when comparing cube measurements to 205 

hatch package data. Irregular surfaces exhibit a larger scatter compared to the Flat regime; however, the data remain predominantly 206 

distributed around the identity line, suggesting a moderate but consistent agreement between hatch package and cube measurements, 207 

with a mean deviation of -0.6 µm ± 18.6 µm (-3.8 % ± 25.5 %). In contrast, Wavy surfaces show the largest deviations from the identity 208 

line, indicating a substantial increase in roughness in the cube specimens relative to the single-layer hatch package reference. Overall, 209 

the results demonstrate that Sa values obtained from hatch packages and cubes are most similar for Flat and Irregular surface 210 
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topographies. In these regimes, it seems that the dominant surface features are largely established within the first layer and are not 211 

significantly altered during subsequent layer deposition.  212 

In contrast, the systematically smaller Sa values for Bulging and Wavy surfaces in the hatch packages indicate that additional 213 

mechanisms become relevant during the build-up of multiple layers. Specifically, defect propagation in the build direction leads to a 214 

progressive modification of the surface topography, where small geometrical irregularities formed in early layers can evolve into larger 215 

defect structures extending over multiple layers, as demonstrated by Bauereiß et al. [9]. Such defects may persist due to melt 216 

redistribution and incomplete remelting. However, even in the absence of these defects, significant surface irregularities can arise from 217 

intrinsic process dynamics, as stochastic powder deposition and melt pool motion induce pronounced height variations. As a result, 218 

geometric deviations are not only propagated but also amplified over successive layers, leading to increasingly irregular local layer 219 

thicknesses and a growing discrepancy between hatch package and cube-derived roughness. 220 

The comparison of the spatial roughness parameter Sal, which describes the wavelength content of the surface, between hatch package 221 

and cube measurements reveals distinct trends depending on the surface topography, see Figure 6. 222 

 223 

Figure 6: Comparison of surface parameter Sal between hatch packages and cube measurements for the investigated parameter 224 

combinations using ring-shaped beams. The surface classes correspond to the classes observed for the cube specimens for 225 

the respective process parameters.  226 

For samples classified as Flat, a pronounced scatter around the identity line is observed. This behavior can be attributed to the 227 

inherent sensitivity of Sal to small topographical variations. In the absence of pronounced surface features, even minor perturbations in 228 

the surface structure lead to significant fluctuations in the characteristic lateral length scale, resulting in a comparatively broad spread 229 

of the data. In contrast, Bulging surfaces exhibit a substantially stronger agreement between hatch package and cube measurements. 230 

While the values of Sal for the hatch packages are systematically slightly lower compared to the cubes, the overall transferability remains 231 

strong, indicating that the dominant surface wavelength is largely maintained in many cases during the transition from single-layer to 232 

multi-layer builds, with a mean deviation of -19 µm ± 31.7 µm (-4.3 % ± 7.3 %). A comparably strong agreement is found for Irregular 233 

surfaces. In this regime, the scatter is notably reduced, and both hatch package and cube measurements are associated with comparatively 234 

small error bars. The data clusters slightly below the identity line, reflecting a stable and well-defined characteristic length scale. The 235 

slightly lower values observed for the cube measurements suggests only minor modifications of the surface topography during layer 236 
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build-up, with a mean deviation of -67.3 µm ± 32.9 µm (-31.7 % ± 19.5 %). For Wavy surfaces, most data points lie below the identity 237 

line, indicating a general increase of Sal in the cube measurements compared to the hatch package reference. Nevertheless, the overall 238 

agreement remains strong, as the points still follow the expected trend. This indicates that while the absolute magnitude of the 239 

characteristic wavelength is increased, the underlying surface pattern is consistently transferred into the multi-layer geometry. 240 

In summary, the results demonstrate that the lateral surface characteristic Sal can be reasonably transferred across most surface classes 241 

using hatch package-derived data. However, its sensitivity to small-scale topographical variations leads to increased scatter for Flat 242 

surfaces, whereas for more structured topographies such as Bulging, Irregular, and Wavy, the parameter exhibits a more robust and 243 

transferrable behavior. 244 

To further demonstrate the relationship between hatch package and cube measurements, exemplary top surface images of cube 245 

specimens are overlaid with the corresponding spatial regions extracted from single-layer hatch package measurements in pseudo colors, 246 

see Figure 7. Across all surface topographies shown, a very strong agreement in the spatial distribution of surface elevations can be 247 

observed. Characteristic features such as ridges, valleys, and periodic structures identified in the hatch package measurements are 248 

consistently reproduced in the cube top-surfaces. These observations suggest that key features of the surface topography are already 249 

present after the initial layer, although their evolution over subsequent layers cannot be directly resolved in this study. The results 250 

demonstrate that hatch package measurements provide a representative description of the spatial distribution of elevations, and thus 251 

surface topography, that ultimately manifests in the additively manufactured component. 252 

The observed transferability between hatch package experiments and cube builds can be interpreted in the context of the spatial 253 

energy distribution inherent to the employed ring-shaped beam profiles. Compared to Gaussian beams, ring-shaped intensity 254 

distributions result in a broader lateral energy input with reduced peak intensity, which tends to promote more stable and distributed 255 

melt track geometries [6]. In regimes such as Flat and Irregular, the melt track geometry is primarily governed by the effective energy 256 

input and track overlap conditions, which are largely established during the formation of the first layer. As a result, the characteristic 257 

surface features and melt track dimensions are defined at this stage and remain relatively stable during subsequent layer deposition. 258 

In contrast, regimes such as Bulging and Wavy are associated with increased melt pool instability due to less lateral confinement 259 

[10], local variations in material accumulation, and deviations in effective layer thickness [9]. These effects are amplified over multiple 260 

layers through feedback mechanisms, including uneven powder spreading and variation in remelting conditions [9]. As these layer-wise 261 

interactions are not captured in single-layer experiments, deviations between hatch package and cube measurements are more 262 

pronounced for these topographies. This highlights the inherent limitation of hatch package experiments in capturing cumulative process 263 

instabilities. 264 
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 265 

Figure 7:  Visual comparison of a hatch package surface topography, shown in pseudo-colors, on a respective cube top-surface for the 266 

same process parameters.  267 

The confusion matrix shown in Figure 8 compares the surface topography classifications obtained from hatch package and cube 268 

specimens. Diagonal entries represent matching classifications, whereas off-diagonal entries indicate transitions between different 269 

surface topography classes. The matrix reveals a strong agreement between observed surface classes of hatch packages and cubes, as 270 

indicated by the dominant counts along the diagonal. This demonstrates that, in most cases, the top-surface topography of volumetric 271 

cube specimens can be reliably transferred from the corresponding hatch package measurements. 272 

 273 

Figure 8:  Confusion matrix showing the predictive accuracy from hatch package to cube top-surface classes. 274 

In particular, Flat hatch package surfaces lead to Flat cube top-surface morphologies in 92 % of the cases, with the remaining 275 

samples predominantly classified as Bulging. Only two cases (4.0 %) resulted in a discontinuous top-surface topography, highlighting 276 

the robustness of the classification in this regime. In contrast, Bulging hatch package surfaces exhibit a broader distribution across the 277 

resulting cube classes, with significant fractions assigned to Flat, Bulging, and Wavy topographies. Notably, the largest share of Bulging 278 

hatch package samples transitions into Flat cube top-surfaces. This behavior suggests that Bulging conditions are sensitive to layer-wise 279 
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interactions and should therefore be considered in more detail when extrapolating hatch package results to volumetric builds. Under 280 

certain circumstances the surface irregularities, consisting of peaks and valleys, may cancel each other out, therefore “healing” the 281 

surface irregularities in multi-layer builds. 282 

For Irregular conditions, a generally strong agreement between hatch package and cube classifications is observed, although some 283 

misclassifications occur. The confusion with Wavy topographies can be attributed to the limited representation of roughness amplitude 284 

in single-layer measurements. Since the distinction between Irregular and Wavy regimes strongly depends on Sa, the reduced vertical 285 

extent captured in hatch package measurements can lead to ambiguity in the classification. Nevertheless, the majority of Irregular hatch 286 

package samples correctly result in Irregular cube top-surfaces, confirming the validity of the approach for this regime. 287 

The Wavy class is only sparsely represented in the hatch package dataset; however, the single Wavy hatch package sample is correctly 288 

mapped to a Wavy cube top-surface, indicating consistency in this regime. It is also worth noting that prior investigations [8] have shown 289 

that Flat surface topographies are typically associated with high relative densities. While density was not assessed in this study, this 290 

relationship suggests that hatch package-based surface predictions may serve as an indicator for suitable process conditions during 291 

parameter development. 292 

Overall, the confusion matrix highlights that the classification derived from hatch package measurements is largely transferable to 293 

cube surface topography across most regimes. However, it should be noted that amplitude-based surface parameters depend on the 294 

number of deposited layers, as roughness is progressively modified by layer-wise accumulation effects, including defect propagation, 295 

stochastic powder deposition, and melt pool dynamics [9]. Consequently, discrepancies between hatch package and cube measurements 296 

increase for regimes characterized by pronounced surface irregularities, such as Bulging and the transition between Irregular and Wavy. 297 

3.2. Comparison of melt track dimensions 298 

Following the surface-based analysis, the comparison is extended to the melt track geometry. The melt track dimensions obtained 299 

from hatch package experiments are compared with those extracted from the corresponding cube-hatch package specimens. The analysis 300 

is restricted to the Ring-340-100 configuration, for which a consistent and representative dataset is available across both experimental 301 

configurations. Although this limits the generalization of melt track transferability across all beam profiles, prior studies have shown 302 

that melt track geometry is primarily governed by the spatial energy distribution and characteristic length scale of the beam [11]. 303 

Consequently, beam profiles with comparable dimensions and energy input characteristics tend to exhibit similar melt track behaviour 304 

in terms of width, depth, and overall geometry [6]. This allows qualitative trends observed for the selected configuration to be transferred 305 

to other beam shapes within the same size regime, while maintaining a controlled comparison between single-layer and multi-layer 306 

conditions. The comparison of melt track geometry between hatch package and cube specimens reveals a generally strong agreement 307 

across the investigated metrics, see Figure 9. 308 
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 309 

Figure 9:  Comparison of melt track dimensions melt track depth δMT, width wMT, and area AMT between hatch package and cube 310 

experiment on IN718 using the Ring-340-100. 311 

The correspondence between both approaches is reflected in the coefficient of determination with respect to the identity line, yielding 312 ܴ௬=௫2 = 0.895 for the melt track depth, 0.756 for the melt track width, and 0.693 for the melt track area. These values indicate that the 313 

melt track depth can be correlated with high accuracy, while width and area still exhibit strong, albeit slightly reduced, agreement. 314 

A systematic deviation is only observed for the melt track area, which tends to be lower in the cube-hatch package measurements 315 

compared to the hatch package reference. This suggests that while the fundamental melt track dimensions are largely preserved during 316 

the transition from single-layer to multi-layer builds, the combined effect of width and depth variations leads to a moderate increase in 317 

the measured melt track area. 318 

These findings demonstrate that not only the top-surface topography but also the underlying melt track geometry can be reliably 319 

transferred using hatch package experiments. This highlights the capability of single-layer measurements to capture key process-320 

structure relationships relevant for volumetric builds. 321 

This conclusion is further supported by the exemplary melt track cross-sections shown in Figure 10, where a close resemblance in 322 

melt track geometry between hatch package and cube specimens can be observed across different process parameter combinations. 323 

Characteristic features such as melt track shape, penetration depth, and lateral extent are consistently reproduced, indicating that the 324 

primary melt track geometry is governed during initial layer formation and remains largely stable throughout subsequent build-up. 325 
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 326 

Figure 10:  Visual comparison of hatch package and cube melt track geometry. The white arrows indicate the measurements for the melt 327 

track depth δMT and width wMT, while the dashed contour outlines the melt track and is used for calculating the melt track 328 

area AMT. 329 

The findings of this study should be considered with several limitations. The experiments were conducted using a single material 330 

(IN718) and a fixed layer thickness of 80 µm, which may limit the direct transferability of the results to other materials or process 331 

conditions. Melt track characterization was restricted to a single beam configuration and therefore does not capture the full range of 332 

possible beam-shaping effects. Finally, the Wavy regime is underrepresented in the dataset, which restricts the statistical significance of 333 

observations for this topography class. Despite these limitations, the results indicate that single-layer hatch package experiments can 334 

substantially reduce the effort required for parameter development, as the high degree of transferability allows relevant process windows 335 

to be identified without performing extensive multi-layer builds. This makes hatch package-based approaches particularly effective for 336 

rapid parameter screening, while additional validation remains necessary for regimes influenced by layer-wise accumulation effects. 337 

 338 
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4. Conclusion 339 

This study systematically assessed the transferability of surface topography and melt track geometry from single-layer hatch package 340 

experiments to multi-layer cube builds using ring-shaped beam profiles. It demonstrated the validity of hatch packages as a high-341 

throughput approach for process development with IN718 and a layer thickness of 0.08 mm. To this end, identical process parameters 342 

were applied to both the hatch packages and cubes, and the resulting surface topographies and melt track geometries were compared 343 

using areal surface metrics, a rule-based classification approach, and cross-sectional analyses. Across the parameter sets investigated, 344 

which covered a wide range of changes in laser power, scan speed, hatch distance and beam profiles, a strong agreement was observed 345 

between hatch package-derived and cube-derived metrics for both surface descriptors and melt track geometry. In particular, the cube 346 

top-surface topography could be transferred with high accuracy for specific surface regimes using hatch package data, as confirmed by 347 

the high classification accuracy and the dominance of diagonal elements in the confusion matrix. Furthermore, melt track dimensions 348 

extracted from hatch package experiments showed close correspondence with those measured in cube specimens, particularly for melt 349 

track depth. The results can be summarized as follows: 350 

• Strong agreement between hatch package- and cube-based top-surface classifications confirms the transferability of the 351 

classification framework, as demonstrated by the confusion matrix. 352 

• Surface roughness and spatial characteristics for Flat and Irregular surfaces could be transferred well, indicating that their 353 

defining features are largely established during the initial layer formation. 354 

• Bulging and Wavy specimens show lower surface parameter values in hatch package measurements, as amplitude-based 355 

classification metrics accumulate over multiple layers due to defect propagation and evolving surface topography. 356 

• Melt track depth, width, and area exhibit substantial agreement between both the hatch package and cube measurements, 357 

with identity-line coefficients of determination of 0.895, 0.756, and 0.693, respectively. While melt track depth shows the 358 

highest transferability, the lower coefficient of determination for melt track area indicates a greater sensitivity to geometric 359 

variations between single-layer and multi-layer builds. 360 

• The qualitative comparison of melt track cross-sections confirms that characteristic geometric features are preserved from 361 

single-layer to multi-layer builds. 362 

The results, using a wide range of process parameters and ring-shaped beam profiles, indicate that single-layer hatch package 363 

experiments provide an efficient framework for predicting both surface topography and melt track characteristics in volumetric builds 364 

using beam shaping, with limitations depending on top-surface topography. This significantly reduces experimental effort compared to 365 

full 3D builds and enables rapid exploration of process parameter spaces. In particular, the ability to reliably predict Flat and Irregular 366 

regimes offers valuable insights for process optimization toward high-density components. 367 

At the same time, the observed deviations for Bulging and Wavy morphologies highlight the importance of considering layer-wise 368 

accumulation effects when translating hatch package results to volumetric manufacturing. These findings therefore not only demonstrate 369 

the applicability of hatch package-based approaches but also delineate their limitations, providing a clear basis for more efficient 370 

parameter development in PBF-LB/M. 371 

 372 
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