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Abstract

Laser metal deposition (LMD) is an advanced additive manufacturing (AM) process used
to build or repair metal parts layer by layer for a range of different applications. Any presence of
deposition defects in the part produced causes change in the mechanical properties and might
cause failure to the part. In this work, defects monitoring system was proposed to detect and
classify defects in real time using an acoustic emission (AE) sensor and an unsupervised pattern
recognition analysis. Time domain and frequency domain, and relevant descriptors were used in
the classification process to improve the characterization and the discrimination of the defects
sources. The methodology was found to be efficient in distinguishing two types of signals that
represent two kinds of defects. A cluster analysis of AE data is achieved and the resulting
clusters correlated with the defects sources during laser metal deposition.
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INTRODUCTION

In general additive manufacturing is extensively used even though monitoring and
detection of defects during AM still require a better understanding. One of the difficulties in
using an adaptive control and LMD monitoring system is the accurate detection of defects as
being formed during the metal deposition. The objective of monitoring laser metal deposition
process is to prevent and detect damage of produced part for any deposition path and part design.
In the LMD process, particular changes in the acoustic emission signal indicate the present of
defects, these changes must be carefully considered to ensure the effectiveness of the control
system. AE has the advantage of real-time, continuous monitoring of LMD. The central goal of
such a system is to indicate the occurrence of defects events, but classifying the type of defect is
also necessary for the better use of the system and suggestion of corrective remedies.

Bohemen [1] demonstrated that martensite formation during gas tungsten arc (GTA)
welding of steel 42CrMo4 can be monitored by means of AE. It was shown that a particular
relation exists between the root mean square (RMS) value of the measured AE and the volume
rate of the martensite formation during GTA welding. Grad et al. [2] examined the acoustic
waves generated during short circuit gas metal arc  welding process. It was found that the
acoustic method could be used to assess welding process stability and to detect the severe
discrepancies in arc behavior.

Yang [3] used an Acoustic emission (AE) sensor to identify damage detection in metallic
materials. Results suggested a strong correlation between AE features, i.e., RMS value of the
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reconstructed acoustic emission signal, and surface burn, residual stress value, as well as
hardness of steels. Diego-Vallejo [4] in his work found that the focus position, as an important
parameter in the laser material interactions, changes the dynamics and geometric profile of the
machined surface and the statistical properties of measured AE signal.

Recently, Siracusano [5] propose a framework based on the Hilbert-Huang Transform for
the evaluation of material damages, this framework facilitates the systematic employment of
both established and promising analysis criteria, and provides unsupervised tools to achieve an
accurate classification of the fracture type. Bianchi [6] suggested a wavelet packet
decomposition within the framework of multiresolution analysis theory is considered to analyze
acoustic emission signals to investigate the failure of rail-wheel contact under fatigue and wear
study. The application was shown to be an adequate for analyzing such signals and filtering out
their noise real time monitoring.

However, more research needs to be done regarding using the acoustic emission sensor in
monitoring laser metal deposition. In this paper, the defects type distinguishing of the LMD and
its corresponding key features are investigated by clustering the AE signals. The acoustic
emission (AE) technique is suitable to examine the defeats sources during LMD because of
containing rich defect-related information such as crack and pore formation, nucleation and
propagation. Information on defects development is difficult to obtain by only using the AE
waveform in a time-space, as a non-stationary process, thus other features such as amplitude,
energy, rise time, count and frequency are extracted to analyze qualitatively defects mechanisms.

The purpose of the present work is, first to detect laser metal deposition defects as formed
layer-by-layer to take the necessary correction action such as machining and remitting, second to
develop a reliable method of analysis of AE data during LMD when several AE sources
activated to categorize the defects into clusters based on the defect type.

EXPERIMENTAL SETUP

Figure 1 shows a schematic diagram of the experimental set-up. The YAG laser was
attached to a 5-Axis vertical computer numerical control machine that is used for post-process
machining after LMD. Picoscope 2205A works as a dual-channel oscilloscope to capture the AE
signal and stream it to a computer for further analysis, the oscilloscope measures the change in
the acoustic emission signal over time, and helps in displaying the signal as a waveform in a
graph. An acoustic emission sensor (Kistler 8152B211) captured a high-frequency signal. The
bandwidth of the AE sensor was 100 kHz to 1000 kHz. The raw signals were first fed through
the data acquisition system and then processed and recorded using Matlab software.
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Figure 1. Experimental Setup Shown the LMD System and AE Data Acquisition System

The acoustic emission signal was recorded during a laser deposition process in an
oxidized environment and contaminated powder to induce pores and cracks as a result of thermal
coefficient difference. The material of the substrate was tool steel. Cracks and porosities were
simulated by mixing the mainly Ti-6Al-4V powder with H13 tool steel powder. The two
powders particles as illustrated in Figure 2 are non-uniform in shape and size and may contain
internal voids which can cause deposition defects when they mixed.

', R
(@) Ti-6Al-4V Metal Powder ‘ ' (b) H13 Metal Powder

Figure 2 a-b Optical Image of the Metal Powders Used in Deposition Process

Figure 3 illustrate the main steps in the developed procedure which used to analyze the
AE data. A layer is created by injecting the metal powder into a laser beam which is used to melt
the surface of a substrate and create a small molten pool and generate a deposit. The AE sensor is
attached to a substrate to transform the energy released by the laser deposition into acoustic
emission signal. The total length of the deposition is 15 mm was performed with standard
parameters for depositing titanium powder as shown in Table 1.
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Figure 3. Step-by-step Operations Used to Perform the Acoustic Emission Analyses

Table 1 Laser Metal Deposition process parameters
Parameter Value
Laser power 1,000 Watt
Powder feed rate 10 g/min
Table velocity 300 mm/min
Length of track 15 mm
Layer thickness About 0.5 mm
Layer width About 2.5 mm

The AE events can be represented in the frequency domain using Fast Fourier Transform
(FFT) or in the time domain using peak amplitude, kurtosis, energy, the number of counts,
duration, and rise time. Among all the features, the signal amplitude alone was measured in real
time by the data acquisition system. All the other descriptors were calculated from the
waveforms at the end of deposited layer because they are very dependent on the amplitude
threshold used to detect the arrival time and the end of an AE signal. Figure 4 shows some of the
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time-dependent features. In this work, all these features were used in a multi-parameter statistical
analysis and clustering analysis
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Figure 4 Time dependent AE event features

CLUSTERING ANALYSIS

It is not easy to discriminate precisely the AE signal associated with each defect source
from the waveform of the signal; thus, it is useful to use clustering analysis. Clustering analysis
is a machine learning technique which group the AE events based on their features to create
clusters in such a way that the AE events inside a cluster are similar to each other, and also
dissimilar from events in other clusters. In this work, the K-means clustering algorithm was used
to group the AE events into homogeneous subgroups (clusters). A silhouette width value was
used to find the optimal number of clusters.

The K-means clustering algorithm aims to minimize within-cluster distances between all
the vectors of a cluster and its center and maximize the distances between the centers of all
clusters. The clustering algorithm requires the number of clusters k to be known and specified in
advance; thus, the silhouette width was used for a range of clusters from two clusters to ten
clusters. The number of clusters with the maximum average silhouette width was used to group
the AE events into sub-groups reflecting the number of defects. The k-means algorithm can then
be described as follows:

1. Specify the maximum number of clusters (r).

2. Assume the number of clusters k from 1 to r and randomly initialize each cluster center
Ci, where i is from 1 to k

3. Calculate the Euclidean distance between the vector and the centers of the clusters and
then assign each input vector (or pattern) to the nearest cluster.

3. Recalculate the location of the cluster center according to the nearest mean.

4. Repeat steps 2 and 3 until there are no changes in these center locations.
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5. calculate the maximum average silhouette width.

6. Repeat steps from 2 to 5 for all possible number of clusters.

The greater the silhouette value, the better the clustering results [7, 8]. The optimal value
of k is determined according to the maximum of the silhouette width defined as

min(b(Lk)-a(l))
nnax(a(Dnnin(b(Lk)))

s() = =%, ™)

Where a(l) is the average distance between I-th event and all other events in the same cluster,
and b(l, k) is the minimum of the average distances between the I-th event and all the event in
each other cluster. The silhouette width values range from -1 to 1. If the silhouette width value
for an event is about zero, it means that that the event could be assigned to another cluster. If the
silhouette width value is close to -1, it means that the event is need to be assigned to other
cluster. If the silhouette width values are close to 1, it means that the event is well clustered. A
clustering can be evaluated by the average silhouette width s(k) of individual events.

The largest average silhouette width, over different K, indicates the best number of
clusters. As can be seen, in Table 2 the greatest average silhouette width is 0.8108. The number
of clusters was confirmed using Bayesian Information Criterion (BIC) [9], since it is
recommended to validate number of clusters through use of several methods. The number of
clusters with the lowest BIC is preferred which means k=2 is the optimum number of clusters.

Table 2. Average Silhouette Width for Different Number of Clusters

Number of clusters | Average Silhouette Width BIC
2 0.8108 4409.199532
3 0.4730 5307.464994
4 0.4963 6268.570481
5 0.4770 7268.886407
6 0.5405 8331.531180
7 0.5004 9397.995038
8 0.4387 10464.458896
9 0.5210 11532.648846
10 0.4254 12645.626117
11 0.5346 13763.722664

The defects in cluster two tend to have more energy, longer duration, slower rise time,
large number of counts, higher amplitude, close to the normal distribution with flatter and light
tail distribution, and less frequency compared to the defects in cluster one.

Analysis of variance (ANOVA) of the cluster centers (Table 3). As can be seen, most of
the means of clustering features differ significantly across the two clusters, because the null
hypothesis (means are equal) is rejected in a case at significant level < 0.05. The frequency is not
significant which means it has a little contribution to the cluster solution. The features with large
F value provide the greatest separation between clusters. As the F value increases as the
importance of feature increases, this was also illustrated in Figure 5.
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Table 3. Analysis of variance (ANOVA) of the cluster centers and features importance

Cluster Error E Si imbortance
Mean Square df Mean Square df 9 P
Rise Time 30.629 1 .153 35 199.608 | .000 3
Peak amplitude 29.703 1 .180 35 165.109 | .000 5
Duration 30.801 1 .149 35 207.352 | .000 2
Kurtosis 3.449 1 .930 35 3.709 .062 9
Number of counts 30.043 1 .170 35 176.523 | .000 4
Counts to peak 28.444 1 .216 35 131.750 | .000 6
Energy 31.137 1 .139 35 224.074 | .000 1
Average frequency 1.184 1 .995 35 1.190 .283 10
Maximum frequency 10.870 1 .718 35 15.140 | .000 8
Standard deviation of
frequencies 12.417 1 .674 35 18.429 .000 7
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(e) Events in cluster one have lower amplitude
Figure 5 a-e comparing the features in clusters one and two the AE Events

DEFECTS TYPES AND OPTICAL MICROSCOPY STUDY

Figure 6 shows waveform samples from cluster one and cluster two. The waveform from
cluster one is quite different from the waveform from cluster two. The dissimilarities in the
events features and waveforms found between the two types of signals lead to the conclusion that
the source mechanisms are not the same in both cases.
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Figure 6 a-b Comparison between the Waveforms from both Clusters

After preparing the surface of deposited metal, the cracks and pores were observed using
an optical microscope, the number of cracks to the number of pores strongly correlated with the
number of events in cluster two to the number of events in cluster one. Also from the literature
[10], [11] the waveform and the features of the acoustic emission signal created by cracks is
similar to the events in cluster two.

Figure 7 displays cracks caused by thermal stress. The temperature gradient of the

deposited layer is large in the direction of thickness during laser deposition process, and the
thermal expansion coefficients of the two deposition materials are different, which results in that
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the thermal stress at the combining surface of deposition, thus the cracks are formed. It also
occurs with powder contamination in the powder feeder [12].

T b A o

Figure 7 Optical image of a transverse cross-sectioned laser deposit sig a crack and gas
porosity

The second type of observed defects is pores which have a spherical form and appear in
random locations not associated with the microstructure as shown in Figure 8. The possible
sources of these porosities are surface powder contamination [11], gasses trapped within the
powder particles due to the difference in the powder sizes, and an oxidation effect since the
oxygen level was high due not using the chamber to stimulate defect formation in this research.
In fact, surface oxides may most likely remain in the solid state in the melting pool and, as such,
upset the wetting mechanisms melted the powder and induces voids.
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ge of a transverse cross-sectioned laser deposit showing a gas porosity

Figure 8 Optical ima
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Conclusions

The AE signal was collected during the LMD in an oxidized environment with mixed
metal powders to stimulate all possible types of defects. Several defects mechanism were
activated and detected by AE sensor. K-Means clustering method was implemented to analyze
the AE signals and identify defects source mechanisms.

The clustering results successfully distinguish two main defects types and their signal
characteristics. The number of clusters to be created does not have to be specified in advance,
they only depend on the number of defects being created. Porosities produce the AE signals with
shorter decay time and less amplitude. The cracks trigger the AE signals with short durations and
high amplitudes. The signal energy is a crucial feature in identifying the AE defect source
mechanisms.

The validation of the proposed methodology has been carried out using an optical
microscope; it showed the correlation between the number of acoustic events and the number of
defects determined by post-test optical microscopy. The numbers of signal events are in each
cluster are in agreement with the rough estimations of the associated numbers of defects.

1963



[1]

[2]

[3]

[4]

[5]

[6]

[7]

8]

[9]

[10]

REFERENCES

Van Bohemen, S M C; Hermans, M J M; Den Ouden, G.,” Monitoring of martensite
formation during welding by means of acoustic emission *, Journal of Physics D, Applied
Physics (UK) 34.22 (21 Nov. 2001): 3312 3317.

L.Grad, J.Grum, I. Polajnar and J.M.Slabe, “Feasibility study of acoustic signals for on-
line monitoring in short circuit gas metal arc welding”, International Journal of Machine
Tools and Manufacture, Volume 44, Issue 5, April 2004

Yang, Z., Yu, Z., Wu, H., & Chang, D. (2014). “Laser-induced thermal damage detection
in metallic materials via acoustic emission and ensemble empirical mode
decomposition”, Journal of Materials Processing Technology, 214(8), 1617-1626.

D. Diego-Vallejo, D. Ashkenasi, H.J. Eichler, “Monitoring of Focus Position During
Laser Processing based on Plasma Emission, Physics Procedia”, Volume 41, 2013

Giulio Siracusano, Giovanni Finocchio, “A framework for the damage evaluation of
acoustic emission signals through Hilbert—-Huang transform”, Mechanical Systems and
Signal Processing, Volume 75, 15 June 2016

Davide Bianchi, Andras Vernes, ‘Wavelet packet transform for detection of single events
in acoustic emission signals’, Mechanical Systems and Signal Processing, Volumes 64—
65, December 2015, Pages 441-451

R. Gutkin, C.J. Green, S. Vangrattanachai, S.T. Pinho, P. Robinson, P.T. Curtis, On
acoustic emission for failure investigation in CFRP: Pattern recognition and peak
frequency analyses, Mechanical Systems and Signal Processing, Volume 25, Issue 4,
May 2011, Pages 1393-1407

Peter J. Rousseeuw, Silhouettes: A graphical aid to the interpretation and validation of
cluster analysis, Journal of Computational and Applied Mathematics, Volume 20, 1987,
Pages 53-65

Dan Pelleg, Andrew W. Moore. 2000. “X-means: Extending K-means with Efficient
Estimation of the Number of Clusters.” Proceedings of the Seventeenth International

Conference on Machine Learning. 2000, 727-734.

F. Arcella, F. Froes, Producing titanium aerospace components from powder using laser

forming, JOM 52 (2000) 28-30.

[11]

[12]

Lu, S. P., et al. "Acoustic emission monitoring and microscopic investigation of cracks in
ERCuNi cladding." J. Mater. Sci. Technol. 19.3 (2003): 201-205.

Barua, S., et al.,2014, "Vision-Based Defect Detection in Laser Metal Deposition
Process,” Rapid Prototyping Journal, 20(1): p. 77-85.

1964


http://search.proquest.com/indexinglinkhandler/sng/au/Van+Bohemen,+S+M+C/$N?accountid=14594
http://search.proquest.com/indexinglinkhandler/sng/au/Hermans,+M+J+M/$N?accountid=14594
http://search.proquest.com/indexinglinkhandler/sng/au/Den+Ouden,+G/$N?accountid=14594
http://search.proquest.com/pubidlinkhandler/sng/pubtitle/Journal+of+Physics+D,+Applied+Physics+$28UK$29/$N?accountid=14594
http://search.proquest.com/pubidlinkhandler/sng/pubtitle/Journal+of+Physics+D,+Applied+Physics+$28UK$29/$N?accountid=14594
http://search.proquest.com/indexingvolumeissuelinkhandler/23500/Journal+of+Physics+D,+Applied+Physics+$28UK$29/02001Y11Y21$2321+Nov.+2001$3b++Vol.+34+$2822$29/34/22?accountid=14594
http://www.sciencedirect.com/science/journal/08906955/44/5
http://search.proquest.com/indexingvolumeissuelinkhandler/23500/Journal+of+Physics+D,+Applied+Physics+$28UK$29/02001Y11Y21$2321+Nov.+2001$3b++Vol.+34+$2822$29/34/22?accountid=14594
http://search.proquest.com/indexingvolumeissuelinkhandler/23500/Journal+of+Physics+D,+Applied+Physics+$28UK$29/02001Y11Y21$2321+Nov.+2001$3b++Vol.+34+$2822$29/34/22?accountid=14594

	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



