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EFFECT OF OPTIMIZING PARTICLE SIZE IN LASER METAL DEPOSITION WITH BLOWN
PRE-MIXED POWDERS

W. Lig, ]. W. Zhang?, X. C. Zhangg, S. Karnatia, F. Lioua.
aDepartment of Mechanical and Aerospace Engineering, Missouri University of Science and
Technology, Rolla, MO 65409, United States

Abstract

Functionally Graded Material (FGM) is often fabricated by Laser metal deposition with
pre-mixed multiple powders (PMM-powder). Since the supplied PMM-powder directly affects
FGM’s composition, investigation on PMM-powder’s property is greatly needed. This paper
employed experimental method to observe an important problem: PMM-powder separation in
fabricating FGM. A novel particle size optimization method was introduced as solution to
eliminate the powder separation. Pre-mixed pure Cu and 4047 Al powders were used to do two
experiments. The first experiment result disclosed the existence of powder separation. By
optimizing the particle size, the PMM-powder separation was effectively solved in the second
experiment result.

Keywords: Functionally Gradient Material; Pre-Mixed Multi-Powder; Laser metal deposition;
powder separation; composition deviation.

1. Introduction

Functionally Gradient Material (FGM) is arousing more and more attention in area of
advanced material processing. Gradual variation in composition and structure over volume in
FGM [1], result in corresponding gradual changes in the properties of the material to meet the
usage requirements. FGM can be designed for specific functions and applications, and can
combine two or more different materials into one structure and perform multiple functions [2, 3].
To fabricate the FGM structure, laser metal deposition is an effective process technique, in which
gradually varying in composition over volume is achieved by Pre-Mixed Multi-Powder
(PMM-powder) [4, 5]. Fig.1 is schematic illustration of fabricating FGM by laser metal deposition.
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Fig.1. Schematic illustration of fabricating FGM by Laser metal deposition.

A necessary factor in FGM fabrication is the multi-composition powder, which is often
pre-mixed of two kinds of alloy or metal elemental powders according to the composition
requirement of FGM structure. In the process of Laser metal deposition, the PMM-powder are
input into powder feeder. Inert argon gas flow drives the powders to move along the powder
feeder pipe. Since the PMM-powders have different particle densities and sizes, under the same
argon gas flow, light and small particles could move faster while heavy and big particles could lag
behind. This kind of particle flow dynamics may cause powder separation and composition
deviation in PMM-powder. In FGM structure, the material composition ratio in any different area
is required strictly (Fig.1). Non-uniform PMM-powders will ruin the gradually varying material
composition ratio, and further discount the wanted material performance. Therefore, to address
this issue, investigation on PMM-powder during laser metal deposition is greatly needed. So far,
there is no special study focusing on pre-mixed multiple powders’ dynamic behavior in
fabricating FGM by laser metal deposition. Some previous research results about the powder flow
were just for identical material through both numerical and experimental methods [6-10].

In this paper, experimental method was employed to observe powder separation in
fabricating FGM with blown PMM-powders. A novel particle size optimization method was
introduced as solution to eliminate the powder separation. Pre-mixed pure Cu and 4047 Al
powders were used to do two experiments. The first experiment result disclosed the existence of
powder separation. By optimizing the particle size in two types of powder, the powder
separation was effectively solved in the second experiment result.

2. Experiment procedure

2.1. Experiment set-up
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The experiment set-up is schematically shown in Fig.2. A commercial powder feeder (Bay
State Surface Technologies, Inc, Model-1200) was used to supply PMM-powder. Pure Cu powder
and 4047 Al powder (Fig.2) were used in the experiments. The particles size distributions were
displayed by the sieve analysis in Table.1 and Table.2. A plastic pipe, with 1.5 m in length and 5
mm in inner diameter, delivers the PMM-powder. Two linear motors were employed to generate
moving path. A piece of 6061 Aluminum alloy plate, paved with sticky epoxy resin, was fixed on
the linear motor to follow the generated path. The idea of this experiment is to use the sticky
epoxy resin layer to collect the pre-mixed 4047 Al and Cu powders spraying out from the nozzle.
The optical microscopy was used to observe the PMM-powder adhered on epoxy resin layer. The
time of spraying powder was 25 s. During this time range, powder feeder nozzle was moving
above the epoxy resin layer following the specified path “M”. After the epoxy resin was solidified,
the collected PMM-powder was contained in it to form the particle pattern, then for the further
observation.

Table.1. Sieve analysis of pure Cu powder

Sieve type 70 mesh 100 mesh 120 mesh 140 mesh 200 mesh 325 mesh
Size (um) >212 150-212 125-150 106-125 75-106 45-75
Percentage (%) 0.0 1.3 2.4 3.7 47.4 45.2
Table.2. Sieve analysis of 4047 Al powder
Sieve type 70 mesh 100 mesh 120 mesh 140 mesh 200 mesh 325 mesh
Size (um) >212 150-212 125-150 106-125 75-106 45-75
Percentage (%) 1.1 2.8 5.4 20.3 42.5 27.9
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Fig.2. Experiment set-up and results.
2.2. Experiment design idea

This research included two experiments. The experiment design idea was based on the
thinking of particle acceleration equation in Eqn.2, which is a classic first order differential
equation with variable of particle velocity u,. The second term on the right side can be simplified
as gravitational acceleration g because particle density p, is much greater than argon gas
density p. The first term on the right side contains several coefficients including argon gas flow
velocity u, drag coefficient Cj, argon gas density p, Reynolds number Re, and the product of
particle diameter d, and density p,. The coefficients u, Cp, Re, and p are same for all the
particles, but the product of density and diameter square ppdlz, varies with different types of

powders.
dx
a W (D
du 18u CpRe -
o ulofe, )4 2n=) @
dt  ppds; 24 Pp
d? ., = d? 3
Pp_culyp_cu = Pp_ailp_al 3)
d
p_Al — pp_Cu — (4)

dp_Cu pp_Al

The Eqn.3 was rewritten in a new proportion format in Eqn.4, which explains an important
criterion: if 4047 Al particle diameter is 1.854 times greater than Cu particle diameter, both type
of particles will have same acceleration equations. Much closer the d, 4,/d, ¢, is to the ideal
value, more effectively the PMM-powder separation could be eliminated. Otherwise, if the
dp a1/dp ¢y much greater or less than the ideal value, the PMM-powder will separate when
flowing in powder feeder pipe since the mixed particles have different acceleration equations.

Based on above analysis, two experiments were designed. These two experiments were
performed with same operating parameters, but different particle diameter. In experiment-1, the
dp a1/dp ¢ Was much less than the ideal value. But in experiment-2, the d, 4;/d, ¢, is much
close to the ideal value. The detailed operating parameters in the experiments were shown in
Table.3.

Table.3. Sieve analysis of pure Cu powder

Experiemnt-1 Experiment-2(optimized)
Schematic particles 6 i
(Gray-Al; Red-Cu)
4047 Al particle diameter 45-75 pm 75-106 um
Cu particle diameter 75-106 um 45-75 pum
dp at/dp cu 0.667 1.5
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Vol.% ratio 50%:50% 50%:50%
Argon gas flow rate 6 m/s 6 m/s
Al plate moving speed 1m/min 1m/min

Moving time 25s 25s

3. Results and Discussion
3.1. Analysis methods for the experiment results

Fig. 2 shows the two solidified epoxy resin layers containing PMM-powder patterns from the
two experiments. It was found that the first side in “M” shape was lost in the experiments,
because when the nozzle moving along the first section of “M”, the powder flow was right in the
pipe. 87 observed zones with the size of 4mm by 3mm distributed with uniform-interval along
the central line of the powder path for microscopic particle patterns observation. Then the
distribution of different particles in the pattern was quantified. Due to the color difference of
PMM-powder, the image processing software Image-] was used to mark 4047 Al particles and Cu
particles in each observed zone, then count the particle numbers of two powders. Since particle
sizes were known by the sieve analysis, the volume percentage of two powders in each observed
zone can be calculated by Eqn.5 and Eqn.6.

— 3
VOlpowder — Nparticle X §7Trmean (5)

Vo lpowderl

Vol. %powaers = 100 X

(6)

VOlpowderl + VOlpowderz

N

Fig.3. Observation of the experiment results.

3.2. Results of experiments
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The quantification of PMM-powder patterns from experiment-1 was shown in Fig.4a. Blue
color recorded the volume percentage of 4047 Al, while red color recorded the volume
percentage of Cu. The time in the X-axis was used to indicate the moments when the particles in
the relative observation zone reached the epoxy resin. From the PMM-powder history, a clear
tendency can be found. In the beginning stage (approximately Os ~ 4s), no particle sprayed out
from the nozzle, so the volume percentage of two powders was zero. Starting from the moment of
4s, a flow of PMM-powder exited from the nozzle, in which 4047 Al was the primary particles,
whose volume percentage reached to 93.25%. Some rare red Cu particles were found, whose
volume percentage was 6.75%. With time increasing, more particles sprayed out from powder
feeder nozzle, the primary particles are still 4047 Al, but whose volume percentage was
decreasing gradually. In stark contrast, the volume percentage of Cu was gradually increasing. At
the moment of 21s, Cu and 4047 Al had approximately same volume percentage. Then from the
moment of 21s to the end, Cu powder volume percentage surpassed the 4047 Al powder volume
percentage. Since both powders started to transit simultaneously from powder feeder pipe inlet,
and 4047 Al particle had bigger acceleration than Cu particle according to the Eqn. 2, 4047 Al
moved faster and exited from nozzle earlier than Cu particle. This is why Al powder volume
percentage was greater than Cu powder. The powder volume percentage history in Fig.4a
implied the PMM-powder separation since the two powders’ volume percentage were not
uniform and kept changing, although they were designed as 50%:50%. The PMM-powder
separation in their flow movement ruined the powder design and resulted in the severe
composition deviation between designed FGM and real deposited FGM.

The quantification of PMM-powder composition patterns in experiment-2 was shown in
Fig.4b. By observing the optimized PMM-powder’s composition distribution patterned in the
epoxy resin coating, the PMM-powder flow had basically constant volume percentages, which
were close to 50%:50%. Comparing with the results in experiment-1, the powder separation was
effectively eliminated, so that the composition deviation was reduced.
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Fig.4. PMM-powder volume percentage history in (a)experiment-1, and (b)experiment-2.
4. Conclusion

Some conclusions in this paper were summarized as follows.

In the PMM-powders, which have two types of powder with different densities, if the particle
diameter ratio is equal to or close to an ideal value, all the particles will have the same
acceleration when moving in powder feeder pipe. The ideal value is the square root of powder
density ratio. Therefore, there will be very less powder separation. The designed composition in
PMM-powder can be retained.

Otherwise, if the particle diameter ratio is much greater or less than the ideal value, powder
separation will happen in powder feeder pipe due to the different particle accelerations. It will
cause the deviation between designed composition and real composition. The composition
gradient in FGM will be ruined.

Reference

[1] Rabin, B., and Shiota, 1., 1995, "Functionally Gradient Materials,” MRS bulletin, 20(01), pp. 14-18.
[2] Yumin, Z., Xiaodong, H., and Jiecai, H., 1998, "Functionally Gradient Materials," Aerospace
Materials & Technology, 28(5), pp. 5-10.

[3] HUANG, J.-d., WU, J., WANG, Y.-p., and HUANG, Q.-a., 2002, "Functionally Gradient
Materials," Materiais Protection, 12, p. 002.

[4] Labudovic, M., Hu, D., and Kovacevic, R., 2003, "A three dimensional model for direct laser metal
powder deposition and rapid prototyping,” Journal of materials science, 38(1), pp. 35-49.

240



[5] Dinda, G., Dasgupta, A., and Mazumder, J., 2009, "Laser aided direct metal deposition of Inconel
625 superalloy: microstructural evolution and thermal stability,” Materials Science and Engineering: A,
509(1), pp. 98-104.

[6] Pan, H., Sparks, T., Thakar, Y. D., and Liou, F., 2006, "The investigation of gravity-driven metal
powder flow in coaxial nozzle for laser-aided direct metal deposition process,” Journal of
manufacturing science and engineering, 128(2), pp. 541-553.

[7] Pan, H., and Liou, F., 2005, "Numerical simulation of metallic powder flow in a coaxial nozzle for
the laser aided deposition process,"” Journal of Materials Processing Technology, 168(2), pp. 230-244.
[8] Tan, H., Zhang, F., Wen, R., Chen, J., and Huang, W., 2012, "Experiment study of powder flow
feed behavior of laser solid forming," Optics and Lasers in Engineering, 50(3), pp. 391-398.

[9] Pinkerton, A. J., and Li, L., "A verified model of the behaviour of the axial powder stream
concentration from a coaxial laser cladding nozzle," Proc. Proceedings of ICALEO.

[10] Wen, S., Shin, Y., Murthy, J., and Sojka, P., 2009, "Modeling of coaxial powder flow for the laser
direct deposition process,” International Journal of Heat and Mass Transfer, 52(25), pp. 5867-5877.

241



	Effect of Optimizing Particle Size in Laser Metal Deposition with Blown Pre-Mixed Powders
	Recommended Citation

	Title Page
	Preface
	Organizing Committee
	Papers to Journals
	Table of Contents
	Materials
	Scanning Strategies in Electron Beam Melting to Influence Microstructure Development
	Relating Processing of Selective Laser Melted Structures to Their Material and Modal Properties
	Thermal Property Measurement Methods and Analysis for Additive Manufacturing Solids and Powders
	Prediction of Fatigue Lives in Additively Manufactured Alloys Based on the Crack-Growth Concept
	Fatigue Behavior of Additive Manufactured Parts in Different Process Chains – An Experimental Study
	Effect of Process Parameter Variation on Microstructure and Mechanical Properties of Additively Manufactured Ti-6Al-4V
	Optimal Process Parameters for In Situ Alloyed Ti15Mo Structures by Laser Powder Bed Fusion
	Efficient Fabrication of Ti6Al4V Alloy by Means of Multi-Laser Beam Selective Laser Melting
	Effect of Heat Treatment and Hot Isostatic Pressing on the Morphology and Size of Pores in Additive Manufactured Ti-6Al-4V Parts
	Effect of Build Orientation on Fatigue Performance of Ti-6Al-4V Parts Fabricated via Laser-Based Powder Bed Fusion
	Effect of Specimen Surface Area Size on Fatigue Strength of Additively Manufactured Ti-6Al-4V Parts
	Small-Scale Mechanical Properties of Additively Manufactured Ti-6Al-4V
	Design and Fabrication of Functionally Graded Material from Ti to Γ-Tial by Laser Metal Deposition
	Tailoring Commercially Pure Titanium Using Mo₂C during Selective Laser Melting
	Characterization of MAR-M247 Deposits Fabricated through Scanning Laser Epitaxy (SLE)
	Mechanical Assessment of a LPBF Nickel Superalloy Using the Small Punch Test Method
	Effects of Processing Parameters on the Mechanical Properties of CMSX-4® Additively Fabricated through Scanning Laser Epitaxy (SLE)
	Effect of Heat Treatment on the Microstructures of CMSX-4® Processed through Scanning Laser Epitaxy (SLE)
	On the Use of X-Ray Computed Tomography for Monitoring the Failure of an Inconel 718 Two-Bar Specimen Manufactured by Laser Powder Bed Fusion
	Laser Powder Bed Fusion Fabrication and Characterization of Crack-Free Aluminum Alloy 6061 Using In-Process Powder Bed Induction Heating
	Porosity Development and Cracking Behavior of Al-Zn-Mg-Cu Alloys Fabricated by Selective Laser Melting
	Effect of Optimizing Particle Size in Laser Metal Deposition with Blown Pre-Mixed Powders
	Aluminum Matrix Syntactic Foam Fabricated with Additive Manufacturing
	Binderless Jetting: Additive Manufacturing of Metal Parts via Jetting Nanoparticles
	Characterization of Heat-Affected Powder Generated during the Selective Laser Melting of 304L Stainless Steel Powder
	Effects of Area Fraction and Part Spacing on Degradation of 304L Stainless Steel Powder in Selective Laser Melting
	Influence of Gage Length on Miniature Tensile Characterization of Powder Bed Fabricated 304L Stainless Steel
	Study of Selective Laser Melting for Bonding of 304L Stainless Steel to Grey Cast Iron
	Mechanical Performance of Selective Laser Melted 17-4 PH Stainless Steel under Compressive Loading
	Microstructure and Mechanical Properties Comparison of 316L Parts Produced by Different Additive Manufacturing Processes
	A Parametric Study on Grain Structure in Selective Laser Melting Process for Stainless Steel 316L
	316L Powder Reuse for Metal Additive Manufacturing
	Competing Influence of Porosity and Microstructure on the Fatigue Property of Laser Powder Bed Fusion Stainless Steel 316L
	Studying Chromium and Nickel Equivalency to Identify Viable Additive Manufacturing Stainless Steel Chemistries
	Investigation of the Mechanical Properties on Hybrid Deposition and Micro-Rolling of Bainite Steel
	Process – Property Relationships in Additive Manufacturing of Nylon-Fiberglass Composites Using Taguchi Design of Experiments
	Digital Light Processing (DLP): Anisotropic Tensile Considerations
	Determining the Complex Young’s Modulus of Polymer Materials Fabricated with Microstereolithography
	Effect of Process Parameters and Shot Peening on Mechanical Behavior of ABS Parts Manufactured by Fused Filament Fabrication (FFF)
	Expanding Material Property Space Maps with Functionally Graded Materials for Large Scale Additive Manufacturing
	Considering Machine- and Process-Specific Influences to Create Custom-Built Specimens for the Fused Deposition Modeling Process
	Rheological Evaluation of High Temperature Polymers to Identify Successful Extrusion Parameters
	A Viscoelastic Model for Evaluating Extrusion-Based Print Conditions
	Towards a Robust Production of FFF End-User Parts with Improved Tensile Properties
	Investigating Material Degradation through the Recycling of PLA in Additively Manufactured Parts
	Ecoprinting: Investigating the Use of 100% Recycled Acrylonitrile Butadiene Styrene (ABS) for Additive Manufacturing
	Microwave Measurements of Nylon-12 Powder Ageing for Additive Manufacturing
	Improvement of Recycle Rate in Laser Sintering by Low Temperature Process
	Development of an Experimental Laser Sintering Machine to Process New Materials like Nylon 6
	Optimization of Adhesively Joined Laser-Sintered Parts
	Investigating the Impact of Functionally Graded Materials on Fatigue Life of Material Jetted Specimens
	Fabrication and Characterization of Graphite/Nylon 12 Composite via Binder Jetting Additive Manufacturing Process
	Fabricating Zirconia Parts with Organic Support Material by the Ceramic On-Demand Extrusion Process
	The Application of Composite Through-Thickness Assessment to Additively Manufactured Structures
	Tensile Mechanical Properties of Polypropylene Composites Fabricated by Material Extrusion
	Pneumatic System Design for Direct Write 3D Printing
	Ceramic Additive Manufacturing: A Review of Current Status and Challenges
	Recapitulation on Laser Melting of Ceramics and Glass-Ceramics
	A Trade-Off Analysis of Recoating Methods for Vat Photopolymerization of Ceramics
	Additive Manufacturing of High-Entropy Alloys – A Review
	Microstructure and Mechanical Behavior of AlCoCuFeNi High-Entropy Alloy Fabricated by Selective Laser Melting
	Selective Laser Melting of AlCu5MnCdVA: Formability, Microstructure and Mechanical Properties
	Microstructure and Crack Distribution of Fe-Based Amorphous Alloys Manufactured by Selective Laser Melting
	Construction of Metallic Glass Structures by Laser-Foil-Printing Technology
	Building Zr-Based Metallic Glass Part on Ti-6Al-4V Substrate by Laser-Foil-Printing Additive Manufacturing
	Optimising Thermoplastic Polyurethane for Desktop Laser Sintering

	Modeling
	Real-Time Process Measurement and Feedback Control for Exposure Controlled Projection Lithography
	Optimization of Build Orientation for Minimum Thermal Distortion in DMLS Metallic Additive Manufacturing
	Using Skeletons for Void Filling in Large-Scale Additive Manufacturing
	Implicit Slicing Method for Additive Manufacturing Processes
	Time-Optimal Scan Path Planning Based on Analysis of Sliced Geometry
	A Slicer and Simulator for Cooperative 3D Printing
	Study on STL-Based Slicing Process for 3D Printing
	ORNL Slicer 2: A Novel Approach for Additive Manufacturing Tool Path Planning
	Computer Integration for Geometry Generation for Product Optimization with Additive Manufacturing
	Multi-Level Uncertainty Quantification in Additive Manufacturing
	Computed Axial Lithography for Rapid Volumetric 3D Additive Manufacturing
	Efficient Sampling for Design Optimization of an SLS Product
	Review of AM Simulation Validation Techniques
	Generation of Deposition Paths and Quadrilateral Meshes in Additive Manufacturing
	Analytical and Experimental Characterization of Anisotropic Mechanical Behaviour of Infill Building Strategies for Fused Deposition Modelling Objects
	Flexural Behavior of FDM Parts: Experimental, Analytical and Numerical Study
	Simulation of Spot Melting Scan Strategy to Predict Columnar to Equiaxed Transition in Metal Additive Manufacturing
	Modelling Nanoparticle Sintering in a Microscale Selective Laser Sintering Process
	3-Dimensional Cellular Automata Simulation of Grain Structure in Metal Additive Manufacturing Processes
	Numerical Simulation of Solidification in Additive Manufacturing of Ti Alloy by Multi-Phase Field Method
	The Effect of Process Parameters and Mechanical Properties Oof Direct Energy Deposited Stainless Steel 316
	Thermal Modeling of 304L Stainless Steel Selective Laser Melting
	The Effect of Polymer Melt Rheology on Predicted Die Swell and Fiber Orientation in Fused Filament Fabrication Nozzle Flow
	Simulation of Planar Deposition Polymer Melt Flow and Fiber Orientaiton in Fused Filament Fabrication
	Numerical Investigation of Stiffness Properties of FDM Parts as a Function of Raster Orientation
	A Two-Dimensional Simulation of Grain Structure Growth within Substrate and Fusion Zone during Direct Metal Deposition
	Numerical Simulation of Temperature Fields in Powder Bed Fusion Process by Using Hybrid Heat Source Model
	Thermal Simulation and Experiment Validation of Cooldown Phase of Selective Laser Sintering (SLS)
	Numerical Modeling of High Resolution Electrohydrodynamic Jet Printing Using OpenFOAM
	Mesoscopic Multilayer Simulation of Selective Laser Melting Process
	A Study into the Effects of Gas Flow Inlet Design of the Renishaw AM250 Laser Powder Bed Fusion Machine Using Computational Modelling
	Development of Simulation Tools for Selective Laser Melting Additive Manufacturing
	Machine Learning Enabled Powder Spreading Process Map for Metal Additive Manufacturing (AM)

	Process Development
	Melt Pool Dimension Measurement in Selective Laser Melting Using Thermal Imaging
	In-Process Condition Monitoring in Laser Powder Bed Fusion (LPBF)
	Performance Characterization of Process Monitoring Sensors on the NIST Additive Manufacturing Metrology Testbed
	Microheater Array Powder Sintering: A Novel Additive Manufacturing Process
	Fabrication and Control of a Microheater Array for Microheater Array Powder Sintering
	Initial Investigation of Selective Laser Sintering Laser Power vs. Part Porosity Using In-Situ Optical Coherence Tomography
	The Effect of Powder on Cooling Rate and Melt Pool Length Measurements Using In Situ Thermographic Tecniques
	Monitoring of Single-Track Degradation in the Process of Selective Laser Melting
	Machine Learning for Defect Detection for PBFAM Using High Resolution Layerwise Imaging Coupled with Post-Build CT Scans
	Selection and Installation of High Resolution Imaging to Monitor the PBFAM Process, and Synchronization to Post-Build 3D Computed Tomography
	Multisystem Modeling and Optimization of Solar Sintering System
	Continuous Laser Scan Strategy for Faster Build Speeds in Laser Powder Bed Fusion System
	Influence of the Ratio between the Translation and Contra-Rotating Coating Mechanism on Different Laser Sintering Materials and Their Packing Density
	Thermal History Correlation with Mechanical Properties for Polymer Selective Laser Sintering (SLS)
	Post Processing Treatments on Laser Sintered Nylon 12
	Development of an Experimental Test Setup for In Situ Strain Evaluation during Selective Laser Melting
	In Situ Melt Pool Monitoring and the Correlation to Part Density of Inconel® 718 for Quality Assurance in Selective Laser Melting
	Influence of Process Time and Geometry on Part Quality of Low Temperature Laser Sintering
	Increasing Process Speed in the Laser Melting Process of Ti6Al4V and the Reduction of Pores during Hot Isostatic Pressing
	A Method for Metal AM Support Structure Design to Facilitate Removal
	Expert Survey to Understand and Optimize Part Orientation in Direct Metal Laser Sintering
	Fabrication of 3D Multi-Material Parts Using Laser-Based Powder Bed Fusion
	Melt Pool Image Process Acceleration Using General Purpose Computing on Graphics Processing Units
	Blown Powder Laser Cladding with Novel Processing Parameters for Isotropic Material Properties
	The Effect of Arc-Based Direct Metal Energy Deposition on PBF Maraging Steel
	Fiber-Fed Laser-Heated Process for Printing Transparent Glass
	Reducing Mechanical Anisotropy in Extrusion-Based Printed Parts
	Exploring the Manufacturability and Resistivity of Conductive Filament Used in Material Extrusion Additive Manufacturing
	Active - Z Printing: A New Approach to Increasing 3D Printed Part Strength
	A Mobile 3D Printer for Cooperative 3D Printing
	A Floor Power Module for Cooperative 3D Printing
	Changing Print Resolution on BAAM via Selectable Nozzles
	Predicting Sharkskin Instability in Extrusion Additive Manufacturing of Reinforced Thermoplastics
	Design of a Desktop Wire-Feed Prototyping Machine
	Process Modeling and In-Situ Monitoring of Photopolymerization for Exposure Controlled Projection Lithography (ECPL)
	Effect of Constrained Surface Texturing on Separation Force in Projection Stereolithography
	Modeling of Low One-Photon Polymerization for 3D Printing of UV-Curable Silicones
	Effect of Process Parameters and Shot Peening on the Tensile Strength and Deflection of Polymer Parts Made Using Mask Image Projection Stereolithography (MIP-SLA)
	Additive Manufacturing Utilizing Stock Ultraviolet Curable Silicone
	Temperature and Humidity Variation Effect on Process Behavior in Electrohydrodynamic Jet Printing of a Class of Optical Adhesives
	Reactive Inkjet Printing Approach towards 3D Silcione Elastomeric Structures Fabrication
	Magnetohydrodynamic Drop-On-Demand Liquid Metal 3D Printing
	Selective Separation Shaping of Polymeric Parts
	Selective Separation Shaping (SSS) – Large-Scale Fabrication Potentials
	Mechanical Properties of 304L Metal Parts Made by Laser-Foil-Printing Process
	Investigation of Build Strategies for a Hybrid Manufacturing Process Progress on Ti-6Al-4V
	Direct Additive Subtractive Hybrid Manufacturing (DASH) – An Out of Envelope Method
	Metallic Components Repair Strategies Using the Hybrid Manufacturing Process
	Rapid Prototyping of EPS Pattern for Complicated Casting
	5-Axis Slicing Methods for Additive Manufacturing Process
	A Hybrid Method for Additive Manufacturing of Silicone Structures
	Analysis of Hybrid Manufacturing Systems Based on Additive Manufacturing Technology
	Fabrication and Characterization of Ti6Al4V by Selective Electron Beam and Laser Hybrid Melting
	Development of a Hybrid Manufacturing Process for Precision Metal Parts
	Defects Classification of Laser Metal Deposition Using Acoustic Emission Sensor
	An Online Surface Defects Detection System for AWAM Based on Deep Learning
	Development of Automatic Smoothing Station Based on Solvent Vapour Attack for Low Cost 3D Printers
	Casting - Forging - Milling Composite Additive Manufacturing Thechnology
	Design and Development of a Multi-Tool Additive Manufacturing System
	Challenges in Making Complex Metal Large-Scale Parts for Additive Manufacturing: A Case Study Based on the Additive Manufacturing Excavator
	Visual Sensing and Image Processing for Error Detection in Laser Metal Wire Deposition

	Applications
	Embedding of Liquids into Water Soluble Materials via Additive Manufacturing for Timed Release
	Prediction of the Elastic Response of TPMS Cellular Lattice Structures Using Finite Element Method
	Multiscale Analysis of Cellular Solids Fabricated by EBM
	An Investigation of Anisotropy of 3D Periodic Cellular Structure Designs
	Modeling of Crack Propagation in 2D Brittle Finite Lattice Structures Assisted by Additive Manufacturing
	Estimating Strength of Lattice Structure Using Material Extrusion Based on Deposition Modeling and Fracture Mechanics
	Controlling Thermal Expansion with Lattice Structures Using Laser Powder Bed Fusion
	Determination of a Shape and Size Independent Material Modulus for Honeycomb Structures in Additive Manufacturing
	Additively Manufactured Conformal Negative Stiffness Honeycombs
	A Framework for the Design of Biomimetic Cellular Materials for Additive Manufacturing
	A Post-Processing Procedure for Level Set Based Topology Optimization
	Multi-Material Structural Topology Optimization under Uncertainty via a Stochastic Reduced Order Model Approach
	Topology Optimization for 3D Material Distribution and Orientation in Additive Manufacturing
	Topological Optimization and Methodology for Fabricating Additively Manufactured Lightweight Metallic Mirrors
	Topology Optimization of an Additively Manufactured Beam
	Quantifying Accuracy of Metal Additive Processes through a Standardized Test Artifact
	Integrating Interactive Design and Simulation for Mass Customized 3D-Printed Objects – A Cup Holder Example
	High-Resolution Electrohydrodynamic Jet Printing of Molten Polycaprolactone
	3D Bioprinting of Scaffold Structure Using Micro-Extrusion Technology
	Fracture Mechanism Analysis of Schoen Gyroid Cellular Structures Manufactured by Selective Laser Melting
	An Investigation of Build Orientation on Shrinkage in Sintered Bioceramic Parts Fabricated by Vat Photopolymerization
	Hypervelocity Impact of Additively Manufactured A356/316L Interpenetrating Phase Composites
	Understanding and Engineering of Natural Surfaces with Additive Manufacturing
	Additive Fabrication of Polymer-Ceramic Composite for Bone Tissue Engineering
	Binder Jet Additive Manufacturing of Stainless Steel - Tricalcium Phosphate Biocomposite for Bone Scaffold and Implant Applications
	Selective Laser Melting of Novel Titanium-Tantalum Alloy as Orthopedic Biomaterial
	Development of Virtual Surgical Planning Models and a Patient Specific Surgical Resection Guide for Treatment of a Distal Radius Osteosarcoma Using Medical 3D Modelling and Additive Manufacturing Processes
	Design Optimisation of a Thermoplastic Splint
	Reverse Engineering a Transhumeral Prosthetic Design for Additive Manufacturing
	Big Area Additive Manufacturing Application in Wind Turbine Molds
	Design, Fabrication, and Qualification of a 3D Printed Metal Quadruped Body: Combination Hydraulic Manifold, Structure and Mechanical Interface
	Smart Parts Fabrication Using Powder Bed Fusion Additive Manufacturing Technologies
	Design for Protection: Systematic Approach to Prevent Product Piracy during Product Development Using AM
	The Use of Electropolishing Surface Treatment on IN718 Parts Fabricated by Laser Powder Bed Fusion Process
	Towards Defect Detection in Metal SLM Parts Using Modal Analysis “Fingerprinting”
	Electrochemical Enhancement of the Surface Morphology and the Fatigue Performance of Ti-6Al-4V Parts Manufactured by Laser Beam Melting
	Fabrication of Metallic Multi-Material Components Using Laser Metal Deposition
	A Modified Inherent Strain Method for Fast Prediction of Residual Deformation in Additive Manufacturing of Metal Parts 2539
	Effects of Scanning Strategy on Residual Stress Formation in Additively Manufactured Ti-6Al-4V Parts
	How Significant Is the Cost Impact of Part Consolidation within AM Adoption?
	Method for the Evaluation of Economic Efficiency of Additive and Conventional Manufacturing
	Integrating AM into Existing Companies - Selection of Existing Parts for Increase of Acceptance
	Ramp-Up-Management in Additive Manufacturing – Technology Integration in Existing Business Processes
	Rational Decision-Making for the Beneficial Application of Additive Manufacturing
	Approaching Rectangular Extrudate in 3D Printing for Building and Construction by Experimental Iteration of Nozzle Design
	Areal Surface Characterization of Laser Sintered Parts for Various Process Parameters
	Design and Process Considerations for Effective Additive Manufacturing of Heat Exchangers
	Design and Additive Manufacturing of a Composite Crossflow Heat Exchanger
	Fabrication and Quality Assessment of Thin Fins Built Using Metal Powder Bed Fusion Additive Manufacturing
	A Mobile Robot Gripper for Cooperative 3D Printing
	Technological Challenges for Automotive Series Production in Laser Beam Melting
	Qualification Challenges with Additive Manufacturing in Space Applications
	Material Selection on Laser Sintered Stab Resistance Body Armor
	Investigation of Optical Coherence Tomography Imaging in Nylon 12 Powder
	Powder Bed Fusion Metrology for Additive Manufacturing Design Guidance
	Geometrical Accuracy of Holes and Cylinders Manufactured with Fused Deposition Modeling
	New Filament Deposition Technique for High Strength, Ductile 3D Printed Parts
	Applied Solvent-Based Slurry Stereolithography Process to Fabricate High-Performance Ceramic Earrings with Exquisite Details
	Design and Preliminary Evaluation of a Deployable Mobile Makerspace for Informal Additive Manufacturing Education
	Comparative Costs of Additive Manufacturing vs. Machining: The Case Study of the Production of Forming Dies for Tube Bending


	Attendee List
	Author Index

