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Abstract 

There are ongoing challenges in achieving full density metal parts via Laser Powder Bed 
fusion (LPBF). Numerous of studies have shown that the part density depends on the process 
parameters, the powder characteristics and the process environment conditions. The scan strategy 
and the interactions of scan paths at discontinuities such as borders, create regions with high 
probability of pore occurrence. In this work, the complex relation between the defects and the 
toolpath at border discontinuities is investigated for a print recipe which gives >99.95% solid 
fraction in the core of the part. Samples are scanned by X-ray Computed Tomography (CT). The 
pore space was analyzed to extract the pore frequency, size, shape and location with respect to the 
scan path, border and contour strategies. 

Introduction 

Additive Manufacturing (AM) technologies offer new avenues for design of complex 
internal topologies and lightweight structures, and overall freedom in design with enhanced part 
functionality without the need for specialized tooling [1]. AM can also lower costs by reducing the 
design-to-fabrication cycle and consolidation of multi-part assemblies [1,2]. There is a breakeven 
point where the need for high-value, low-volume parts or technology-disruptive designs favor the 
adoption of AM approaches [3]. 

Laser Powder Bed fusion (LPBF) is one of the main metal additive manufacturing 
processes, where a layer of metal powder is spread on the build plate and fused by a laser beam 
following a scan path through the cross-section area of the layer. In LPBF, the complex interaction 
between the powder and the energy input often results in porosity, microstructure inhomogeneity, 
and poor mechanical characteristics [4,5]. There is a detrimental impact of porosity on mechanical 
performance [5]. Porosity highly depends on the energy input, which is determined by the process 
parameters such as beam power, beam focus, scan speed, layer thickness etc. Morrow et al. studied 
the effect of porosity on the microstructure of the part and investigated how it affects the overall 
part quality [4]. Researchers have developed models, where the defect population and porosity 
were used as a tool to predict the mechanical properties of the part such as fatigue strength and 
estimated the part life [5]. As there is a direct impact of density on mechanical properties, it is 
important to reduce the defect population within the part and make it as dense as possible [6].  

The studies in literature have shown that the porosity of the parts highly depends on the 
energy input to the metal powder. The energy input is determined by several process parameters 
such as laser power, scan speed and layer thickness. These parameters are dominant in determining 
the energy input per time in a unite volume. Early studies worked on understanding the relationship 
between the process parameters and the porosity of the part [7]. It has been shown that a 
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homogeneous energy input and temperature distribution can improve the density of the part [8]. 
Process parameters are then optimized to improve the density [9–16]. The pore defects are 
analyzed statistically depending on their size, frequency, morphology and distribution [17,18]. The 
different types of defects are grouped in three groups in terms of their generation causes: 
depression collapse, lateral pores, open and trapped pores [18]. Vast number of studies agree low 
energy input results in defects as there is not enough energy to melt the metal powder [9,11,14,16]. 
In a later study Cunningham et al. stated that excessive energy input also causes porosity of the 
part [12]. This is called keyhole mechanism, where materials can be ejected from the melt pool by 
applying an excessive energy input. The scan path defines how the energy input is distributed on 
the metal powder substrate. It plays an important role on the energy density and can also determine 
if there is an excessive or insufficient energy input to the metal powder [8]. Moreover, different 
scan strategies have been investigated to see the effect on the density of the part. The studies can 
be extended by deploying different scan strategies at the core and the skin of the part, and the 
interaction between these two scan strategies.  

In this study, the main goal is to identify the relation between defects and the scan path at 
the skin of the part, where discontinuities of the exposure points happen in LPBF process. Samples 
are manufactured by using different scan strategies at the periphery (or border) and using a process 
recipe, which gives 99.95% solid fraction for Invar-alloy at the core of the part. Samples are 
scanned by a X-ray Computed Tomography (CT), which is a well-suited equipment for defect 
space analysis [13]. The defects are analyzed statistically to investigate the pore frequency, size, 
morphology and the location with respect to the toolpath of the laser. In this study, the group was 
able to identify skin (or periphery) strategies that improve the overall density by minimizing sub-
surface pores. This would enhance the tensile and fatigue properties, as sub-surface defects have 
a high detrimental impact on part mechanical performance. 

 Material and Methods 

Cylindrical samples are manufactured using Renishaw AM400, which is a LPBF system 
with a modulated laser. Invar-alloy metal powder is used to manufacture the samples. It is a nickel-
iron based alloy known for low coefficient of expansion. It has been used in temperature sensitive 
applications. The chemical content of the Invar-alloy powder can be seen in Table 1. The particle 
size distribution of the powder is found using a Retsch Camsizer X2 Optical Particle Size Analyzer 
with the X-Jet dispersion module. Minimum chord length of the powder particles is measured and 
averaged. The powder size distribution for Invar-alloy powder can be seen in Table 2.  

Table 1. Chemical content of Invar-alloy powder (Wt. %) 

Elements 
Fe Ni Mn C Co Mo Cr P S 

Wt. % Balance 36.12 0.44 0.01 0.01 0.05 0.12 0.002 0.003 

Table 2. Powder size distribution of Invar-alloy 

D10 D50 D90 
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Average size of min. 
xc (μm) 23.2 33.6 45.0 

The samples are 5 mm in diameter and 8 mm in height, specifically designed for ease in 
density and pore space measurements via CT scanning. The process parameters are optimized to 
achieve high density at the core of the part. In this study, the core parameters used in manufacturing 
the samples were kept constant, to isolate the occurrence of defects due to the contribution of 
parameters sets at the periphery of the parts. The core process parameters used for manufacturing 
the samples used in this study are summarized in Table 3, with a meander scan strategy, with a 
67o meander rotation angle increment between subsequent layers. With these parameters, higher 
than 99.95% density has been achieved at the core of the samples.  

Table 3. Process parameters for the core scan strategy used to manufacture the samples investigated in this study 

Laser power Exposure time Point distance Hatch distance Layer thickness 

275 W 70 μs 60 μm 60 μm 30 μm 

Four different border scan strategies are used to observe the effect on the defect population 
at the periphery of parts. These strategies are (i) blocked path, (ii) border path, (iii) contour path, 
shown in Figure 1a and (iv) hatch compensation factor shown in Figure 1b. The blocked path (i) 
is used to reduce the number of scans in thin areas to a single scan. The border scan path (ii) 
circumferences the 2D cross-section area of the layer geometry and it is the outermost scan 
exposure. It is recommended to have a border scan at each layer to improve the surface structure 
and quality [19]. The contour scan (iii) mimics the border with a certain offset from the border. 
The contour scan is intended to reduce the porosity between the hatch and the border by re-melting 
discontinuities. Hatch compensation factor (iv) is a feature of the modulated beam process, where 
additional points can be added at the end of the hatch lines, if the distance between the last exposure 
point on a hatch line and the border line is bigger than the user-defined threshold. This distance 
can be identified as a percentage of the hatch space used in the recipe. The scan strategy and 
corresponding process parameters used in manufacturing of the part periphery in this study is 
shown in Table 4. As it is summarized in Table 3, the laser power used at the core of the parts is 
275 W. However, the laser power varies at the skin laser scan. The border power sample 11 is the 
same as core power and the blocked path power is 110 W. The border power the samples 01, 09, 
17 and 25 is 250 W and the contour power is set at 50% of the core power. The skin scan re-melts 
some of the regions. In order to prevent excessive energy input the skin laser power is chosen 
lower than the core laser power. Additionally, samples with the same periphery scan strategies are 
printed, but with a core meander rotation angle of 107o and the rest of the parameters the same to 
see the effect on sub-surface density of the part. 
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Figure 1. Scan strategies used in this study: a) Border, hatch, contour, blocked path, b) hatch compensation 
factor 

Table 4. Scan strategies of analyzed samples (H: Hatch, B: Border, C: Contour, BP: Blocked path) 

Hatch Compensation 

0% 25% 50% 

Scan 
Strategy 

H+B+C Sample #01 Sample #09 

H+B Sample #17 Sample #25 

H+B+BP Sample #11 

ZEISS Xradia 520 Versa 3D X-ray Nano-CT is used to scan the samples. The CT data give 
the 3D visualization of the part with the defects. For this scan, the voxel size of 12 μm is used to 
detect the defects. CT analytics were deployed to extract the coordinates of the defect centroid 
within each CT scanned surface and in 3D space, which determines the defect location relative to 
the sample geometry. The location of the defect center at each layer is extracted. The size of the 
defect cross-section in pixels at each layer is given to have a better understanding of how the defect 
is seeded, grown up and shrunk. The volumetric fraction is another output of the CT data. It is 
given as a percentage at each layer. The cross-section size and the volumetric fraction data give a 
quantified measure of how the defect is seeded, grown up and shrunk. A distinct number is 
assigned to each individual defect within a part, to keep the track of defects at each layer.  

For this analysis the defects at the core of the part are not included, as the amount is 
negligible compared to the defects occurred at the skin of the part and were optimized in another 
study. It has been previously observed that for parameter sets optimized in the core, the defects 
exist where the core scan path discontinuities intersect the skin scan path(s). This means that the 
process recipe works well for achieving high density parts when the laser exposure points are 
homogeneously distributed, and that the edges of the part are problematic. In this study, the group 
was able to identify skin (or periphery) strategies that improve the overall density by minimizing 
sub-surface pores.   
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Figure 2. Data registration of CT with the scan path 

Distinctive registration markers are printed on top of the samples, shown in Figure 2, to 
register the CT scan data with the scan path and to help in part identification. Only the laser 
exposure points at the end of the hatch lines and the skin (border, contour and blocked path) 
exposure points are extracted from the scan path data as this study is focused on analyzing the 
defects occurred at the skin of the part. The defect centers at each layer are analyzed together with 
respect to the near-by laser exposure points.  

Statistical Analysis of the Defect Space 

The CT scan data was analyzed statistically to determine which skin scan strategy works 
best for achieving high density parts. In Figure 3, the periphery defect population for all the parts 
manufactured with different scan strategies are shown. The most defects have been obtained in 
sample 11, where border and blocked path scan strategies are used at the skin of the part. The 
reason for that could be excessive number of laser exposure points at the skin of the part. The core 
meander hatch lines are rotating 67o from one layer to another in all these parts to have an 
alternating direction of the beam raster direction between layers and avoid compounding layer-by-
layer defects resulting from stacking the beam path. On the other hand, the skin exposure points, 
on border, contour and blocked path, are not rotating and changing position on the x-y plane. They 
occur at the same position on each layer. It means that the energy is localized on specific points. 
The stacked laser exposure points contribute to the defects occurring at the skin. Furthermore, the 
blocked path lines create more discontinuities at the skin of the samples. Although they are 
homogeneously distributed through the circumference of the sample, they are still causing a 
discontinuity radially. In this study, only the defects at skin are analyzed, where the skin is 0.2 mm 
deep from the actual part border radially. 
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Figure 3. a) Defect population in different samples, where H, B, C, BP and HC represent hatch, border, contour, 
blocked path and hatch compensation, respectively, b) the flattened CT images of the cylindrical part (sample 11) 
black spots show the defects, c) the flattened CT images of the cylindrical part (sample 25) black spots show the 

The histogram of defect population in different samples can be seen in Figure 3. There is 
an approximately 84% reduction of defect population on the skin of the part, when the blocked 
path scan strategy is muted. The other four parts show a similar range of defects at the skin. The 
best performance is observed, when only border strategy is used on the skin and 50% hatch 
compensation is enabled. An in-depth discussion is provided by analyzing the population of 
defects in detail in terms of pore size and depth.  

The depth of the defects is analyzed statistically for each part. The depth is quantified as 
the number of process layers over which a pore defect exists. Depth of two means that the defect 
propagates through two layers of the process, where the layer thickness is 30 μm for this process 
recipe. The Figure 4 shows the histogram of the defect population grouped according to their depth. 
It can be seen that each part shows the same trend in the histograms. Most of the defects propagate 
through 2 and 3 layers in each part. In general, there are only a few defects, which propagates 
through more than 5 layers or less than 2 layers. The depth can give an idea about the cause of the 
defect. In literature it has been stated that shallow defects with irregular shape are caused by poorly 
chosen process parameters, where the energy input is not enough and the process is under-melting 
[17]. The shallow defects occurring in less than one-layer thickness are usually caused by 
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entrapped gas. The depth of the defect can also change during manufacturing of the part. If a defect 
occurs due to lack of energy, this can be compensated by the laser exposure points on the next 
layer. So that the next layer can play a corrective role for the previous layer. 

Figure 4. Histogram of the defect depth at the skin, given in number of layers. It shows the depth distribution of the 
defects within one part. 

The morphology of the defects is analyzed statistically. It can be also an indicator of the 
defect initiator. In this analysis, the biggest volumetric fraction of the defect is located within the 
defect layers. If there is a defect with 4 layers in depth and the biggest volume of the defect occurs 
in the second layer, it means that the biggest volumetric fraction is at the second layer of the defect 
from the bottom. The defects are grouped according to their depth. Figure 5 shows the histograms 
of the biggest volumetric fraction location within the defect for each depth of the defect. It is 
observed that the biggest volumetric fraction usually occurred in the middle layers of the defect. 
It means that the defect is seeded first, it grows up and then shrinks during the manufacturing of 
the part. For defects which span multiple layers, the largest circumference of the defect occurred 
in layers 2 and 3. For instance, in Sample 25, defects span up to 5 layers; for example, for the 
population of defects spanning 4 layers Figure 5 (25-c), the largest segment in most pores occurred 
in the second layer. 
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Figure 5. For most defects which span multiple layers, the histogram showcases the frequency of the layer where the 
biggest pore volume exists. The layer is indicated, where the biggest volumetric fraction of the defect happens.  

In the case of the samples studied, one of the main causes for a defect is lack of fusion. It 
is observed that there are less exposure points on the skin of the samples at specific locations, 
depending on the orientation of the hatch lines in relationship to the skin scan strategies. In order 
to determine these locations analytically, the position of the laser exposure points and the defect 
is transferred to polar coordinates. The angle between the laser exposure point normal to the 
surface of the sample and the hatch lines are calculated. This angle is called α shown in Figure 6. 
When this angle gets closer to 90o, the distance between the laser exposure points at the end of the 
hatch lines increases, with less laser exposure points per unit area at these specific regions. At the 
regions, where this angle gets closer to 0o, the population of the laser exposure points increases. 
Hence, the distance between the laser exposure points gets closer to the distance between the hatch 
lines.  
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Figure 6. Angular positions of the defects, laser exposure points are shown in θd and θep. The hatch angle is shown 
in θh with respect to the x-axis. The angle between laser exposure points’ angular position and the hatch angle is 

represented by α. 

The defects are investigated layer-by-layer with respect to the scan path of the laser and 
the laser exposure points. Figure 7 shows the hatch lines in purple, the skin scan path in dark blue 
and the actual border of the part in pink. The circles show the defect location at each layer and the 
red circle is used to highlight the biggest volumetric fraction of the defect. It can be seen that the 
laser exposure points are getting further away from each other when the angle between the laser 
exposure point normal and the hatch lines is almost perpendicular. This effect can be better 
observed in Figure 7 on image 25-a) and 11-c).  
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Figure 7. Randomly selected defects with 3 layers in depth from sample 11 and 25 and the scan path on these layers 
are plotted together. The red and green dots show the centroid of the defect. Red color indicates the biggest 

volumetric fraction of the defect. 

An additional set of experiments was planned to see the effect of the rotation angle of the 
core meander hatch lines on the defect population at the border. The samples are manufactured 
with the same processing parameters and the hatch rotation angle is set to 107o. The defect 
population at the skin of the samples decreased by 20% as shown in Table 5. A random region is 
observed throughout the layers of the sample 11 and 25. It can be seen that the density of the laser 
exposure points is changing frequently. For instance, if the density of the laser exposure points is 
low in one layer, it will be higher on the next layer. This is a result of the rotation angle in this set 
of experiment being closer to 90o than the first set of experiment. Hence, the layer on top with 
more laser exposure points is a corrective action to the previous layer. It compensates the lack of 
energy on the previous layer. 
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Table 5. Comparison of defect population between two different experiment sets with different hatch rotation angles 
67o and 107o 

Defect Population (Number of Defects) 
Hatch rotation 

angle Sample 01 Sample 09 Sample 17 Sample 25 

67o 69 91 64 54 
107o 56 60 50 38 

It is already observed that the distribution of the laser exposure points is not homogeneous 
at the skin of the part. In order to see the effect of the density of the laser exposure points on the 
defect population at the border, the cylindrical samples are sliced, and each slice is investigated 
throughout the sample at each layer shown in Figure 8. For each slice at each layer, the hatch end 
points are counted, and that slice is flagged if there is a defect located. With this analysis, it is 
aimed to develop algorithms to predict defects using a probability distribution function, when a 
certain set of laser exposure points occur in consecutive layers using statistical and machine 
learning algorithms. This is part of a work in progress and will be presented as part of published 
work.  

Figure 8. Investigation of laser exposure points and defects at each slice layer-by-layer 

Conclusion 

In this study, the defects at the skin of the samples are statistically analyzed according to their size, 
distribution, depth and frequency on samples printed with the same process parameters in the core 
and different scan strategies at the skin. The statistics of defects in different samples are observed 
to understand the complex relation between the scan path and the defect occurrence. It is seen that 
the size distribution of the defects has a very similar trend in every sample although they are printed 
with different scan strategies. This means that the size distribution and frequency do not change 
according to the scan strategy. It only dampens the amount of the defects occurred in one sample. 
The same behavior is also detected in the morphology of the defects, where the defect grows up 
and shrinks down volumetrically through the longitudinal direction. For future research directions, 
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a statistical or machine learning tool will be designed to predict the probability of the defect 
occurrence for a given scan path and strategy. So that possible defects can be detected and avoided 
by modifying the scan path before manufacturing the parts. This tool will also help to increase the 
density of the parts especially at the discontinuities of the scan lines (skin of the part) manufactured 
by LPBF process. 

Acknowledgements 

This work was supported by funding from the Federal Economic Development Agency for Sothern 
Ontario (FedDev Ontario), in partnership with our industry partner Burloak Technologies. We 
would like to acknowledge the contribution of Adeola (Addy) Olubamiji, Material Scientist / 
Additive Manufacturing Engineer, Burloak Technologies for her support and mentorship 
throughout the design of experiment, supporting the manufacturing aspect of this work, and for 
providing valuable technical feedback. 

References 

[1] Ronald Berger Strategy Consultants, Additive Manufacturing - A game changer for the
manufacturing industry?, (2013).
http://www.rolandberger.com/media/pdf/Roland_Berger_Additive_Manufacturing_201311
29.pdf.

[2] Wohlers Associates, 3D Printing and Additive Manufacturing State of the Industry Annul
Worldwide Progress Report, Wohlers Associates, 2017.

[3] S. Merkt, C. Hinke, H. Schleifenbaum, H. Voswinckel, Geometric complexity analysis in
an integrative technology evaluation model (ITEM) for selective laser melting (SLM),
South Afr. J. Ind. Eng. 23 (2012) 97–105. doi:10.7166/23-2-333.

[4] B.M. Morrow, T.J. Lienert, C.M. Knapp, J.O. Sutton, M.J. Brand, R.M. Pacheco, V.
Livescu, J.S. Carpenter, G.T. Gray, Impact of Defects in Powder Feedstock Materials on
Microstructure of 304L and 316L Stainless Steel Produced by Additive Manufacturing,
Metall. Mater. Trans. A. (2018). doi:10.1007/s11661-018-4661-9.

[5] S. Romano, A. Brückner-Foit, A. Brandão, J. Gumpinger, T. Ghidini, S. Beretta, Fatigue
properties of AlSi10Mg obtained by additive manufacturing: Defect-based modelling and
prediction of fatigue strength, Eng. Fract. Mech. 187 (2018) 165–189.
doi:10.1016/j.engfracmech.2017.11.002.

[6] G. Vastola, Q.X. Pei, Y.-W. Zhang, Predictive model for porosity in powder-bed fusion
additive manufacturing at high beam energy regime, Addit. Manuf. (2018).
doi:10.1016/j.addma.2018.05.042.

[7] W.E. Frazier, Metal Additive Manufacturing: A Review, J. Mater. Eng. Perform. 23 (2014)
1917–1928. doi:10.1007/s11665-014-0958-z.

[8] V.E. Beal, P. Erasenthiran, N. Hopkinson, P. Dickens, C.H. Ahrens, Scanning strategies
and spacing effect on laser fusion of H13 tool steel powder using high power Nd:YAG
pulsed laser, Int. J. Prod. Res. 46 (2008) 217–232. doi:10.1080/00207540500168279.

[9] G. Kasperovich, J. Haubrich, J. Gussone, G. Requena, Correlation between porosity and
processing parameters in TiAl6V4 produced by selective laser melting, Mater. Des. 105
(2016) 160–170. doi:10.1016/j.matdes.2016.05.070.

[10] S. Yusuf, Y. Chen, R. Boardman, S. Yang, N. Gao, Investigation on Porosity and
Microhardness of 316L Stainless Steel Fabricated by Selective Laser Melting, Metals. 7
(2017) 64. doi:10.3390/met7020064.

283



[11] E. Abele, H.A. Stoffregen, M. Kniepkamp, S. Lang, M. Hampe, Selective laser melting for
manufacturing of thin-walled porous elements, J. Mater. Process. Technol. 215 (2015) 114–
122. doi:10.1016/j.jmatprotec.2014.07.017.

[12] R. Cunningham, S.P. Narra, C. Montgomery, J. Beuth, A.D. Rollett, Synchrotron-Based X-
ray Microtomography Characterization of the Effect of Processing Variables on Porosity
Formation in Laser Power-Bed Additive Manufacturing of Ti-6Al-4V, JOM. 69 (2017)
479–484. doi:10.1007/s11837-016-2234-1.

[13] A. Thompson, I. Maskery, R.K. Leach, X-ray computed tomography for additive
manufacturing: a review, Meas. Sci. Technol. 27 (2016) 072001. doi:10.1088/0957-
0233/27/7/072001.

[14] S. Tammas-Williams, H. Zhao, F. Léonard, F. Derguti, I. Todd, P.B. Prangnell, XCT
analysis of the influence of melt strategies on defect population in Ti–6Al–4V components
manufactured by Selective Electron Beam Melting, Mater. Charact. 102 (2015) 47–61.
doi:10.1016/j.matchar.2015.02.008.

[15] G. Ziółkowski, E. Chlebus, P. Szymczyk, J. Kurzac, Application of X-ray CT method for
discontinuity and porosity detection in 316L stainless steel parts produced with SLM
technology, Arch. Civ. Mech. Eng. 14 (2014) 608–614. doi:10.1016/j.acme.2014.02.003.

[16] C. Kamath, B. El-dasher, G.F. Gallegos, W.E. King, A. Sisto, Density of Additively-
Manufactured, 316L SS Parts Using Laser Powder-Bed Fusion at Powers Up to 400W,
2013. doi:10.2172/1116929.

[17] S. Romano, A. Brandão, J. Gumpinger, M. Gschweitl, S. Beretta, Qualification of AM
parts: Extreme value statistics applied to tomographic measurements, Mater. Des. 131
(2017) 32–48. doi:10.1016/j.matdes.2017.05.091.

[18] S.A. Khairallah, A.T. Anderson, A. Rubenchik, W.E. King, Laser powder-bed fusion
additive manufacturing: Physics of complex melt flow and formation mechanisms of pores,
spatter, and denudation zones, Acta Mater. 108 (2016) 36–45.
doi:10.1016/j.actamat.2016.02.014.

[19] L. Parry, I.A. Ashcroft, R.D. Wildman, Understanding the effect of laser scan strategy on
residual stress in selective laser melting through thermo-mechanical simulation, Addit.
Manuf. 12 (2016) 1–15. doi:10.1016/j.addma.2016.05.014.

284


	Welcome
	Title Page
	Preface
	Organizing Committee
	Papers to Journals
	Table of Contents
	Broader Impacts
	Using Additive Manufacturing as a Pathway to Change the Qualification Paradigm
	Technology Integration into Existing Companies
	Lattice Design Optimization: Crowdsourcing Ideas in the Classroom
	Education of Additive Manufacturing – An Attempt to Inspire Research
	Printing Orientation and How Implicit It Is
	Method for a Software-Based Design Check of Additively Manufactured Components
	The Recycling of E-Waste ABS Plastics by Melt Extrusion and 3D Printing Using Solar Powered Devices as a Transformative Tool for Humanitarian Aid

	Binder Jetting
	Evaluating the Surface Finish of A356-T6 Cast Parts from Additively Manufactured Sand Molds
	Economies of Complexity of 3D Printed Sand Molds for Casting
	Mitigating Distortion During Sintering of Binder Jet Printed Ceramics
	Binder Jetting of High Temperature and Thermally Conductive (Aluminum Nitride) Ceramic
	Binder Jetting Additive Manufacturing of Water-Atomized Iron

	Data Analytics in AM
	Effects of Thermal Camera Resolution on Feature Extraction in Selective Laser Melting
	Artificial Intelligence-Enhanced Multi-Material Form Measurement for Additive Materials
	Machine Learning for Modeling of Printing Speed in Continuous Projection Stereolithography
	Curvature-Based Segmentation of Powder Bed Point Clouds for In-Process Monitoring
	Nondestructive Micro-CT Inspection of Additive Parts: How to Beat the Bottlenecks
	Non-Destructive Characterization of Additively Manufactured Components Using X-Ray Micro-Computed Tomography
	Precision Enhancement of 3D Printing via In Situ Metrology
	Layer-Wise Profile Monitoring of Laser-Based Additive Manufacturing
	Correlative Beam Path and Pore Defect Space Analysis for Modulated Powder Bed Laser Fusion Process

	Hybrid AM
	Characterization of High-Deposition Polymer Extrusion in Hybrid Manufacturing
	Mechanical Properties Evaluation of Ti-6Al-4V Thin-Wall Structure Produced by a Hybrid Manufacturing Process
	Development of Pre-Repair Machining Strategies for Laser-Aided Metallic Component Remanufacturing
	Viscosity Control of Pseudoplastic Polymer Mixtures for Applications in Additive Manufacturing
	Curing Behavior of Thermosets for the Use in a Combined Selective Laser Sintering Process of Polymers
	Effect of Porosity on Electrical Insulation and Heat Dissipation of Fused Deposition Modeling Parts Containing Embedded Wire
	A New Digitally Driven Process for the Fabrication of Integrated Flex-Rigid Electronics
	Hybrid Manufacturing with FDM Technology for Enabling Power Electronics Component Fabrication
	Digitally-Driven Micro Surface Patterning by Hybrid Manufacturing
	Potentials and Challenges of Multi-Material Processing by Laser-Based Powder Bed Fusion
	A Digitally Driven Hybrid Manufacturing Process for the Flexible Production of Engineering Ceramic Components
	Stereolithography-Based Manufacturing of Molds for Directionally Solidified Castings
	Examination of the Connection between Selective Laser-Melted Components Made of 316L Steel Powder on Conventionally Fabricated Base Bodies
	Characterization and Analysis of Geometric Features for the Wire-Arc Additive Process

	Applications
	Geometry/Surface Finish
	Effect of Inter-Layer Cooling Time on Distortion and Mechanical Properties in Metal Additive Manufacturing
	Effect of Shield Gas on Surface Finish of Laser Powder Bed Produced Parts
	Material Characterization for Lightweight Thin Wall Structures Using Laser Powder Bed Fusion Additive Manufacturing
	Metal Additive Manufacturing in the Oil and Gas Industry
	Development of a Customized CPAP Mask Using Reverse Engineering and Additive Manufacturing

	Specific Parts
	Multimaterial Aerosol Jet Printing of Passive Circuit Elements
	Additive Manufacturing of Liners for Shaped Charges
	An Aerospace Integrated Component Application Based on Selective Laser Melting: Design, Fabrication and Fe Simulation
	Additive Manufacturing of Metal Bandpass Filters for Future Radar Receivers
	Fast Prediction of Thermal History in Large-Scale Parts Fabricated via a Laser Metal Deposition Process
	Design Guidelines for a Software-Supported Adaptation of Additively Manufactured Components with Regard to a Robust Production

	Large Scale Parts
	Increasing Interlaminar Strength in Large Scale Additive Manufacturing
	Using Post-Tensioning in Large Scale Additive Parts for Load Bearing Structures
	Precast Concrete Molds Fabricated with Big Area Additive Manufacturing
	3D Printed Fastener-Free Connections for Non-Structural and Structural Applications – An Exploratory Investigation
	Correlations of Interlayer Time with Distortion of Large Ti-6Al-4V Components in Laser Metal Deposition with Wire
	Model Development for Residual Stress Consideration in Design for Laser Metal 3D Printing of Maraging Steel 300
	Topology Optimisation of Additively Manufactured Lattice Beams for Three-Point Bending Test

	Residual Stress
	Morphable Components Topology Optimization for Additive Manufacturing
	Next-Generation Fibre-Reinforced Lightweight Structures for Additive Manufacturing

	Topology Optimization
	Topology Optimized Heat Transfer Using the Example of an Electronic Housing
	Microstructural and Mechanical Characterization of Ti6Al4V Cellular Struts Fabricated by Electron Beam Powder Bed Fusion Additive Manufacturing
	Effect of Wall Thickness and Build Quality on the Compressive Properties of 304L Thin-Walled Structure Fabricated by SLM
	Mechanical Behavior of Additively Manufactured 17-4 Ph Stainless Steel Schoen Gyroid Lattice Structure

	Lattices and Cellular
	An Investigation of the Fatigue Strength of Multiple Cellular Structures Fabricated by Electron Beam Powder Bed Fusion Additive Manufacturing Process
	On the Mechanical Behavior of Additively Manufactured Asymmetric Honeycombs
	Fabrication of Support-Less Engineered Lattice Structures via Jetting of Molten Aluminum Droplets
	Finite Element Modeling of Metal Lattice Using Commercial Fea Platforms
	A CAD-Based Workflow and Mechanical Characterization for Additive Manufacturing of Tailored Lattice Structures
	A Comparison of Modeling Methods for Predicting the Elastic-Plastic Response of Additively Manufactured Honeycomb Structures
	Numerical and Experimental Study of the Effect of Artificial Porosity in a Lattice Structure Manufactured by Laser Based Powder Bed Fusion
	Size and Topology Effects on Fracture Behavior of Cellular Structures
	Rheological, In Situ Printability and Cell Viability Analysis of Hydrogels for Muscle Tissue Regeneration
	Development of a Thermoplastic Biocomposite for 3D Printing
	Design Rules for Additively Manufactured Wrist Splints Created Using Design of Experiment Methods


	Biomedical Applications
	Design and Additive Manufacturing of a Patient Specific Polymer Thumb Splint Concept
	Mandibular Repositioning Appliance following Resection Crossing the Midline- A3D Printed Guide
	A Sustainable Additive Approach for the Achievement of Tunable Porosity
	Effects of Electric Field on Selective Laser Sintering of Yttria-Stabilized Zirconia Ceramic Powder
	Fabrication of Ceramic Parts Using a Digital Light Projection System and Tape Casting
	Slurry-Based Laser Sintering of Alumina Ceramics
	Material Properties of Ceramic Slurries for Applications in Additive Manufacturing Using Stereolithography

	Materials
	Ceramics
	Additive Manufacturing of Alumina Components by Extrusion of In-Situ UV-Cured Pastes
	Mechanical Challenges of 3D Printing Ceramics Using Digital Light Processing
	Effect of Laser Additive Manufacturing on Microstructure Evolution of Inoculated Zr₄₅ꓸ₁Cu₄₅ꓸ₅Al5Co₂ Bulk Metallic Glass Matrix Composites
	Fiber-Fed Printing of Free-Form Free-Standing Glass Structures
	Additive Manufacturing of Energetic Materials
	Methods of Depositing Anti-Reflective Coatings for Additively Manufactured Optics
	A Review on the Additive Manufacturing of Fiber Reinforced Polymer Matrix Composites

	Non-Traditional Non-Metals
	Design and Robotic Fabrication of 3D Printed Moulds for Composites
	Mechanical Property Correlation and Laser Parameter Development for the Selective Laser Sintering of Carbon Fiber Reinforced Polyetheretherketone
	4D Printing Method Based on the Composites with Embedded Continuous Fibers
	Fabricating Functionally Graded Materials by Ceramic On-Demand Extrusion with Dynamic Mixing

	Composites
	The Effect of Shear-Induced Fiber Alignment on Viscosity for 3D Printing of Reinforced Polymers
	Processing Short Fiber Reinforced Polymers in the Fused Deposition Modeling Process
	Impact Testing of 3D Printed Kevlar-Reinforced Onyx Material
	Deposition Controlled Magnetic Alignment in Iron-PLA Composites
	Effects of In-Situ Compaction and UV-Curing on the Performance of Glass Fiber-Reinforced Polymer Composite Cured Layer by Layer
	General Rules for Pre-Process Planning in Powder Bed Fusion System – A Review
	Development of an Engineering Diagram for Additively Manufactured Austenitic Stainless Steel Alloys
	Fatigue Life Prediction of Additively Manufactured Metallic Materials Using a Fracture Mechanics Approach
	Characterizing Interfacial Bonds in Hybrid Metal Am Structures

	Direct Write
	The Mechanical Behavior of AISI H13 Hot-Work Tool Steel Processed by Selective Laser Melting under Tensile Stress

	Broad Issues
	Additive Manufacturing of Metal Functionally Graded Materials: A Review
	Understanding Adopting Selective Laser Melting of Metallic Materials
	The Effect of Processing Parameter on Zirconium Modified Al-Cu-Mg Alloys Fabricated by Selective Laser Melting
	Selective Laser Melting of Al6061 Alloy: Processing, Microstructure, and Mechanical Properties
	Small-Scale Characterization of Additively Manufactured Aluminum Alloys through Depth-Sensing Indentation
	Effects of Process Parameters and Heat Treatment on the Microstructure and Mechanical Properties of Selective Laser Melted Inconel 718
	Effects of Design Parameters on Thermal History and Mechanical Behavior of Additively Manufactured 17-4 PH Stainless Steel

	Aluminum
	The Effects of Powder Recycling on the Mechanical Properties of Additively Manufactured 17-4 PH Stainless Steel
	Mechanical Properties of 17-4 Ph Stainless Steel Additively Manufactured Under Ar and N₂ Shielding Gas
	Recyclability of 304L Stainless Steel in the Selective Laser Melting Process
	The Influence of Build Parameters on the Compressive Properties of Selective Laser Melted 304L Stainless Steel

	Nickel
	Characterization of Impact Toughness of 304L Stainless Steel Fabricated through Laser Powder Bed Fusion Process

	17-4PH Stainless Steel
	Incorporation of Automated Ball Indentation Methodology for Studying Powder Bed Fabricated 304L Stainless Steel
	Effect of Powder Degradation on the Fatigue Behavior of Additively Manufactured As-Built Ti-6Al-4V
	Volume Effects on the Fatigue Behavior of Additively Manufactured Ti-6Al-4V Parts

	304 Stainless Steel
	Effects of Layer Orientation on the Multiaxial Fatigue Behavior of Additively Manufactured Ti-6Al-4V
	Ambient-Temperature Indentation Creep of an Additively Manufactured Ti-6Al-4V Alloy
	Individual and Coupled Contributions of Laser Power and Scanning Speed towards Process-Induced Porosity in Selective Laser Melting
	A Comparison of Stress Corrosion Cracking Susceptibility in Additively-Manufactured and Wrought Materials for

Aerospace and Biomedical Applications

	316L Stainless Steel
	Effect of Energy Density on the Consolidation Mechanism and Microstructural Evolution of Laser Cladded Functionally-Graded Composite Ti-Al System

	Titanium
	Mechanical Properties of Zr-Based Bulk Metallic Glass Parts Fabricated by Laser-Foil-Printing Additive Manufacturing
	Experimental Characterization of Direct Metal Deposited Cobalt-Based Alloy on Tool Steel for Component Repair
	PEEK High Performance Fused Deposition Modeling Manufacturing with Laser In-Situ Heat Treatment
	A Comparative Investigation of Sintering Methods for Polymer 3D Printing Using Selective Separation Shaping (SSS)
	Not Just Nylon... Improving the Range of Materials for High Speed Sintering
	Material Property Changes in Custom-Designed Digital Composite Structures Due to Voxel Size
	Quantifying the Effect of Embedded Component Orientation on Flexural Properties in Additively Manufactured Structures

	Non-Traditional Metals
	Influences of Printing Parameters on Semi-Crystalline Microstructure of Fused Filament Fabrication Polyvinylidene Fluoride (PVDF) Components
	Effects of Build Parameters on the Mechanical and Di-Electrical Properties of AM Parts

	Novel Polymers
	Laser Sintering of PA12/PA4,6 Polymer Composites
	Understanding Hatch-Dependent Part Properties in SLS
	Investigation into the Crystalline Structure and Sub-Tₚₘ Exotherm of Selective Laser Sintered Polyamide 6
	The Influence of Contour Scanning Parameters and Strategy on Selective Laser Sintering PA613 Build Part Properties
	Processing of High Performance Fluoropolymers by Laser Sintering

	Polymers for Material Extrusion
	Reinforcement Learning for Generating Toolpaths in Additive Manufacturing
	Control System Framework for Using G-Code-Based 3D Printing Paths on a Multi-Degree of Freedom Robotic Arm
	Analysis of Build Direction in Deposition-Based Additive Manufacturing of Overhang Structures

	Polymers for Powder Bed Fusion
	Topology-Aware Routing of Electric Wires in FDM-Printed Objects
	Using Autoencoded Voxel Patterns to Predict Part Mass, Required Support Material, and Build Time
	Continuous Property Gradation for Multi-Material 3D-Printed Objects
	Convection Heat Transfer Coefficients for Laser Powder Bed Fusion
	Local Thermal Conductivity Mapping of Selective Laser Melted 316L Stainless Steel


	Modeling
	Finite Element Modeling of the Selective Laser Melting Process for Ti-6Al-4V
	Modelling the Melt Pool of the Laser Sintered Ti6Al4V Layers with Goldak’S Double-Ellipsoidal Heat Source
	A Novel Microstructure Simulation Model for Direct Energy Deposition Process
	Influence of Grain Size and Shape on Mechanical Properties of Metal Am Materials
	Experimental Calibration of Nanoparticle Sintering Simulation
	Solidification Simulation of Direct Energy Deposition Process by Multi-Phase Field Method Coupled with Thermal Analysis

	Physical Modeling
	Thermal Modeling Power Beds
	Establishing Property-Performance Relationships through Efficient Thermal Simulation of the Laser-Powder Bed Fusion Process
	An Investigation into Metallic Powder Thermal Conductivity in Laser Powder-Bed Fusion Additive Manufacturing
	Simulation of the Thermal Behavior and Analysis of Solidification Process during Selective Laser Melting of Alumina
	Low Cost Numerical Modeling of Material Jetting-Based Additive Manufacturing
	Screw Swirling Effects on Fiber Orientation Distribution in Large-Scale Polymer Composite Additive Manufacturing

	Multi/Micro-Scale Modeling
	Numerical Prediction of the Porosity of Parts Fabricated with Fused Deposition Modeling
	Numerical Modeling of the Material Deposition and Contouring Precision in Fused Deposition Modeling
	Effect of Environmental Variables on Ti-64 Am Simulation Results

	Advanced Thermal Modeling
	Non-Equilibrium Phase Field Model Using Thermodynamics Data Estimated by Machine Learning for Additive Manufacturing Solidification
	Multi-Physics Modeling of Single Track Scanning in Selective Laser Melting: Powder Compaction Effect
	Towards an Open-Source, Preprocessing Framework for Simulating Material Deposition for a Directed Energy Deposition Process
	Quantifying Uncertainty in Laser Powder Bed Fusion Additive Manufacturing Models and Simulations

	Modeling Part Performance
	Optimization of Inert Gas Flow inside Laser Powder-Bed Fusion Chamber with Computational Fluid Dynamics
	An Improved Vat Photopolymerization Cure Model Demonstrates Photobleaching Effects
	Nonlinear and Linearized Gray Box Models of Direct-Write Printing Dynamics
	Insights into Powder Flow Characterization Methods for Directed Energy Distribution Additive Manufacturing Systems
	Effect of Spray-Based Printing Parameters on Cementitious Material Distribution

	Modeling Innovations
	Aligning Material Extrusion Direction with Mechanical Stress via 5-Axis Tool Paths
	Fieldable Platform for Large-Scale Deposition of Concrete Structures
	Microextrusion Based 3D Printing–A Review

	Improvements
	Theory and Methodology for High-Performance Material-Extrusion Additive Manufacturing under the Guidance of Force-Flow
	Knowledge-Based Material Production in the Additive Manufacturing Lifecycle of Fused Deposition Modeling
	Acoustic Emission Technique for Online Detection of Fusion Defects for Single Tracks during Metal Laser Powder Bed Fusion
	Development of an Acoustic Process Monitoring System for the Selective Laser Melting (SLM)


	Process Development
	Deposition
	Low Cost, High Speed Stereovision for Spatter Tracking in Laser Powder Bed Fusion
	Multiple Collaborative Printing Heads in FDM: The Issues in Process Planning
	Additive Manufacturing with Modular Support Structures
	Pick and Place Robotic Actuator for Big Area Additive Manufacturing

	Extrusion
	3D Printed Electronics
	Fiber Traction Printing--A Novel Additive Manufacturing Process of Continuous Fiber Reinforced Metal Matrix Composite
	Immiscible-Interface Assisted Direct Metal Drawing

	Imaging
	In-Situ Optical Emission Spectroscopy during SLM of 304L Stainless Steel
	Tool-Path Generation for Hybrid Additive Manufacturing
	Structural Health Monitoring of 3D Printed Structures
	Mechanical Properties of Additively Manufactured Polymer Samples Using a Piezo Controlled Injection Molding Unit and Fused Filament Fabrication Compared with a Conventional Injection Molding Process
	Use of SWIR Imaging to Monitor Layer-To-Layer Part Quality During SLM of 304L Stainless Steel

	Novel Methods
	DMP Monitoring as a Process Optimization Tool for Direct Metal Printing (DMP) of Ti-6Al-4V
	Effects of Identical Parts on a Common Build Plate on the Modal Analysis of SLM Created Metal
	On the Influence of Thermal Lensing During Selective Laser Melting
	Development of Novel High Temperature Laser Powder Bed Fusion System for the Processing of Crack-Susceptible Alloys
	Towards High Build Rates: Combining Different Layer Thicknesses within One Part in Selective Laser Melting
	Laser Heated Electron Beam Gun Optimization to Improve Additive Manufacturing
	Two-Dimensional Characterization of Window Contamination in Selective Laser Sintering
	Laser Metal Additive Manufacturing on Graphite

	Non-Metal Powder Bed Fusion
	Predictive Iterative Learning Control with Data-Driven Model for Optimal Laser Power in Selective Laser Sintering
	Realtime Control-Oriented Modeling and Disturbance Parameterization for Smart and Reliable Powder Bed Fusion Additive Manufacturing
	Microwave Assisted Selective Laser Melting of Technical Ceramics
	Research on Relationship between Depth of Fusion and Process Parameters in Low-Temperature Laser Sintering Process
	Frequency Response Inspection of Additively Manufactured Parts for Defect Identification
	Nanoparticle Bed Deposition by Slot Die Coating for Microscale Selective Laser Sintering Applications

	Spinning/Pinning/Stereolithography
	Fabrication of Aligned Nanofibers along Z-Axis – A Novel 3D Electrospinning Technique
	Z-Pinning Approach for Reducing Mechanical Anisotropy of 3D Printed Parts
	Structurally Intelligent 3D Layer Generation for Active-Z Printing
	microCLIP Ceramic High-Resolution Fabrication and Dimensional Accuracy Requirements



	Attendees
	Author Index
	Print
	Search



