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The work aims to characterize the effects of processing parameters on the mechanical properties
of CMSX-4® fabricated using a laser-powder bed fusion (LPBF)-based additive manufacturing
(AM) process, scanning laser epitaxy (SLE). The laser power, the scan speed, and the number of
repeat scans are varied in SLE. These parameters are combined to define a new measure such as
the energy density. Microstructures of the samples are investigated using optical microscopy and
scanning electron microscopy. Uniaxial tension tests are performed on samples in longitudinal
direction and relevant data is extracted. This work is sponsored by the Office of Naval Research
through grant N00014-14-1-0658.
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Introduction

In order to increase the efficiency of gas turbine aero engines, investment cast equiaxed (EQ)
turbine component parts are increasingly being replaced with directionally solidified (DS)
components that have either columnar or single crystal (SX) microstructures. However, due to
prolonged period of operation, these DS blades suffer from damage and wear limiting their lifetime
Such reduction in their effective life necessitates the replacement of the numerous airfoils within
the engines. Due to the high cost of producing DS/SX cast turbine blades, the cost of replacing
each blade is several thousand dollars. With each engine containing several hundred blades, the
cost to replace everyone can reach hundreds of thousands of dollars. Hence, it is of great interest
to develop an additive manufacturing (AM)-based process which will restore the SX/DS
microstructure at the damaged location allowing the blades to be reused rather than discarded.

Scanning laser epitaxy (SLE) is a laser-based manufacturing process for deposition of EQ, DS,
and SX structures onto superalloy substrates through the controlled melting and re-solidification
of superalloy powders. In this particular implementation of the process, a laser beam guided by a
set of high-speed galvanometer scanners allows for tight control of the amount of energy being
applied to the top of the powder bed as well as the speed at which the melt pool moves across the
substrate. Under the proper operating conditions and with enough substrate re-melt, the
solidification of the powder melt pool will follow the microstructures of the underlying substrate,
allowing for directional and even SX growth [1]. The SLE process has shown significant potential
for one-step repair of CMSX-4® [2-4], René N5 [5, 6], René 142 [7], MAR-M247 [8], René 80
[9], and IN100 [10, 11].
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CMSX-4® was developed through the joint efforts of Canon-Muskegon and Allison in the
1990s [12]. This “second generation” SX superalloy alloy showed an improvement of 35 °C in the
turbine airfoil temperature capability compared to CMSX-2® and CMSX-3® [13]. CMSX-4®
contains 3 wt. % of rhenium (Re) similar to other “second generation” SX superalloys. Re was
shown to delay coarsening of the y' phase by partially segregating to the y matrix [14]. CMSX-4®
also enjoys solid-solution-strengthening due to the presence of chromium (Cr), tungsten (W), and
tantalum (Ta) and precipitation-hardening due to the presence of aluminum (Al) and titanium (T1)
[12].

Current work focuses on establishing an optimal operating range for the various process
parameters in SLE. The effects of these different processing parameters on the deposit
characteristics are examined. The laser power, the scan speed, and the number of repeat scans are
varied in SLE. These parameters are combined to define a new measure such as the energy density.
Microstructures of the samples are investigated using optical microscopy and scanning electron
microscopy. Uniaxial tension tests are performed on samples in longitudinal direction. The yield
strength, ultimate tensile strength, modulus and ductility values are extracted

Experimental

The CMSX-4® powder was produced by Praxair Surface Technologies using an atomization
process and had a particle size ranging from 85-150 um. The SLE process was conducted on
rectangular investment-cast SX CMSX-4® substrates having dimensions of 38.10 mm x 11.85 mm
x 2.54 mm. Each substrate was placed into a 38.10 mm x 11.85 mm recess cut into an IN625 base
plate. The CMSX-4® powder was placed above the substrates using rectangular wells cut into an
Aluminum mask plate.

Table 1. Chemical composition of the CMSX-4® powder (wt. %)

Cr Co Mo Re W Al Ti Ta Ni
CMSX-4® 65 97 04 30 64 56 10 65 Bal

After the samples were prepared, they were placed into a Terra Universal atmospheric glove
box which was then purged with argon. A 1kW Ytterbium fiber laser (IPG Photonics, Model: YLS-
1000) was used in conjunction with a Cambridge Technologies galvanometer scanner to focus the
beam to a diameter of 40 um at the top of the substrate. A consistent raster scan pattern across the
width of the sample was used to propagate a linear melt pool along the substrate.

In order to facilitate reduced order parameter space, the SLE process parameters namely the
laser power, the scan speed, the number of repeat scans, and the scan spacing are combined to
define a new measure, the scan energy density (E) [4]. E is defined as follows:

P
E_

=— @
SS x V xt,

Here, P is the laser power, N is the number of repeat scans, V is the raster scan speed, SS is the
raster scan spacing, and t;, is the powder thickness and.
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Microstructural Investigation and Mechanical Testing

Each sample was sectioned along the length and width. Using a Buehler automated disc saw,
each sample was first sectioned lengthwise, and then sectioned by multiple widthwise cuts, as
shown in Figure 1. Each section was mounted in Bakelite and polished to a mirror finish; starting
with 80 grit paper and progressively increasing the size to 1200 grit. The samples were then rough-
polished using 5 um and 3 um diamond solutions. Finally, the samples were fine polished using a
0.5 um colloidal alumina suspension. The polished samples were then etched with Marble’s
reagent (50 ml HCI, 50 ml H>O, and 10.0 gm CuSO4) to eliminate the y' phase and reveal the
dendritic microstructure.

A Leica DM6000 optical microscope was thereafter used to take the images. The
microstructural investigation of the SLE processed CMSX-4® was carried out on a Hitachi SU8230
SEM. Vickers microhardness measurements were carried out using a Buehler microhardness
indenter with a fixed load at 2000 gf. The hardness values were extracted in Vickers microhardness
scale (HV). Details on hardness measurements may be found elsewhere [11]. The tensile properties
of the CMSX-4® specimens were determined according to ASTM D638 using an Instron 33R 4466
equipped with 10 kN load cell.

Figure 1. Sections used in metallographic analysis
Results and Discussion

As illustrated in Figure 2 and 3, the longitudinal sections showed a full metallographic bond
along the entire length of the samples. The transition from the investment cast CMSX-4® substrate
to the SLE-deposited material is indicated by the sharp change in the microstructure such as the
dendrite size. The dense deposit is free from porosity, hot tearing or stress cracking. The
characteristics of the samples illustrated in Figure 2 and 3 are reported in Table II.

Sample 1 was processed with E of 52.73 J/mm? while Sample 2 was processed with E of 18.75
J/mm3. A previous study on CMSX-4® showed that higher values of E showed lower SX ratio
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(defined as the ratio of average total height and the average deposit height) [4]. Following the
previous results, the current study also showed that Sample 1 had lower SX ratio.

Figure 2. Representative longitudinal cross-section of the as-deposited Sample 1.This sample
is processed at E = 52.73 J/mm°.

2000 pm e———

Figure 3. Representative longitudinal cross-section of the as-deposited Sample 2. This sample
is processed at E = 18.75 J/mm°.

Table 1. Characteristics of Sample 1 and Sample 2

4 of Power Scan chn Pgwder Energy ‘
Sample # Repeats (W) Speed Spacing | Thickness | Density | SX Ratio
(mm/s) (um) (mm) (J/mm?)
1 600 750 800 12.7 1.4 52.73 0.39
2 400 500 750 254 1.4 18.75 0.75

The orientation of the columnar growth in the SLE-deposited material showed little to no
angular misorientation as compared to the underlying substrate as shown in Figure 4(a). Figure
4(b) illustrates the transition from SX growth with [001] directionality to a shift in orientation.
This change is known as oriented to misoriented transition (OMT). On some samples, the top of
the deposit suffered from EQ growth. This is known as the columnar to EQ transition (CET).
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Figure 4. (a) Transition from substrate to deposit and (b) transition regions in the deposit.
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Figure 5. Summary of microhardness results for CMSX-4®,

In the present study, the [001] columnar region typically showed higher hardness than either
the [100] columnar zone or the EQ region. The results indicated a hardness value in the range of
430-500 HV in the deposit region. The substrate region showed hardness values of order 400 HV.
Hence, the hardness in the deposit region is about 10% higher than the substrate region. The yield

stress was approximated as, oy ~ HV/3 (HV measured in GPa) [8].
Figure 6 shows the load vs. displacement curves for Sample 1 and Sample 2. Sample 2 showed

higher values of modulus, lower values of elongation, and higher yield strength as compared to
Sample 1 as illustrated in Figure 6. This difference is due to the fact that Sample 2 had higher SX
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ratio compared to Sample 1 and therefore, it has higher microhardness. It is noted that the results
are presented as load-dispalcement instead of stress-strain as the cross-section (thickness of the
samples was different for the two samples and was varying along the length within the same
sample). That is the reason that no absolute values of the modulus or strength are mentioned.
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Figure 6: Load vs displacement curves for samples 1 and 2 based on tensile testing
Conclusions

In the present study, two different samples deposited by SLE at two different energy densities
were explored. The sample produced at higher values of E showed lower SX ratio and therefore,
lower yield strength. It is concluded from the present research that higher SX ratio is desirable for
the purpose of obtaining higher yield strength and modulus.

Acknowledgments and Disclosures

This work is sponsored by the Office of Naval Research through grant N00014-14-1-0658. Dr.
Suman Das is a cofounder of DDM Systems, a start-up company commercializing SLE technology.
Dr. Das and Georgia Tech are entitled to royalties derived from DDM Systems’ sale of products
related to the research described in this paper. This study could affect their personal financial status.
The terms of this arrangement have been reviewed and approved by Georgia Tech in accordance
with its conflict of interest policies.

References
[1] Basak A, Das S. Epitaxy and Microstructure Evolution in Metal Additive Manufacturing.
Annual Review of Materials Research 2016;46:125-49.

[2] Acharya R, Bansal R, Gambone JJ, Das S. A Coupled Thermal, Fluid Flow, and Solidification
Model for the Processing of Single-Crystal Alloy CMSX-4 Through Scanning Laser Epitaxy for

191



Turbine Engine Hot-Section Component Repair (Part I). Metallurgical and Materials Transactions
B 2014;45:2247-61.

[3] Acharya R, Bansal R, Gambone JJ, Das S. A Microstructure Evolution Model for the
Processing of Single-Crystal Alloy CMSX-4 Through Scanning Laser Epitaxy for Turbine Engine
Hot-Section Component Repair (Part II). Metallurgical and Materials Transactions B
2014;45:2279-90.

[4] Basak A, Acharya R, Das S. Additive Manufacturing of Single-Crystal Superalloy CMSX-4
Through Scanning Laser Epitaxy: Computational Modeling, Experimental Process Development,
and Process Parameter Optimization. Metallurgical and Materials Transactions A 2016;47:3845-
59.

[5] Basak A, Das S. A Study on the Effects of Substrate Crystallographic Orientation on
Microstructural Characteristics of René N5 Processed through Scanning Laser Epitaxy.
Proceedings of the 13th Intenational Symposium of Superalloys 2016:1041-9.

[6] Basak A, Das S. Additive Manufacturing of Nickel-Base Superalloy René N5 through Scanning
Laser Epitaxy (SLE) — Material Processing, Microstructures, and Microhardness Properties.
Advanced Engineering Materials 2017;19:1600690.

[7] Basak A, Das S. A Study on the Microstructural Characterization of René 142 Deposited Atop
René 125 Processed through Scanning Laser Epitaxy. Materials Science Forum 2016;879:187-92.
[8] Basak A, Das S. Microstructure of nickel-base superalloy MAR-M247 additively manufactured
through scanning laser epitaxy (SLE). Journal of Alloys and Compounds 2017;705:806-16.

[9] Acharya R, Bansal R, Gambone JJ, Kaplan MA, Fuchs GE, Das S, et al. Additive
Manufacturing and Characterization of René 80 Superalloy Processed Through Scanning Laser
Epitaxy for Turbine Engine Hot-Section Component Repair. Advanced Engineering Materials
2015;17:942-50.

[10] Acharya R, Das S. Additive Manufacturing of IN100 Superalloy Through Scanning Laser
Epitaxy for Turbine Engine Hot-Section Component Repair: Process Development, Modeling,
Microstructural Characterization, and Process Control. Metallurgical and Materials Transactions
A2015;46:3864-75.

[11] Basak A, Das S. Additive Manufacturing of Nickel-Base Superalloy IN100 through Scanning
Laser Epitaxy (SLE). TMS JOM (Submitted).

[12] Harris K, Erickson G, Sikkenga S, Brentnall W, Aurrecoechea J, Kubarych K. Development
of the rhenium containing superalloys CMSX-4® & CM 186 LC® for single crystal blade and
directionally solidified Vane applications in advanced turbine engines. Superalloys 1992 1992;297.
[13] Frasier D, Whetstone J, Harris K, Erickson G, Schwer R. Process and alloy optimization for
CMSX-4 superalloy single crystal airfoils. High Temperature Materials for Power Engineering
1990:1281-300.

[14] Giamei A, Pearson D, Anton D. y/y": The Key to Superalloy Behavior. MRS Proceedings:
Cambridge Univ Press; 1984. p. 293-308.

192



	Welcome
	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
	Print
	Search



