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Abstract 

Porosity is an undesirable characteristic of selective laser melting (SLM) process and keyhole 
pores are formed when the energy density is very high which leads to deep penetration melting. 
In this study, single-track SLM experiments using Ti-6Al-4V powder were designed and 
conducted with combination of varied levels of the laser power and the scanning speed, intended 
to obtain the same energy density. Three energy densities: 0.32 J/mm, 0.4 J/mm and 0.48 J/mm 
were selected to investigate the influence of laser power versus scanning speed on porosity. Pore 
numbers and volumes was analyzed using micro-scale computed tomography. The results 
indicated that the pore formation is affected more by the change in the power than the scanning 
speed while keeping the energy density constant. As the power increased from around 20 W to 
140 W, total pore volume increased, whereas pore volume decreased when power increased from 
140 W to 195W. 
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1. Introduction

Selective laser melting (SLM) process has become a widely studied subject due to its 
freeform fabrication capability. However, inherent SLM defects such as porosity, part 
deformation are undesirable. Pores within the SLM fabricated samples have significant effect 
towards the part performance [1-3]. Leuders et al. demonstrated that the fatigue strength can be 
optimized by reducing the pore size as the stress concentration is reduced [4]. Besides the size of 
pore, its location is also critical to the stress concentration: pores near to surface were found 
more critical even if the size were smaller [5].  

Pores, in general can be categorized as keyhole pores and metallurgical pores [6]. Keyhole 
pores are the result of keyhole mode melting which occurs when the energy density exceeds the 
keyhole threshold [7]. The energy density is the function of laser power, scanning speed, layer 
thickness and hatch spacing. Gong et al. [8] studied the effect of laser power and scan speed on 
the defect formation. Based on part quality, the power-speed curve can be divided into three 
zones: keyhole melting, conduction melting and incomplete melting. Pores can be formed when 
the energy density is very high or very low. Small amount of pores formed due to higher energy 
input are harmless when present up to 1 vol.% whereas defect due to insufficient energy input 
have effect even if the amount is as low as 1 vol.% [9]. Similarly, Aboulkhair et al. [6] 
investigated the effect of different process parameters to find the parameter window which 

1400

Solid Freeform Fabrication 2018: Proceedings of the 29th Annual International
Solid Freeform Fabrication Symposium – An Additive Manufacturing Conference

Reviewed Paper



would produce high density parts from AlSi10Mg. The metallographic study showed that 
different pores such as keyhole pores and metallurgical pores may form depending upon the 
process parameters used. Besides, with AlSi10Mg, hydrogen porosity may form due to the 
presence of moisture in powder particle surface as well as dissolved hydrogen in the powder 
material. Ponnusamy et al. [10] performed statistical analysis on porosity of 17-4PH stainless 
steel. Effect of various process parameters such as laser power, defocus distance, layer thickness 
and build orientation were investigated which also helped to find optimum process parameters.  
Although, metallographic studies clearly reveal the pores present inside the sample, it does not 
provide complete information of pore distribution inside the whole sample. 

As pore volume as well as pore location has significant effect on part performance, it is 
important to characterize pores formed due to different process conditions. Slotwinski et al. [11] 
performed porosity measurement on additively manufactured cobalt-chrome(Co-Cr) using X-
Ray computed tomography (XRCT). XRCT technique help determine the morphology and 
distribution of pores within the sample. Siddique et al. [5] demonstrated that the percentage 
porosity calculated by two-dimensional metallography and three-dimensional tomography had 
no significant difference considering the critical pores. Kim et al. [12] utilized X-ray 
microtomography (µCT) to study the track changes in morphology of SLM Ti porous structures 
at different stage of post laser melting production. It has been demonstrated that µCT can be used 
not only for 3D quantification, but also as a feedback mechanism to make improvements on 
initial designs. Van Bael et al. [13] used XRCT as feedback mechanism to improve geometrical 
and mechanical controllability of selective laser melted Ti-6Al-4V porous structures. Ziolkowski 
et al. [14] explained the advantage of nondestructive XRCT over traditional metallograpic cross-
sectional analysis. However, the major factor in XRCT is the resolution which would limit the 
pore size that can be studied. 

In this study, the individual and coupled effect of power and scanning speed on single track 
porosity has been investigated. Different power and scan speeds were used to obtain three energy 
densities: 0.32 J/mm, 0.4 J/mm and 0.48 J/mm. Single tracks samples were fabricated and the 
internal pore feature were studied with micro-CT. Pore count and pore volume resulting from 
different process parameter have been compared. 

2. Approach

SLM specimen fabrications 

Hollow cylindrical samples have been designed as shown in Figure 1(a). The single tracks 
are formed on top of the solid semi-cylinder base. A constant spacing of 0.9 mm is maintained 
between single tracks and therefore each sample only contained four tracks. Two notches are 
used to identify the start and end of the single tracks. This design would also assist while 
performing CT scanning. Each sample has been marked as seen in Figure 1(a) to differentiate 
among the samples. In this study, three energy densities: 0.32 J/mm, 0.4 J/mm and 0.48 J/mm 
have been considered to study the effect of individual and coupled effect of power and scanning 
speed on porosity formation. The power and scanning speed used are presented in Table 1. The 
upper limit of power is maintained at maximum available laser power of 195 W. The design of 
experiment resulted in 12 tracks for 0.32 J/mm energy density while only 8 tracks are formed for 

1401



0.48 J/mm. Figure 1(b) shows the cylindrical samples with support on the build plate after 
fabrication. Three replicates have been produced for each sample. 

Figure 1: (a) CAD model of the specimen (unit in mm) and (b) Semi-hollow cylinders with 
single track built on the base plate. 

Table 1: Process parameters used to form single tracks 
ED(J/mm) Speed(mm/s) 50 100 150 200 250 300 350 406.2 450 487.5 550 609.4 
0.32 

Power (W) 
16 32 48 64 80 96 112 130 144 156 176 195 

0.4 20 40 60 80 100 120 140 162.5 180 195 - - 
0.48 24 48 72 96 120 144 168 195 - - - - 

CT scanning 

Bruker SkyScan 1173 micro-CT scanner as shown in Figure 2 is used to perform CT 
scanning of the fabricated samples. To align the sample with the X-ray source, brass sample 
mount with appropriate size is used. Clay, Styrofoam and parafilm tape were used to position 
sample on top of the brass sample mount as shown in Figure 2. Styrofoam and parafilm tape are 
preferred for the sample positioning as they are radiotransparent and do not affect the scanning 
of highly dense Ti-6Al-4V. Pixel resolution of 6 µm was used and samples were scanned at 2000 
magnification. In order to transmit enough X-ray through highly dense titanium sample, high 
voltage of 130 kV x-ray source was generated which was filtered through a 0.25 mm brass filter 
so as to absorb x-ray with energy below 60 kV. This is necessary for highly dense materials to 
reduce beam hardening artifact otherwise the outer surface would appear more dense than 
interior due to higher absorbtion of low energy x-rays near outer surface. After obtaining raw 
images, steps towards reconstruction such as beam hardening correction, ring artifact reduction, 
misalignment compensation and smoothing were performed using parameter fine-tuning to 
minimize the ring artifacts and blurring effects, etc [15]. 

Figure 2: Specimen setup in the CT system (Left) and closed-up views (Right). 
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3. Results and Discussion

Typical scanning images 

Figure 3 shows example of CT images from a typical specimen with different sectional views 
as well as the isometric partial cutoff view. The color coding is based on the density of the 
material: light grey area is solid, medium grey area is powder and the dark spots in the YZ cross 
section, which represent density of air, are pores. Four single tracks formed atop of base pad are 
clearly identified. These four tracks, in the figure shown are formed with laser power and 
scanning speed of 120W and 250 mm/s, 144 W and 300 mm/s, 168 W and 350 mm/s and 195W 
and 406.2 mm/s from left to right. The pores can be distinctly identified which are formed 
beneath the single track. These pores are mostly formed due to keyhole formation at high energy 
densities.  

Figure 3: Examples of CT images of a scanned SLM specimen. 

Single track morphology 

CT scanning results were used to observe the track morphology as shown in Figure 4. It was 
noticed that at low power (24 W) and speed (50 mm/s), discontinuous track is observed even if 
high energy density is used. This may be due to lower power level: the input intensity is not 
enough to sufficiently melt the powder and substrate beneath to form a continuous melt pool. 
When both power and speed were doubled, a continuous track was observed. This track however 
had lower track width compared to other high power and speed cases. Figure 5 shows the 
average single track widths obtained with different scanning parameters. The track width for 24 
W and 50 mm/s has not been considered due to discontinuous track. 48 W laser power with 100 
mm/s speed only resulted in average track width of 146 µm, whereas track width beyond this 
power and speed were over 190 µm. For same energy density, lower power and lower speed 
resulted in track morphology as that of low energy density cases. But the melt pool width did not 
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increase with further increase in power and speed. This may be due to the keyhole mode melting: 
the flow is more dominant along the depth which resulted in almost similar melt pool width or 
track width.  

Figure 4: Single track morphology at different process parameters for ED=0.48 J/mm. 

Figure 5: Track width from different scanning parameters for ED=0.8 J/mm. 

Process effect 

The transverse sections of single tracks have been presented in Figure 6. The transverse 
section of single track with 24 W, 50 mm/s shows wavy profile due to discontinuity in the track. 
As the power and speed were increased, the waviness was reduced and continuous, dense tracks 
were formed. Single tracks with 48 W and 72 W did not reveal pores, while as the power 
increased beyond 72 W, numerous pores were observed. This means that even for same energy 
density, keyhole mode melting highly depend on the level of power used. These pores are 
analyzed to compare the pore count and the pore volume among the fabricated single tracks. 
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Figure 6: Transvere sections from single track with ED=0.48 J/mm. 

1405



The pore analysis is performed over reconstructed image to obtain quantitative pore 
information. The raw images are transformed into binary images to calculate pore volume, 
surface area, sphericity etc. Then, 3D rendered pores are also generated. Figure 7 explains how 
the binary images of a pore at successive slices are used to obtain the rendered 3D representation 
of a pore. 

Figure 7: 3D rendering of a pore from 2D binary images [15]. 

The effect of power and scan speed on pore count and pore volume have been summarized in 
Figure 8. As the power and speed increased for same energy density, the pore count and the total 
pore volume increased. At low power and low speed, no or very few pores were observed. The 
pore count increased singnificantly around power 100 W and continued to increase until 140 W. 
In all three energy density cases, maximum volume of pores was observed when Power was 
around 140 W although scan speed were different: 144 W and 450 mm/s for 0.32 J/mm energy 
density, 140 W and 350 mm/s for 0.4 J/mm energy density and 144 W and 300 mm/s for 0.48 
J/mm energy density. As the power and speed increased beyond this point, there is a significant 
drop in pore count and volume. 

Figure 8: Pore count and pore volume obtained at different process parameters from different 
energy densities (a) 0.32 J/mm, (b) 0.4 J/mm and (c) 0.48 J/mm. 
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The penetration depth of keyhole is directly proportional to laser power and inversely 
proportional to the scan speed [16]. Also, power has more effect towards the maximum 
temperature in melt pool compared to scanning speed [7]. When we assume that melt pool depth 
normalized by the beam radius is only a function of ratio of deposited energy density to the 
enthalpy at melting: 

∆𝐻

ℎ𝑠
=

𝐴𝑃

𝜋ℎ𝑠√𝐷𝑢𝜎3
(1) 

Where, ∆𝐻 is specific enthalpy, ℎ𝑠 is enthalpy at melting, A is absorptivity, P is power, D is 
thermal diffusivity of the molten material, u is beam travel speed and σ is beam size. 

From equation 1, we may say that pore count and volume would increase with increasing 
power due to increase in keyhole effect. However this was not always true for the same energy 
density as increasing power after certain level decreased. It was interesting to see the similar 
trend in pore volume curve, with higher energy densities resulting in higher pore volume. We 
may also say that power is more significant towards the pore volume as the critical power seems 
to be similar for all three cases. The relation 𝑃/√𝑢 is used to reduce the effect of speed on the 
graph which is shown in Figure 9. If magnitude of speed is further decreased, then the critical 
point would be aligned in a straight vertical line.  

From the track morphology and porosity results, we observe that from the experimental 
settings used, the critical power is around 140 W. When the power and speed is decreased from 
140 W, the track width decreased along with the porosity. And when the power and speed 
increased, the track width remained almost constant while reduction in pore number and the pore 
volume. It would be interesting to see what would be the porosity level beyond power level of 
195 W for same energy density.  

Figure 9: Coupled effect of power and speed on pore volume 

The pores are formed at different depth with different process parameters. It is difficult to 
explain the penetration depth resulted from different power level with the study of porosity 
alone. However, we can make a statement that pore depth would provide initial idea on how deep 
the keyhole penetration is. The keyhole penetration seemed to increase with increasing power 
and speed. A metallographic study is required to have better understanding of this phenomenon. 
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4. Conclusions

Porosity analysis in SLM single-track specimens was performed using a SkyScan 1173 
micro-CT scanner. The results clearly show pores resulted from the keyhole phenomenon and 
following conclusions can be made from this study: 
• The keyhole behavior is more affected by power than scan speed. As the power increases for

same energy density, pore volume increased even if scanning speed increased.
• At same energy density, the lower power would result in balling behavior which is observed

at low energy density melting: the input intensity may not be enough to properly melt the
powder and substrate.

• Pore volume is maximum at around 140 W laser power. As the power further increased pore
number and pore volume decreased for the interval of power investigated in this paper.

The maximum power studied is limited to 195 W due to the limitation of EOS M270 power 
output. It would be interesting to see if the pore number and volume would further decrease with 
increasing power and scanning speed for studied energy densities. 

Acknowledgements 
This study is supported by U.S. National Science Foundation under a grant (1662662). 

References 

[1] Cherry, J., Davies, H., Mehmood, S., Lavery, N., Brown, S., and Sienz, J., 2015,
"Investigation into the effect of process parameters on microstructural and physical properties of
316L stainless steel parts by selective laser melting," The International Journal of Advanced
Manufacturing Technology, 76(5-8), pp. 869-879.
[2] Edwards, P., and Ramulu, M., 2014, "Fatigue performance evaluation of selective laser
melted Ti–6Al–4V," Materials Science and Engineering: A, 598, pp. 327-337.
[3] Siddique, S., Imran, M., Wycisk, E., Emmelmann, C., and Walther, F., 2015, "Influence of
process-induced microstructure and imperfections on mechanical properties of AlSi12 processed
by selective laser melting," Journal of Materials Processing Technology, 221, pp. 205-213.
[4] Leuders, S., Thöne, M., Riemer, A., Niendorf, T., Tröster, T., Richard, H., and Maier, H.,
2013, "On the mechanical behaviour of titanium alloy TiAl6V4 manufactured by selective laser
melting: Fatigue resistance and crack growth performance," International Journal of Fatigue, 48,
pp. 300-307.
[5] Siddique, S., Imran, M., Rauer, M., Kaloudis, M., Wycisk, E., Emmelmann, C., and Walther,
F., 2015, "Computed tomography for characterization of fatigue performance of selective laser
melted parts," Materials & Design, 83, pp. 661-669.
[6] Aboulkhair, N. T., Everitt, N. M., Ashcroft, I., and Tuck, C., 2014, "Reducing porosity in
AlSi10Mg parts processed by selective laser melting," Additive Manufacturing, 1, pp. 77-86.
[7] King, W. E., Barth, H. D., Castillo, V. M., Gallegos, G. F., Gibbs, J. W., Hahn, D. E.,
Kamath, C., and Rubenchik, A. M., 2014, "Observation of keyhole-mode laser melting in laser
powder-bed fusion additive manufacturing," Journal of Materials Processing Technology,
214(12), pp. 2915-2925.

1408



[8] Gong, H., Rafi, K., Gu, H., Starr, T., and Stucker, B., 2014, "Analysis of defect generation in
Ti–6Al–4V parts made using powder bed fusion additive manufacturing processes," Additive
Manufacturing, 1, pp. 87-98.
[9] Gong, H., Rafi, K., Gu, H., Ram, G. J., Starr, T., and Stucker, B., 2015, "Influence of defects
on mechanical properties of Ti–6Al–4 V components produced by selective laser melting and
electron beam melting," Materials & Design, 86, pp. 545-554.
[10] Ponnusamy, P., Masood, S., Ruan, D., Palanisamy, S., and Mohamed, O., "Statistical
analysis of porosity of 17-4PH alloy processed by selective laser melting," Proc. IOP Conference
Series: Materials Science and Engineering, IOP Publishing, p. 012001.
[11] Slotwinski, J. A., Garboczi, E. J., and Hebenstreit, K. M., 2014, "Porosity measurements
and analysis for metal additive manufacturing process control," Journal of research of the
National Institute of Standards and Technology, 119, p. 494.
[12] Kim, T. B., Yue, S., Zhang, Z., Jones, E., Jones, J. R., and Lee, P. D., 2014, "Additive
manufactured porous titanium structures: Through-process quantification of pore and strut
networks," Journal of Materials Processing Technology, 214(11), pp. 2706-2715.
[13] Van Bael, S., Kerckhofs, G., Moesen, M., Pyka, G., Schrooten, J., and Kruth, J.-P., 2011,
"Micro-CT-based improvement of geometrical and mechanical controllability of selective laser
melted Ti6Al4V porous structures," Materials Science and Engineering: A, 528(24), pp. 7423-
7431.
[14] Ziółkowski, G., Chlebus, E., Szymczyk, P., and Kurzac, J., 2014, "Application of X-ray CT
method for discontinuity and porosity detection in 316L stainless steel parts produced with SLM
technology," Archives of Civil and Mechanical Engineering, 14(4), pp. 608-614.
[15] Shrestha, S., Shrestha, S., and Chou, K., "Porosity Analysis in Metal Additive
Manufacturing by Micro-CT," Proc. ASME IMECE Conference(accepted).
[16] Fabbro, R., 2010, "Melt pool and keyhole behaviour analysis for deep penetration laser
welding," Journal of Physics D: Applied Physics, 43(44), p. 445501.

1409


	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



