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Abstract 

 
Additive Manufacturing (AM) allows the creation of complex geometries that are not 

achievable through subtractive manufacturing.  Regardless of the advantages that 3D Printing 
offers, technology limitations often constraints the desired geometry.  When fabricating Ti-6Al-
4V parts in Electron Beam Powder Bed Fusion (EBPBF), the electron beam is used to preheat the 
powder bed to maintain the desired temperature gradient during the build.  One disadvantage of 
EBPBF during the fabrication process is the trapped powder within internal channels gets partially 
sintered and require extra processing.  This research analyzes several powder removal methods 
and compares their effectiveness.  This work utilizes two types of samples, both made of Ti-6Al-
4V in EBPBF; with geometries that resemble typical features when designing a component.  The 
target weight of each cylinder is calculated based on dimensions and effective density of the 
sample.  The results summarizing the effectiveness of each method are presented.  
 

Introduction 
 

When fabricating parts using Electron Beam Powder Bed Fusion (EBPBF), the powder bed 
is preheated using the electron beam; Gong et al. indicates that this serves two purposes: holding 
the metal in place during the subsequent melting scan and reducing the thermal gradient in the 
build part [1].  The decrease in temperature difference between layers helps to avoid residual 
stresses within the printed part, making it one of the advantages of this technology.  Nevertheless, 
one of the main disadvantages of EBPBF is the sintered powder that gets trapped inside of the 
build part during the fabrication process.  The trapped sintered powder inside of channel-like 
features is of primary interest as 3D printed components often have lines and channels that require 
a clear passage for their end design.  

Studies and experiments have been conducted to remove powder from parts made using 
Selective Laser Sintering (SLS), Tenney et al. (2018) proposed the use of traveling waves as a de-
powdering process for additively manufactured parts [2].  Thompson et al. (2015) used venting 
holes in the prototype design to remove the packed powder via pumped fluid; these vent holes 
were integrated to de-powder each layer separately [3].  The sintered powder is not an issue on 
laser-based systems since most of the processing is done at low temperatures [4].  In the case of 
EBPBF, few studies have been conducted to research methods to remove the sintered powder. 
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Hasib et al. (2015) presented a method which consisted of exposing an EBPBF printed Ti-6Al-4V 
lattice to a chemical etcher with results that are not completely successful and conclusive [4]. 

The purpose of this research is to perform preliminary analysis of potential methods that 
can remove the sintered powder from channels and hollow features from parts made of Ti-6Al-
4V, manufactured with EBPBF.  Figure 1 shows the two types of cylinders used for this study; a 
cylinder with straight channels and a cylinder curved channel.  The selected geometries resemble 
typical channel design configurations used in applications such as cooling lines.  The methods to 
evaluate are Powder Recovery System (PRS), Ultrasonic, Ultrasonic with Mechanical Impact, 
Vapor Blast, Chemical Etching, and Liquid Nitrogen with Ultrasonic.  The samples were printed 
on an ARCAM A2X machine with ARCAM’s default standard parameters for Ti-6Al-4V alloy. 

 
Methodology 

To evaluate the powder removal methods, fourteen parts; seven curved- channel cylinders 
and seven straight-channel cylinders; were manufactured to evaluate each proposed methodology.  
All parts underwent the Powder Recovery System (PRS) methodology before any of the proposed 
research methods were applied.  Each described research method was used on one curved-channel 
cylinder and one straight-channel cylinder.  All of the samples were weighed before and after all 
powder removal methods were applied.  To facilitate this comparison, the effective density of 
EBPBF part was calculated, as described in the next section. 

 
Effective Density 

The density of uncured Ti-6Al-4V powder is estimated to be 2.54 g/cm3 while the density 
of Ti-6Al-4V ranges from 4.429 g/cm3 – 4.512 g/cm3.  To determine a value that reflects the as-
built density of a part made of Ti-6Al-4V using the EBPBF process, the mass of three printed solid 
cylinders was measured and averaged.  Each part is a cylinder 25 mm in diameter and 25 mm 
height and is illustrated in Figure 2.  After the build, each part was individually cleaned with the 
PRS to remove all sintered powder from its walls, measured to determine its volume, and weighed 
to calculate its corresponding density.  The average of the three calculated values resulted in an 
as-built effective density of 4.2691 g/cm3.  This calculated density was used in the CAD 
mathematical model to have the CAD software calculated mass reflect a result, more accurate to a 
real printed component. 

(a)       (b)         (c)  

Figure 1 – (a) CAD cylinder design with straight channel features, (b) CAD cylinder design 
with curved channel features, and (c) Additive Manufactured Cylinder. 
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Powder Recovery System (PRS) 
The first methodology identified for the powder removal process, to evaluate its 

effectiveness was the Powder Recovery System (PRS), which is an auxiliary machine that is 
supplied with the Arcam EBM machine.  The PRS operates under a pressure of 6 mBar to 
pressurize air and Ti-6Al-4V powder, which is required to breakdown sintered powder and 
facilitate its removal.  The powder size used in the PRS is 45-
each sample (with straight and curved channels) to be cleaned intermittently at 2-minute intervals, 
each hole sprayed with the air-powder mixture for thirty seconds.  After each two-minute interval, 
the parts are weighted and recorded; repeated this method until no significant differences in 
weights are observed from the previous interval.   
 

Ultrasonic Powder Removal 
This method uses a machine that transforms electrical energy into mechanical energy.  The 

energy is transferred with the use of an attachment which transfers the energy onto a part using a 
frequency that impacts the part.  The apparatus operates at the same frequency of 20 kHz at all 
times while the amplitude can be varied.  For this methodology, the amplitude was kept constant 
40% power.  Using a process similar to that of the PRS, each sample parts is affected by the 
Ultrasonic process for 2-minutes and then the post process weight of the part is recorded.  This 
process is repeated for several intervals until the parts are either cleared of the trapped powder or 
until no significant weight difference is observed from the previous interval.   
 

Ultrasonic and Mechanical Impact Powder Removal 
This method adds a mechanical impact process using a hammer in addition to Ultrasonic 

method previously described.  The hammer or mallet used has a head made of rubber on one side 
and plastic on the other side to prevent the parts from getting damaged due to repeated impacts.  
The Ultrasonic and mechanical impact approach required to mechanically impact the part for one 
minute (to break off any loose powder), followed by the Ultrasonic for 2 minutes to further remove 
trapped powder inside of each cavity, and finally mechanically impact the part for thirty seconds.  

(a)     (b)   (c)  

Figure 2 – (a) Solid cylinder build to calculate the density of Ti-6Al-4V after EPBF, (b) CAD 
model of the cylinder, and (c) the mass properties results from SolidWorks 2018. 
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The 2-minute ultrasonic approach was followed to maintain consistency with the rest of the testing 
procedures.   

 
Vapor Blast Powder Removal 

The Vapor Blast (VB) testing is a powder removal method that uses a machine that cleans 
the surface of metal parts using a slurry of water and sand.  Inside the machine chamber, the 
pressurized slurry is sprayed through a nozzle and directed to the cylinder channels.  This testing 
process is different compared to the previous methods since it involves water.  Each part of the 
sample pair was cleaned using the VB process for five minutes intervals, after which the parts were 
dried inside an oven for about 40 minutes at 120°C.  After the drying process is complete, the parts 
were weighed, and the values were recorded.  The testing process was repeated for the required 
iterations until the current iteration shows no significant weight difference. 

 
Chemical Etching Powder Removal 

Powder removal using chemicals used for etching; Kroll’s reagent and Keller’s reagent, 
was another method evaluated as part of this research.  Chemical etching is a technique used to 
remove material using chemicals where the corrosive chemical, known as the etchant, reacts to the 
target material, dissolving the material at a time-dependent rate.  Etchants, in general, are used for 
the dissolution of the surface of a metal part and are mostly used for metallography to analyze the 
microstructure.  Kroll’s reagent is an etchant used for Ti-6Al-4V, this solution is 92 mL of 
deionized water, 6 mL of nitric acid, and 2 mL of hydrofluoric acid.  Keller’s reagent is an etchant 
used for aluminum, Ti-6Al-4V has 6% aluminum, making this etchant another viable method to 
analyze.  The solution is 90 mL of deionized water, 5 mL of nitric acid, 3 mL of hydrofluoric acid, 
and 2 mL of hydrochloric acid.  The testing process for this method requires exposing a part to the 
etchant.  The testing method is the same for both etchants and requires placing droplets of the 
solution into the holes of the part, waiting for one minute to allow the solution to affect the part, 
and observe if any additional powder is removed.  Then, the part is rinsed and dried using an oven 
before weighing the part.  The testing process was repeated for the required iterations until the 
current iteration shows no significant weight difference. 

 
 

 

Figure 3 – (Left) Ultrasound being applied onto the part.  (Right) Part being hammered.  
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Liquid Nitrogen and Ultrasonic Powder Removal 
The final powder removal method analyzed used a combination of ultrasound and liquid 

nitrogen.  The first step involved submerging the sample parts (with curved and straight holes) 
into liquid nitrogen for twenty minutes, followed by an ultrasonic application for two minutes.  
The parts are weighed, and their values recorded, and the testing process repeated until the 
current iteration shows no significant weight difference from the previous one.  Figure 4 shows 
the parts submerged in liquid nitrogen.  

Results 
The results of each methodology are shown in a table for comparison.  The table presents

the type of cylinder, its weight before the PRS, its weight after the PRS, and the weight difference 
after being exposed to the assigned methodology.  An estimate evaluation of the theoretical weight 
of the parts and the target weight was conducted to evaluate the effectiveness of each method.  
 

Weight Comparison 
The first analysis performed included all of the information on the PRS cleaning.  The 

cleaning of all the samples with the PRS allowed gathering more sample information on this 
methodology.  Table 1 below shows the average weight before and after for 14 samples. 
 

Table 1 – Table Summary of Powder Recovery System (PRS) Method 

  
After all the sample cylinders were clean with the PRS, a pair of cylinders, consisting of 

one straight channel cylinder and one curved channel cylinder, were exposed to the assigned 
methodology.  Table 2 below shows the results of each powder removal methodology and the 
change of weight each cylinder. 

Figure 4 – (Left) Parts before they are submerged inside a pot with liquid nitrogen.  (Right) 
Parts submerged inside a pot with liquid nitrogen.   

 Weight 
Before (grams) After (grams) Change (grams) 

Procedure Straight Curved Straight Curved Straight Curved 
PRS (7 Set average) 112.9015 112.7740 109.9842 109.8504 2.9173 2.9236 
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Table 2 – Weight Comparisons After Each Powder Removal Method 

 

Effectiveness 
The effectiveness of each methodology cannot be evaluated based on a change of weight 

alone.  There are non-destructive evaluation methods that can assist in the effectiveness evaluation, 
for this preliminary work, it was decided to use mathematical methods to calculate a rough estimate 
on the mass and volume of each cylinder before any method was applied.  
 

Target Weight 
During the part formation in the Electron Beam Powder Bed Fusion, the powder goes 

through phase changes, from powder to liquid and then solid.  One main advantage of building in 
an Electron Beam machine is the preheat cycle that reduces the temperature difference of the 
powder between layers.  This added step in the process is an excellent aid in reducing the residual 
stresses, but when the part is finally cooled down and removed from the machine, the final part 
does experience a degree of shrinkage.  To understand how much powder needs to be removed 
from a newly printed part, the CAD mathematical model was taken as a reference point of start 
and adjusted its density to the effective density initially calculated to provide an ideal weight.  
From the software calculations, the initial ideal weight was found to be 117.4871 grams for the 
cylinder with straight channel cavities, and the ideal weight for the cylinder with curved channel 
cavities was found to be 116.9109 grams.  

The ideal weights represent a CAD model with no change in dimensions caused by 
shrinkage.  The actual printed part experiences a degree of shrinkage, and physical measurements 
were done to verify the change in volume.  The exterior dimensions were easily measured, whereas 
the 2mm & 1mm holes represented a challenge to measure with simple tools.  A trend line analysis 
was used to evaluate the shrinkage for the 2mm & 1mm holes, using the holes actual dimensions 
and the actual outer diameter of the cylinder.  Table 3 below shows the actual dimensions of 4 
samples and the forecasted shrinkage of the 2mm & 1mm holes.  

 

 Weight 
Before (grams) After (grams) Change (grams) 

Procedure Straight Curved Straight Curved Straight Curved 
PRS (8 Set average) 112.9015 112.7740 109.9842 109.8504 2.9173 2.9236 
Procedures After PRS  
Ultrasonic 110.6036 110.5155 110.5053 110.3459 0.0983 0.1696 
Ultrasonic and 
Mechanical Impact 108.6181 108.6381 108.6145 108.6156 0.0036 0.0225 

Vapor Blast 110.7748 110.0365 110.7657 110.0385 0.0091 -0.0020 
Chemical Etching - Kroll 108.8232 108.6834 108.8232 108.7664 0.0000 -0.0830 
Chemical Etching - Keller 110.6683 110.0564 110.6614 110.0564 0.0069 0.0000 
Liquid Nitrogen and 
Ultrasonic 110.589 109.7461 110.4663 109.5941 0.1227 0.1520 

 2069



Table 3 – Actual Shrinkage Calculations 

One of the main assumptions for the analysis was that each calculated and estimated 
shrinkage was the same through all the channel features in the cylinder.  With the actual 
dimensions, now it is possible to calculate the volume of printed cylinders.  Table 4 below shows 
the ideal theoretical weight and the calculated target weight. 

 
Table 4 – Actual Post-Build Weight Based On Shrinkage Calculations 

 
Effectiveness 

The calculated target weights were for reference use only and there are better methods to 
obtain the actual volume and mass of the cylinders, such as a CT scan.  However, for this 
preliminary work, estimates were used to get a reference mass to use as a target weight.  For the 
cylinder with straight channel cavities the target weight was estimated to be 107.49 grams, and the 
target weight for the cylinder with curved channel cavities was estimated to be 107.12 grams.  Each 
methodology was evaluated for its effectiveness with these target weights; Table 5 below shows 
the efficiency of each methodology for removing sintered powder after the PRS process.   

 
Result Discussion 

The PRS was the most effective method to remove sintered powder when the part was 
taken out of the machine.  The PRS can remove only a portion of sintered powder, after a certain 
number of iterations, the change in weight was no different from the previous iteration.  These 
proposed methodologies aim to remove the remaining sintered powder trapped in the features 
inside the printed geometry.  From the methodologies tested, we see that the most efficient methods 
are: Ultrasonic, Ultrasonic & Mechanical Impact, and Liquid Nitrogen & Ultrasonic.  Further 
research and testing of the most effective methodologies are to be conducted to improve the 
powder removal and, simultaneously, have more accurate information about the effectiveness of 
the methods.  Table 5 summarizes the results of the powder removal study. 

 Actual Dimensions (mm) 
Cylinder Sample Diameter Height Hole 1 Hole 2 Hole 3 Hole 4 
Straight Cylinder 1 34.2 28.5 5.5 3.4 1.996 0.9966 
Shrinkage % 2.29% 5.00% 8.33% 15.00% 20.00% 34.00% 
Curved Cylinder 1 34.2 28.5 5.3 3.5 1.99725 0.99854 
Shrinkage % 2.29% 5.00% 11.67% 12.50% 13.75% 14.60% 
Straight Cylinder 2 34.4 28.5 5.5 3.4 1.9954 0.9959 
Shrinkage % 1.71% 5.00% 8.33% 15.00% 23.00% 41.00% 
Curved Cylinder 2 34.1 28.5 5.5 3.5 1.9965 0.9973 
Shrinkage % 2.57% 5.00% 8.33% 12.50% 17.50% 27.00% 

 Weight (grams) 
Mathematical Model Actual build parts 

Straight Curved Straight Curved 
Part mass 117.4900 116.9100 107.4900 107.1200 
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Conclusion 

In conclusion, the preliminary work accomplished was the first step towards investigating 
the most efficient methodology that removes the remaining sintered powder inside printed parts 
on EBPBF.  The trapped sintered powder inside of a printed component is one of the many 
drawbacks that this Additive Manufacturing technology faces and little work have been done to 
understand how to remove the sintered powder.  It is true that during the building process the 
sintered powder plays a vital role as support for the final printed component but imposes design 
limitations that do not allow to have the full advantage of this Additive Manufacturing technology.  
From the results obtained, the PRS is the most effective method to remove the sintered powder; 
however, after several iterations, the effectiveness comes to a stall.  Ultrasonic, and Liquid 
Nitrogen & Ultrasonic are methods that can remove more sintered powder from the channels after 
the PRS.  Ultrasonic waves can travel through the part, allowing it to reach the channels, while 
liquid nitrogen can easily access the channels directly and adapt to the channel form.  This 
preliminary work shows that there are methods that can improve the removal of the sintered 
powder. 

 
Future Work 

Future work will involve the actual testing of the most promising methodologies obtained 
in a physical complex fuel injector.  Additionally, it is intended to use a CT scan as a nondestructive 
method to evaluate the powder removal, instead of using a weight comparison method.  The 
methodologies discussed in this paper could be used to analyze different channel geometries, e.g., 
square or triangular channels.  Lefky et al. have performed research using chemical corrosion 
attack to remove support structures from metal printed components [6][7].  The chemical corrosion 
attack or chemical etching is a method that will be further investigated since the etching rate is 
dependent on several factors, and the preliminary experimentation to determine this rate was not 
performed for this work.  There are several chemical etchants more adequate for Ti-6Al-4V, and 
to determine the etch rate before any exposure to the part is vital for the methodology to work 
correctly.  Additionally, the determination of how much surface is required to be removed by the 
chemical etchant to clear channels of the sintered powder is part of the future work to be done. 

A second experiment can be the evaluation of these proposed methodologies with parts 
that have were not initially exposed to the PRS process.  All of this preliminary research is the first 
step to address the need for further investigation in the topic of removing sintered powder from 
internal cavities on EBM manufactured parts.   

 
Special Thanks 

Special thanks to the W.M. Keck Center for 3D Innovation at The University of Texas at 
El Paso for the use of their equipment and the personnel assigned for testing. 

 
 
 
 
 
 
 

 

 2072



References 
 

[1] Gong, X., Anderson, T., & Chou, K. (2014). Review on powder-based electron beam 
additive manufacturing technology. Manufacturing Review, 1, 2. Retrieved April 16, 
2019. 

[2] Tenney, C. M., Malladi, V. V., Musgrave, P. F., Williams, C. B., & Tarazaga, P. A. 
(2018). Traveling Waves As a De-Powdering Process for Additively Manufactured 
Parts. Volume 1: Development and Characterization of Multifunctional Materials; 
Modeling, Simulation, and Control of Adaptive Systems; Integrated System Design and 
Implementation. Retrieved January 4, 2019. 

[3] Thompson, S. M., Aspin, Z. S., Shamsaei, N., Elwany, A., & Bian, L. (2015). Additive 
manufacturing of heat exchangers: A case study on a multi-layered Ti–6Al–4V oscillating 
heat pipe. Additive Manufacturing, 8, 163-174. 

[4] Hasib, H., Harrysson, O. L., & West, H. A. (2015). Powder Removal from Ti-6Al-4V 
Cellular Structures Fabricated via Electron Beam Melting. Jom, 67(3), 639-646. 
Retrieved May 1, 2019. 

[5] Gibson, I., Rosen, D. W., & Stucker, B. (2010). Additive manufacturing technologies: 
Rapid prototyping to direct digital manufacturing. New York: Springer. 

[6] Lefky, C. S., Zucker, B., Nassar, A. R., Simpson, T. W., & Hildreth, O. J. (2018). Impact 
of compositional gradients on selectivity of dissolvable support structures for directed 
energy deposited metals. Acta Materialia, 153, 1-7. Retrieved January 4, 2019. 

[7] Lefky, C. S., Zucker, B., Wright, D., Nassar, A. R., Simpson, T. W., & Hildreth, O. J. 
(2017). Dissolvable Supports in Powder Bed Fusion-Printed Stainless Steel. 3D Printing 
and Additive Manufacturing, 4(1), 3-11. Retrieved February 11, 2019. 

[8] AB, Arcam. 2011. “Arcam EBM User’s Manual.” Sweden. 
 

 
 

 2073


	Welcome
	Title Page
	Preface
	Organizing Committee
	Papers to Journals
	Table of Contents
	Broader Impacts and Education
	Design for Additive Manufacturing: Simplification of Product Architecture by Part Consolidation for the Lifecycle
	An Open-Architecture Multi-Laser Research Platform for Acceleration of Large-Scale Additive Manufacturing (ALSAM)
	Large-Scale Identification of Parts Suitable for Additive Manufacturing: An Industry Perspective
	Implementation of 3D Printer in the Hands-On Material Processing Course: An Educational Paper
	Conceptual Design for Additive Manufacturing: Lessons Learned from an Undergraduate Course
	An Empirical Study Linking Additive Manufacturing Design Process to Success in Manufacturability
	Investigating the Gap between Research and Practice in Additive Manufacturing

	Binder Jetting
	Influence of Drop Velocity and Droplet Spacing on the Equilibrium Saturation Level in Binder Jetting
	Process Integrated Production of WC-Co Tools with Local Cobalt Gradient Fabricated by Binder Jetting
	The Effect of Print Speed on Surface Roughness and Density Uniformity of Parts Produced Using Binder Jet 3D Printing
	Experimental Investigation of Fluid-Particle Interaction in Binder Jet 3D Printing
	Binder Saturation, Layer Thickness, Drying Time and Their Effects on Dimensional Tolerance and Density of Cobalt Chrome - Tricalcium Phosphate Biocomposite

	Data Analytics
	Predicting and Controlling the Thermal Part History in Powder Bed Fusion Using Neural Networks
	‘Seeing’ the Temperature inside the Part during the Powder Bed Fusion Process
	Conditional Generative Adversarial Networks for In-Situ Layerwise Additive Manufacturing Data
	In-Situ Layer-Wise Quality Monitoring for Laser-Based Additive Manufacturing Using Image Series A
	Applications of Supervised Machine Learning Algorithms in Additive Manufacturing: A Review
	Real-Time 3D Surface Measurement in Additive Manufacturing Using Deep Learning
	Roughness Parameters for Classification of As-Built and Laser Post-Processed Additive Manufactured Surfaces
	Application of the Fog Computing Paradigm to Additive Manufacturing Process Monitoring and Control
	Spectral X-ray CT for Fast NDT Using Discrete Tomography

	Hybrid AM
	Part Remanufacturing Using Hybird Manufacturing Processes
	Integration Challenges with Additive/Subtractive In-Envelope Hybrid Manufacturing
	Robot-Based Hybrid Manufacturing Process Chain
	Integrated Hardfacing of Stellite-6 Using Hybrid Manufacturing Process
	Inkjet Printing of Geometrically Optimized Electrodes for Lithium-Ion Cells: A Concept for a Hybrid Process Chain
	Ultrasonic Embedding of Continuous Carbon Fiber into 3D Printed Thermoplastic Parts

	Materials: Metals
	Comparison of Fatigue Performance between Additively Manufactured and Wrought 304L Stainless Steel Using a Novel Fatigue Test Setup
	Elevated Temperature Mechanical and Microstructural Characterization of SLM SS304L
	Fatigue Behavior of Additive Manufactured 304L Stainless Steel Including Surface Roughness Effects
	Joining of Copper and Stainless Steel 304L Using Direct Metal Deposition
	SS410 Process Development and Characterization
	Effect of Preheating Build Platform on Microstructure and Mechanical Properties of Additively Manufactured 316L Stainless Steel
	Characterisation of Austenitic 316LSi Stainless Steel Produced by Wire Arc Additive Manufacturing with Interlayer Cooling
	Effects of Spatial Energy Distribution on Defects and Fracture of LPBF 316L Stainless Steel
	Environmental Effects on the Stress Corrosion Cracking Behavior of an Additively Manufactured Stainless Steel
	Effect of Powder Chemical Composition on Microstructures and Mechanical Properties of L-PBF Processed 17-4 PH Stainless Steel in the As-Built And Hardened-H900 Conditions
	Powder Variation and Mechanical Properties for SLM 17-4 PH Stainless Steel
	Fatigue Life Prediction of Additive Manufactured Materials Using a Defect Sensitive Model
	Evaluating the Corrosion Performance of Wrought and Additively Manufactured (AM) Invar ® and 17-4PH
	Comparison of Rotating-Bending and Axial Fatigue Behaviors of LB-PBF 316L Stainless Steel
	A Study of Pore Formation during Single Layer and Multiple Layer Build by Selective Laser Melting
	Dimensional Analysis of Metal Powder Infused Filament - Low Cost Metal 3D Printing
	Additive Manufacturing of Fatigue Resistant Materials: Avoiding the Early Life Crack Initiation Mechanisms during Fabrication
	Additive Manufacturing of High Gamma Prime Nickel Based Superalloys through Selective Laser Melting (SLM)
	Investigating the Build Consistency of a Laser Powder Bed Fused Nickel-Based Superalloy, Using the Small Punch Technique
	Fatigue Behavior of Laser Beam Directed Energy Deposited Inconel 718 at Elevated Temperature
	Very High Cycle Fatigue Behavior of Laser Beam-Powder Bed Fused Inconel 718
	Analysis of Fatigue Crack Evolution Using In-Situ Testing
	An Aluminum-Lithium Alloy Produced by Laser Powder Bed Fusion
	Wire-Arc Additive Manufacturing: Invar Deposition Characterization
	Study on the Formability, Microstructures and Mechanical Properties of Alcrcufeniᵪ High-Entropy Alloys Prepared by Selective Laser Melting
	Laser-Assisted Surface Defects and Pore Reduction of Additive Manufactured Titanium Parts
	Fatigue Behavior of LB-PBF Ti-6Al-4V Parts under Mean Stress and Variable Amplitude Loading Conditions
	Influence of Powder Particle Size Distribution on the Printability of Pure Copper for Selective Laser Melting
	Investigation of the Oxygen Content of Additively Manufactured Tool Steel 1.2344
	The Porosity and Mechanical Properties of H13 Tool Steel Processed by High-Speed Selective Laser Melting
	Feasibility Analysis of Utilizing Maraging Steel in a Wire Arc Additive Process for High-Strength Tooling Applications
	Investigation and Control of Weld Bead at Both Ends in WAAM

	Materials: Polymers
	Process Parameter Optimization to Improve the Mechanical Properties of Arburg Plastic Freeformed Components
	Impact Strength of 3D Printed Polyether-Ether-Ketone (PEEK)
	Mechanical Performance of Laser Sintered Poly(Ether Ketone Ketone) (PEKK)
	Influence of Part Microstructure on Mechanical Properties of PA6X Laser Sintered Specimens
	Optimizing the Tensile Strength for 3D Printed PLA Parts
	Characterizing the Influence of Print Parameters on Porosity and Resulting Density
	Characterization of Polymer Powders for Selective Laser Sintering
	Effect of Particle Rounding on the Processability of Polypropylene Powder and the Mechanical Properties of Selective Laser Sintering Produced Parts
	Process Routes towards Novel Polybutylene Terephthalate – Polycarbonate Blend Powders for Selective Laser Sintering
	Impact of Flow Aid on the Flowability and Coalescence of Polymer Laser Sintering Powder
	Curing and Infiltration Behavior of UV-Curing Thermosets for the Use in a Combined Laser Sintering Process of Polymers
	Relationship between Powder Bed Temperature and Microstructure of Laser Sintered PA12 Parts
	Understanding the Influence of Energy-Density on the Layer Dependent Part Properties in Laser-Sintering of PA12
	Tailoring Physical Properties of Shape Memory Polymers for FDM-Type Additive Manufacturing
	Investigation of The Processability of Different Peek Materials in the FDM Process with Regard to the Weld Seam Strength
	Stereolithography of Natural Rubber Latex, a Highly Elastic Material

	Materials: Ceramics and Composites
	Moisture Effects on Selective Laser Flash Sintering of Yttria-Stabilized Zirconia
	Thermal Analysis of Thermoplastic Materials Filled with Chopped Fiber for Large Area 3D Printing
	Thermal Analysis of 3D Printed Continuous Fiber Reinforced Thermoplastic Polymers for Automotive Applications
	Characterization of Laser Direct Deposited Magnesium Aluminate Spinel Ceramics
	Towards a Micromechanics Model for Continuous Carbon Fiber Composite 3D Printed Parts
	Effect of In-Situ Compaction and UV-Curing on the Performance of Glass Fiber-Reinforced Polymer Composite Cured Layer by Layer
	3D Printing of Compliant Passively Actuated 4D Structures
	Effect of Process Parameters on Selective Laser Melting Al₂O₃-Al Cermet Material
	Strengthening of 304L Stainless Steel by Addition of Yttrium Oxide and Grain Refinement during Selective Laser Melting
	Approach to Defining the Maximum Filler Packing Volume Fraction in Laser Sintering on the Example of Aluminum-Filled Polyamide 12
	Laser Sintering of Pine/Polylatic Acid Composites
	Characterization of PLA/Lignin Biocomposites for 3D Printing
	Electrical and Mechancial Properties of Fused Filament Fabrication of Polyamide 6 / Nanographene Filaments at Different Annealing Temperatures
	Manufacturing and Application of PA11-Glass Fiber Composite Particles for Selective Laser Sintering
	Manufacturing of Nanoparticle-Filled PA11 Composite Particles for Selective Laser Sintering
	Technique for Processing of Continuous Carbon Fibre Reinforced Peek for Fused Filament Fabrication
	Processing and Characterization of 3D-Printed Polymer Matrix Composites Reinforced with Discontinuous Fibers
	Tailored Modification of Flow Behavior and Processability of Polypropylene Powders in SLS by Fluidized Bed Coating with In-Situ Plasma Produced Silica Nanoparticles

	Modeling
	Analysis of Layer Arrangements of Aesthetic Dentures as a Basis for Introducing Additive Manufacturing
	Computer-Aided Process Planning for Wire Arc Directed Energy Deposition
	Multi-Material Process Planning for Additive Manufacturing
	Creating Toolpaths without Starts and Stops for Extrusion-Based Systems
	Framework for CAD to Part of Large Scale Additive Manufacturing of Metal (LSAMM) in Arbitrary Directions
	A Standardized Framework for Communicating and Modelling Parametrically Defined Mesostructure Patterns
	A Universal Material Template for Multiscale Design and Modeling of Additive Manufacturing Processes

	Physical Modeling
	Modeling Thermal Expansion of a Large Area Extrusion Deposition Additively Manufactured Parts Using a Non-Homogenized Approach
	Localized Effect of Overhangs on Heat Transfer during Laser Powder Bed Fusion Additive Manufacturing
	Melting Mode Thresholds in Laser Powder Bed Fusion and Their Application towards Process Parameter Development
	Computational Modelling and Experimental Validation of Single IN625 Line Tracks in Laser Powder Bed Fusion
	Validated Computational Modelling Techniques for Simulating Melt Pool Ejecta in Laser Powder Bed Fusion Processing
	Numerical Simulation of the Temperature History for Plastic Parts in Fused Filament Fabrication (FFF) Process
	Measurement and Analysis of Pressure Profile within Big Area Additive Manufacturing Single Screw Extruder
	Numerical Investigation of Extrusion-Based Additive Manufacturing for Process Parameter Planning in a Polymer Dispensing System
	Alternative Approach on an In-Situ Analysis of the Thermal Progression during the LPBF-M Process Using Welded Thermocouples Embedded into the Substrate Plate
	Dynamic Defect Detection in Additively Manufactured Parts Using FEA Simulation
	Simulation of Mutually Dependent Polymer Flow and Fiber Filled in Polymer Composite Deposition Additive Manufacturing
	Simulation of Hybrid WAAM and Rotation Compression Forming Process
	Dimensional Comparison of a Cold Spray Additive Manufacturing Simulation Tool
	Simulated Effect of Laser Beam Quality on the Robustness of Laser-Based AM System
	A Strategy to Determine the Optimal Parameters for Producing High Density Part in Selective Laser Melting Process
	Rheology and Applications of Particulate Composites in Additive Manufacturing
	Computational Modeling of the Inert Gas Flow Behavior on Spatter Distribution in Selective Laser Melting
	Prediction of Mechanical Properties of Fused Deposition Modeling Made Parts Using Multiscale Modeling and Classical Laminate Theory

	Process Development
	The Use of Smart In-Process Optical Measuring Instrument for the Automation of Additive Manufacturing Processes
	Development of a Standalone In-Situ Monitoring System for Defect Detection in the Direct Metal Laser Sintering Process
	Frequency Inspection of Additively Manufactured Parts for Layer Defect Identification
	Melt Pool Monitoring for Control and Data Analytics in Large-Scale Metal Additive Manufacturing
	Frequency Domain Measurements of Melt Pool Recoil Pressure Using Modal Analysis and Prospects for In-Situ Non-Destructive Testing
	Interrogation of Mid-Build Internal Temperature Distributions within Parts Being Manufactured via the Powder Bed Fusion Process
	Reducing Computer Visualization Errors for In-Process Monitoring of Additive Manufacturing Systems Using Smart Lighting and Colorization System
	A Passive On-line Defect Detection Method for Wire and Arc Additive Manufacturing Based on Infrared Thermography
	Examination of the LPBF Process by Means of Thermal Imaging for the Development of a Geometric-Specific Process Control
	Analysis of the Shielding Gas Dependent L-PBF Process Stability by Means of Schlieren and Shadowgraph Techniques
	Application of Schlieren Technique in Additive Manufacturing: A Review
	Wire Co-Extrusion with Big Area Additive Manufacturing
	Skybaam Large-Scale Fieldable Deposition Platform System Architecture
	Dynamic Build Bed for Additive Manufacturing
	Effect of Infrared Preheating on the Mechanical Properties of Large Format 3D Printed Parts
	Large-Scale Additive Manufacturing of Concrete Using a 6-Axis Robotic Arm for Autonomous Habitat Construction
	Overview of In-Situ Temperature Measurement for Metallic Additive Manufacturing: How and Then What
	In-Situ Local Part Qualification of SLM 304L Stainless Steel through Voxel Based Processing of SWIR Imaging Data
	New Support Structures for Reduced Overheating on Downfacing Regions of Direct Metal Printed Parts
	The Development Status of the National Project by Technology Research Assortiation for Future Additive Manufacturing (TRAFAM) in Japan
	Investigating Applicability of Surface Roughness Parameters in Describing the Metallic AM Process
	A Direct Metal Laser Melting System Using a Continuously Rotating Powder Bed
	Evaluation of a Feed-Forward Laser Control Approach for Improving Consistency in Selective Laser Sintering
	Electroforming Process to Additively Manufactured Microscale Structures
	In-Process UV-Curing of Pasty Ceramic Composite
	Development of a Circular 3S 3D Printing System to Efficiently Fabricate Alumina Ceramic Products
	Repair of High-Value Plastic Components Using Fused Deposition Modeling
	A Low-Cost Approach for Characterizing Melt Flow Properties of Filaments Used in Fused Filament Fabrication Additive Manufacturing
	Increasing the Interlayer Bond of Fused Filament Fabrication Samples with Solid Cross-Sections Using Z-Pinning
	Impact of Embedding Cavity Design on Thermal History between Layers in Polymer Material Extrusion Additive Manufacturing
	Development of Functionally Graded Material Capabilities in Large-Scale Extrusion Deposition Additive Manufacturing
	Using Non-Gravity Aligned Welding in Large Scale Additive Metals Manufacturing for Building Complex Parts
	Thermal Process Monitoring for Wire-Arc Additive Manufacturing Using IR Cameras
	A Comparative Study between 3-Axis and 5-Axis Additively Manufactured Samples and Their Ability to Resist Compressive Loading
	Using Parallel Computing Techniques to Algorithmically Generate Voronoi Support and Infill Structures for 3D Printed Objects
	Exploration of a Cable-Driven 3D Printer for Concrete Tower Structures

	Applications
	Topology Optimization for Anisotropic Thermomechanical Design in Additive Manufacturing
	Cellular and Topology Optimization of Beams under Bending: An Experimental Study
	An Experimental Study of Design Strategies for Stiffening Thin Plates under Compression
	Multi-Objective Topology Optimization of Additively Manufactured Heat Exchangers
	A Mold Insert Case Study on Topology Optimized Design for Additive Manufacturing
	Development, Production and Post-Processing of a Topology Optimized Aircraft Bracket
	Manufacturing Process and Parameters Development for Water-Atomized Zinc Powder for Selective Laser Melting Fabrication
	A Multi-Scale Computational Model to Predict the Performance of Cell Seeded Scaffolds with Triply Periodic Minimal Surface Geometries
	Multi-Material Soft Matter Robotic Fabrication: A Proof of Concept in Patient-Specific Neurosurgical Surrogates
	Optimization of the Additive Manufacturing Process for Geometrically Complex Vibro-Acoustic Metamaterials
	Effects of Particle Size Distribution on Surface Finish of Selective Laser Melting Parts
	An Automated Method for Geometrical Surface Characterization for Fatigue Analysis of Additive Manufactured Parts
	A Design Method to Exploit Synergies between Fiber-Reinforce Composites and Additive Manufactured Processes
	Preliminary Study on Hybrid Manufacturing of the Electronic-Mechanical Integrated Systems (EMIS) via the LCD Stereolithography Technology
	Large-Scale Thermoset Pick and Place Testing and Implementation
	The Use of Smart In-Process Optical Measuring Instrument for the Automation of Additive Manufacturing Processes
	Wet-Chemical Support Removal for Additive Manufactured Metal Parts
	Analysis of Powder Removal Methods for EBM Manufactured Ti-6Al-4V Parts
	Tensile Property Variation with Wall Thickness in Selective Laser Melted Parts
	Methodical Design of a 3D-Printable Orthosis for the Left Hand to Support Double Bass Perceptional Training
	Printed Materials and Their Effects on Quasi-Optical Millimeter Wave Guide Lens Systems
	Porosity Analysis and Pore Tracking of Metal AM Tensile Specimen by Micro-Ct
	Using Wax Filament Additive Manufacturing for Low-Volume Investment Casting
	Fatigue Performance of Additively Manufactured Stainless Steel 316L for Nuclear Applications
	Failure Detection of Fused Filament Fabrication via Deep Learning
	Surface Roughness Characterization in Laser Powder Bed Fusion Additive Manufacturing
	Compressive and Bending Performance of Selectively Laser Melted AlSi10Mg Structures
	Compressive Response of Strut-Reinforced Kagome with Polyurethane Reinforcement
	A Computational and Experimental Investigation into Mechanical Characterizations of Strut-Based Lattice Structures
	The Effect of Cell Size and Surface Roughness on the Compressive Properties of ABS Lattice Structures Fabricated by Fused Deposition Modeling
	Effective Elastic Properties of Additively Manufactured Metallic Lattice Structures: Unit-Cell Modeling
	Impact Energy Absorption Ability of Thermoplastic Polyurethane (TPU) Cellular Structures Fabricated via Powder Bed Fusion
	Permeability Analysis of Polymeric Porous Media Obtained by Material Extrusion Additive Manufacturing
	Effects of Unit Cell Size on the Mechanical Performance of Additive Manufactured Lattice Structures
	Mechanical Behavior of Additively-Manufactured Gyroid Lattice Structure under Different Heat Treatments
	Fast and Simple Printing of Graded Auxetic Structures
	Compressive Properties Optimization of a Bio-Inspired Lightweight Structure Fabricated via Selective Laser Melting
	In-Plane Pure Shear Deformation of Cellular Materials with Novel Grip Design
	Modelling for the Tensile Fracture Characteristic of Cellular Structures under Tensile Load with Size Effect
	Design, Modeling and Characterization of Triply Periodic Minimal Surface Heat Exchangers with Additive Manufacturing
	Investigating the Production of Gradient Index Optics by Modulating Two-Photon Polymerisation Fabrication Parameters
	Additive Manufactured Lightweight Vehicle Door Hinge with Hybrid Lattice Structure


	Attendee List
	Author Index



