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Abstract
The current study concentrates on the effect of local part topology on heat transfer during the laser-powder 
bed fusion (L-PBF) additive manufacturing (AM) process. The high heat flux diffusion (i.e. thermal 
spreading) is numerically modeled and investigated for the L-PBF of a thin-walled part with various 
negative draft angles (overhangs) and a thin wall of variable cross-sectional area.  Scan-wise and layer-wise 
manufacturing effects on heat transfer are quantified via peak melt pool temperature and resulting melt pool 
morphology. These thermal metrics are used to understand the effect of overhang angles on the melt pool 
mand the surface roughness traits of stainless steel 316L, Inconel 625 and Ti-6Al-4V parts.  Both powder 
effects and phase change within the melt pool are considered using approximate, reduced-complexity 
techniques. The employed numerical model has been validated using data available in the literature.  Results 
demonstrate that the melt pool morphology and temperature distribution along build geometries with 
negative draft angles are significantly different than those with positive draft angles.  
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Introduction
Laser-based powder bed fusion (L-PBF) utilizes a powder bed platform that can change height in 
increments of micrometers to accomplish layer-by-layer additive manufacturing (AM). Initially, a coater 
distributes the metal powder across the build platform. Intense laser irradiation is concentrated at a micron-
sized spot in order to provide sufficient energy to melt the powder. As the laser moves with a speed on-the-
order of ~1 m/s per instructions from computerized numerical control, the melt pool quickly solidifies and 
creates a track of solid metal which is repeated over numerous patterned tracks to form a complete layer. 
To form a complete 3-dimensional part, the build platform then lowers by the specified layer thickness. 
This process is re-iterated for several slices of the input design resulting in a part with near net shape and 
relatively fine quality. More recently, AM technologies such as L-PBF have gained traction in industry for 
engineering material with unique specifications while minimizing supply chain costs. Employing AM 
technology provides benefits from the consolidation of multiple phases in material production into a simple 
process. Another advantage of L-PBF comes from the re-usability of the un-used powder resulting from the 
un-sintered powder bed. While the benefits for AM surmount, this relatively new technology still has
complications that arise, mainly due to the fast-moving, small-sized laser heat source.

Engineering a customized part requires knowledge of a material’s thermal history from the melting to 
solidification phases. With the proper physical modeling, one can determine the temperature distribution 
and gradients within the part for estimating the evolution of the material structure during AM. While this 
is easier said than done, challenges await in the ability of predicting the thermal history and cooling rates 
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due to opposing scales associated with the heat source size and velocity, respectively. Analytical solutions 
for the melt pool and heat affected zone (HAZ) temperature distributions have been developed, or in some 
cases modified, from the solutions pertaining to welding applications. The earliest solution dates to
Rosenthal [1] for the moving point heat source on a semi-infinite solid. However, Rosenthal’s model and 
its predecessors are generally limited to standard geometries with very simple shapes. To ease computations
for various practicing engineers, researchers have developed ‘process maps’ [2–4]. These maps provide a 
2D/3D visualization of analytical models – providing relationships between temperature, mechanical 
properties and process parameters for assisting the AM process design. More recently, there has been an 
overwhelming amount of numerical studies performed to better understand the multi-physical processes 
involved during L-PBF [5–10].

In general, the quality of any fabricated, metallic part depends on the process parameters used in the 
manufacturing process. For L-PBF, the major process parameters that affect part quality are laser power, 
scan speed, hatch spacing, layer thickness, build orientation, and part position within the platform [11].
Dimensional or non-dimensional groupings of parameters such as the volumetric energy density (VED),
Peclet, Marangoni, Biot, and Fourier numbers can be used for process mapping for predicting process-
property relationships more agnostically. For example, a low energy density may result in low quality parts
due to the presence of lack of fusion (consequence of insufficient energy to melt powder) and/or voids,
while high density increases warping and spatter generation [12].

Many research studies have concentrated on predicting the melt pool shape and size during a single layer
L-PBF process simulation. Multi-pass laser simulation studies have found very little traction in research
due to computational time required to perform such multi-physical approaches. In general, multiphysics 
approaches  involving powder, liquid melt pool or laser-powder-melt pool interactions have been limited 
to single track simulations [9,13–16].

One of the most overlooked process parameters in L-PBF is the build orientation. Multiple studies [17–19]
reported the inability of L-PBF, also AM in general, to produce consistent microstructure in the part. 
Yadollahi et al. [19] studied the fatigue performance of additively manufactured stainless steel 17-4 PH in 
different build orientations, and  attributed the drop in the performance to the direction of the un-melted 
plane between layers with respect to the loading direction. While those results show some evidence to the 
difference in performance, Hartunian and Eshraghi showed inherent differences on the microstructure 
resulting due to orientation of heat dissipating direction. Their study also pointed that the horizontally-built 
samples close to the substrate presented brittle fracture features while the ones away showed ductile fracture 
features. Simonelli et al. [20] studied the microstructure and fatigue performance of L-PBF Ti-6Al-4V,
however, they reported that for the specimens tested, no difference exists between specimens at varying 
distances from the substrate. They also observed predominant columnar grains in the fabricated part, and 
attributed it to the track-wise and layer-wise nature of the AM process.

Fox et al. [21] studied the effects of surface angle (with respect to the horizontal build plane) on the surface 
roughness of L-PBF parts. The study showed that surface roughness (Ra) increases with increasing 
overhang angles. While these results are consistent with what has generally been reported in the literature, 
these authors concluded that a definite correlation between surface angle and the Ra does not exist.

Build orientation has been very often used as a design parameter for manufacturing, and is found to affect 
the final material properties as well as part-performance. For example, specimens built at 45 °C to the 
horizontal plane were found to have greater surface roughness and resulting in earlier fatigue failure. 
However, in a microscale, any layer fabricated on top of a powder particles instead of solid clad can be 
treated as an overhang. A schematic of a localized overhang region anticipated in layer-wise manufacturing 
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process due to varying cross section area is shown in Figure 1. While numerous studies have shown 
performance differences due to build orientation, the thermal phenomena/characteristics within impactful
regions have rarely been characterized. This current study focuses on the effects of negative draft angles 
and part overhangs, characterized by an overhang angle, on the peak temperature, bulk/sensible heating and 
t melt pool shape along a part. The study focuses on the L-PBF of Ti-6Al-4V, stainless steel 316L, and 
Inconel 625 (IN625) - which are all typical materials used for metals AM.

Problem setup
Numerical studies were conducted for three materials commonly used in the AM industry: Ti-6Al-4V, 
IN625, and stainless steel 316L. All numerical simulations were performed using the commercial software 
package, Comsol Multiphysics 5.4, on the Hopper supercomputing cluster at Auburn University. The 
thermophysical properties for each material were taken from the open literature [22–24]. Initially, single 
pass simulations ware tested for IN625, and results validated against the experimental data from Ref. [25].
Numerically-predicted and experimentally-measured melt pool dimensions are tabulated in Table 1 for two 
different laser scan speeds. For both validation studies a nominal laser power of 195 W was used. The scan 
speed was set at 800 mm/s for Case A, and 500 mm/s for Case B. The laser was modelled using a Gaussian 
beam intensity that decays exponentially with distance from the center. The numerically-predicted melt 
pool dimensions were found to agree within 10% of the experimental values for both cases as shown in 
Table 1. Discrepancies between numerical and experimental values is partially attributed to the uncertainty 
in absorptivity (0.35 is currently used) and material properties for the liquid state. The numerical study 
consistently overpredicted the melt pool dimensions for both cases. However, since the current study only 
concentrates on the qualitative trends results from relatively slight process parameter variation, no further 
adjustment was deemed necessary. Mesh independence studies were performed and no significant changes 
in melt pool dimensions were found. The mesh used for multi-pass simulations is shown in Figure 2. Due 
to adaptive time stepping, no time independence study was required.

Table 1: Comparison of melt pool dimensions between simulation and experimental data for single pass 
study

Experimental 
(μm)

Numerical 
(μm)

%
Error

C
as

e 
A

80
0

m
m

/s

Melt pool width 133.0 134.3 1.0 %
Melt pool depth 38.0 40.8 7.4 %
Width/depth ratio 3.5 3.3 6.0 %

C
as

e 
B

50
0

m
m

/s

Melt pool width 162.0 154.8 4.4 %
Melt pool depth 49.0 50.0 2.0 %
Width/depth ratio 3.3 3.1 6.1 %

The current study accounts for powder presence at a continuum scale using a modified thermal conductivity 
value. The powder bed thermal conductivity was taken as ~1-2% of the solid value based on relations
proposed in the literature [26–28]. Through the usage of the ‘Irreversible Transformation’ feature provided 
by the software module, which keeps track of the material form, the current study accounts for powder to 
melt pool transformation (irreversible) and liquid to solid form through phase change phenomenon. This 
combination allows for a more convenient phase tracking in the module. The powder to melt pool 
(irreversible) transformation was designed to occur when the local powder temperature exceeded the 
liquidus temperature for at least a tenth of a millisecond (100 μs). The time step was determined based on
the characteristic melting time for a mean powder size of 20 μm via the relation = ⁄ as a first
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approximation. Both radiation and convection heat transfer losses along the top surface of the powder bed,
as well as the exposed solid surfaces, were accounted for. A convection coefficient of 15 W/m2K was used 
to model forced convection within the build chamber and is within the range of values reported in the 
literature [16,29]. For all cases, the substrate temperature was set to 20 °C except for the initial validation 
study where the model followed similar boundary conditions as the reported experiment. Powder 
absorptivity values were taken from Ref. [30] for IN625 (0.65), SS 316L (0.65) and Ti-6Al-4V (0.71), and 
are usually reported to be ~2-7 times higher than the flat surface absorptivity due to powder shape, surface 
roughness and oxidation.

The peak melt pool temperature was found to be steady within a fraction of a millisecond. As such, the 
transient study was conducted for an L-PBF track length 10 times the beam radius to save computational 
time. The clad was then allowed to cool off for a duration equal to 25 times the beam radius during which 
the average clad temperature cools down to a tenth of melting point temperature. Other simulation 
parameters are listed in Table 2. For the subsequent layer, the laser scans from the first overhang along the
clad beneath and ending at the second overhang.

Figure 1: Schematic showing 1st and 2nd overhangs in subsequent layer scans during fabrication of a 
single-track, thin wall with negative draft angle 

Figure 2: Mesh used for multi-pass study at an overhang regiont d t h i

Powder 

Substrate 

1st Overhang 
2nd Overhang 
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Table 2: Simulation Parameters

Materials Ti-6Al-4V IN625 316L
Substrate temperature 20 °C
Laser power 100 W
Scan speed 500 mm/s
Beam diameter 140 μm 
Layer thickness 40 μm 
Hatch spacing (for multi-pass) 0.1 mm
Track length 0.7 mm
Time between successive passes 25 × (track time)

Results and discussion
Multi-pass effects 

This current multi-pass L-PBF study shows that the melt pool dimensions increase significantly between 
the first pass and the subsequent passes within the same layer and has the potential to stabilize over time.
The stabilization in melt pool size tends to be associated with longer tracks. Shorter tracks, for example, 
when checkerboard scan patterns are being used or when the track length available is small due to part 
thickness in the direction of laser scan, may not allow for such stabilization, and this can leave the entire 
layer with non-uniform melt pool dimensions, as has been observed in the published studies.

The ability to predict the melt pool shape along with the cooling rate and thermal gradient is particularly 
important in understanding grain evolution within a part.  Most studies that rely on single-track L-PBF 
simulations show symmetric melt pool shapes. However, in practice this may only exist for the first few 
tracks of a layer partition/island. With multiple passes, the already solidified clad on one side and the 
powder on the other side of the track, conduction heat transfer occurs unevenly, mostly on the side of the 
already solidified track. Only a fraction of heat dissipates through any local powder. As a result, the 
instantaneous melt pool shape is highly asymmetrical, as shown in Figure 3. Additionally, in the depth-
wise direction the melt pool shape becomes flatter due to the presence of powder bed on the side. The ability 
to predict the melt pool shape along with the cooling rate and thermal gradient is particularly important in 
understanding and predicting material grain evolution.

Figure 3: Simulated melt pool shape isothermal contours (in ºC) resulting from single track vs. multi-track
laser scan in IN625 (arrows show path of laser beam center and scan direction)
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Multi-layer scanning and overhang effects

The melt pool when the powder material sits beneath the layer under processing has also been investigated 
herein. This scenario occurs during the L-PBF of a part with overhangs; with overhang orientation 
quantifiable via an overhang (or draft) angle. The thermal phenomenon during L-PBF of the overhang is 
quite unique in the sense that energy dissipation occurs through a limited interfacial surface area. This 
results in a more constrictive heat flow through the melt pool which is in contrast to the thermal spreading 
that occurs on builds with positive draft angles. There is a high thermal resistance associated with the low 
thermal conductivity of the powder surrounding the melt pool in the overhang region.

The melt pool dimensions for the first pass and second pass (at the start of the laser scan) for an overhang
angle of 60° are shown in Figure 4. The results from the single track, multi-layer study, with a scan speed 
of 500 mm/s and an absorbed power of 60 W, show that the melt pool width does not change significantly
between subsequent laser passes. However, melt pool depth increases considerably at the overhang region 
between the first pass and the second pass. A second case study on IN625 was performed with increased
scan speed of 800 mm/s and higher absorbed power of 120 W. Results for this scenario (not shown) show 
that both the melt pool width and depth have similar trend – unlike what was observed for the previous case 
with 500 mm/s and 60 W, and worthy of further investigation but not included in this study.

The melt pool depth was found to not increase as much after the third pass during L-PBF. It was found that 
there is a slight pull down on the melt pool depth dimension around 40 μm which corresponds to the powder 
layer thickness. The slight resistance towards deepening the melt pool is due to the powder-transformed-
melt-pool meeting the cooler solid substrate/deposit which is capable of higher heat transfer rates. Likewise, 
the overshooting of the melt pool depth can be explained by the fact that at the overhang region, the laser 
thermal energy only penetrates 72 μm through the powder due to its substantially low thermal conductivity. 
As soon as the laser beam scans the region with solid mass beneath the powder layer (non-overhang region),
the melt pool depth sinks suddenly due to the higher heat transfer rate provided by the solid clad. This 
sudden quenching of this melt pool in the overhang region may consequently affect the material properties 
resulting in a more brittle partial region/surface within the fabricated part. These changes in the melt pool 
geometry can be considered solely due to the overhang effects. This shows that the L-PBF of overhang 
structures is a highly localized process isolated from the effects of substrate temperature or bulk heat 
accumulation in the cladded region. At the non-overhang region, the melt pool dimension (width and depth) 
increases slightly with subsequent layers due to bulk heat accumulation.

It was found that the melt pool morphology at an overhang at the end of the track differs from the first 
overhang leading to different temperature distributions within the melt pool and HAZ. Melt pool formation 
at the beginning of the track consists of first superheating newly deposited powder initially at room 
temperature to melting temperature in order to fuse with the previous layer. In contrast, during the formation 
of the clad at the end-of-track overhang (2nd) region, a fused melt pool already exists on the tail region of 
the newly formed overhang. Since the tail is already above melting temperature of the powder, absorbed 
laser energy enables more powder to melt in the overhang region. This allows for the end-of-track melt 
pool to grow even larger than the one at the beginning of the track (1st overhang).
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Figure 4: Melt pool dimensions and maximum temperature for the first (L1), second (L2) and third (L3)
laser pass for Inconel 625 at 500 mm/s scan velocity and 60° negative draft angle
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Figure 5 shows the melt pool during the L-PBF of a new IN625 layer on top of an existing solidified layer 
with a 30° overhang angle for a track length of 0.7 mm. It may be seen that, during the first few 
microseconds, a disconnected melt pool is formed which grows and ultimately fuses with the previously 
formed clad. The maximum melt pool temperature during the laser scan along the part/powder does not 
change considerably in subsequent passes. This is because of inter-layer dwell time after each layer scan
and the addition of fresh powder at room temperature. Similarly, due to low powder conductivity and the 
time scale associated with the process, the top surface of the powder bed can be considered thermally
isolated from the deposited clad. Consequently, maximum thermal energy is stored at the top surface of 
powder bed.

The width-wise direction of the melt pool, as shown in

Figure 6, shows more irregularity with respect to each successive layer. Although this does not immediately 
affect the undersurface of the overhang, this effect is present in most layer-wise additive processes even for 
parts built vertically-upward with zero draft angle. This effect is more pronounced when the layer thickness 
approaches the maximum melt pool dimensions for the selected powder material and process parameter 
combination. Conversely, when the power is high enough giving rise to higher melt pool dimensions, this 
quenching effect may not be as visible due to earlier contact with the solid deposit. The effect of power and 
velocity will be a task for future study.

Figure 6: Multi-layer single track bead view (left) of melt pool showing re-solidified substrate, first 
layer and second layer of deposit (unmelted powder and substrate not shown); and melt pool 

temperature profile (right) halfway during second layer scan

2nd layer 

1st layer 

Re-solidified 
substrate 
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Figure 7: Comparison of peak melt pool temperature (left) and width (right) between first layer (L1) 
and second layer (L2) for different overhang angles on stainless steel 316L; L1, L2 in the legend refers 

to data from layer 1 and layer 2 respectively.

The peak melt pool temperature during the first and second laser scan for stainless steel 316L at various 
overhang angles is plotted in Figure 7.  It may be seen that no significant change in maximum temperature 
occurs within the overhang region as compared to the non-overhang despite the difference in angles. For 
an overhang angle of 60º and for stainless steel 316L, the increase in maximum melt pool temperature is 
0.6% of the value at the non-overhang region for first overhang layer, whereas it increased to 1% at the 
second overhang. For lower draft angles, the increase in temperatures were less than 10 °C (<0.1%), and 
within the numerical margin of error. Similarly, the melt pool width did not seem to be affected solely by 
the overhang angle for the parameters tested against. In general, the results demonstrate that, for chosen
laser scan speed, power and material, no significant difference in peak melt pool temperature exists at the 
overhang although a slight increase in temperature occurs in successive layers due to bulk heat 
accumulation as shown in Figure 7.

For a given material the melt pool depth was found to be affected by the degree of overhang (overhang 
angle). The evolution of melt pool depth at different layers, overhang angles and powder material are
tabulated in Table 3. Results indicate that no significant variations were realized at 30° overhang angles,
although the melt pool temperature distribution at the end-of-track overhang has a slight spike in the value. 
By a 45° overhang angle, the both start-of-track and end-of-track overhangs showed increase in melt pool 
depth. The melt pool at the start-of-track overhang was found to be smaller than the one formed at the end 
of the track. This can be attributed to the initial thermal transiency within the melt pool and direction of 
laser scan. A deeper melt pool seems to be formed for a longer amount of time at the end-of-track overhang 
region. With increases in the overhang angle, the difference in the melt pool depth appears to narrow 
between the two overhangs each lasting for comparable amount of time.

For a relatively low overhang angle of 30°, low surface roughness is predicted by the model in the overhang 
surface. Note that due to the single-track but multi-layer nature of the current study, thickness of overhang 
surface is equal to the melt pool width dimension. Deeper melt pools in the overhang region affect the 
expected dimensional accuracy of the fabricated part. Regions with overhang structures may fall out of 
tolerance due to increased melt pool depth. While it is commonly understood that dimensional inaccuracy 
of L-PBF parts with overhangs has been due to the lack of support underneath, the results herein provide 
additional reasoning based on the local heat transfer within the overhang region.
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Results also indicate that at higher overhang angles, the melt pool depth increases in the vicinity of the 
overhang. This is due to the high thermal resistance of the surrounding powder bed at the overhang region. 
Similarly, a comparison of the melt pool depth, as shown in Table 4, between the first overhang (on 2nd

layer) and the overhang on the 3rd layer, shows a significant increase in melt pool depth. This is attributed 
to the fact that during the L-PBF of the second overhang (third layer), the melt pool is formed next to the 
previous overhang. As a result, the subsequent melt pool (second overhang) heat transfer experiences higher 
thermal resistance from the solid overhang as compared to the melt pool formed in the earlier layer. Unlike 
the other two materials, Ti-6Al-4V does not show significant change in the melt pool dimension in the first 
overhang.  This may be the result of high melting point temperature and the absorbed power combination. 
Surprisingly, the absorbed energy overwhelms the material in the subsequent overhang resulting in the 
similar increase in the melt pool depth.
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Table 3: Comparison of melt pool depth at different layers and negative draft angles on various powder bed materials
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Table 4: Percentage increase in melt pool depth at the overhang region at 2nd and 3rd layers

SS 316L IN625 Ti-6Al-4V

Angle 2nd Layer 3rd Layer 2nd Layer 3rd Layer 2nd Layer 3rd Layer

30 0.9% 1.5% 2.1% 2.2% 0.1% 2.5%

45 15.2% 21.4% 15.1% 16.3% 0.4% 18.0%

60 18.1% 38.0% 22.9% 39.1% 2.6% 27.1%

The simulation results for multiple materials demonstrate that the melt pool shape and geometry does not 
change much for overhang angles less than 30°. As observed, the melt pool depth increases with higher 
overhang angles. However, the exact trend in this melt pool dimension may vary with material. It has been
shown that the subsequent overhangs allow reduced thermal dissipation due to low powder conductivity 
and store more energy thus producing deeper melt pools compared to the one formed in the initial overhang 
layer. More research is required to be able to predict the relation between material properties and the melt 
pool dimension.

Conclusions
The heat transfer as a result of the L-PBF heat source interacting with the powder bed and solidified part
consists of phase-change, melt pool dynamics and complex thermofluid phenomena – requiring the use of 
numerical simulation to understand process-property relationships for various metals.  The effects of part 
orientation on this heat transfer can affect part quality – especially when parts have overhangs.  The current 
work highlights the findings on the resulting melt pool that occurs as a result of negative draft angles. The 
following conclusions have been found for single-pass and multi-pass L-PBF of IN625, SS 316L and Ti-
6Al-4V as laser powers 100 W and scan speeds of 500 mm/s:

1) The melt pool width does not depend heavily on overhang angle.
2) Maximum melt pool temperature slightly increases with higher overhang angle.
3) Melt pool depth is very sensitive to overhang angle. However, more work is needed to determine

the number of subsequent layers in which the melt pool morphology stabilizes near the overhang
region.

4) For overhang angles less than 30°, no variation in pool depth occurs.
5) Surface roughness characteristics and dimensional accuracy in the overhang region can be partially

attributed to the unique thermal phenomena at the overhang region.
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Appendix

A. Plot of change in melt pool depth for different overhang angles

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

30 35 40 45 50 55 60

In
cr

ea
se

 in
 M

el
tp

oo
l D

ep
th

Overhang Angle (°)

Change in Depth at Overhang

SS316L-1
SS316-2
IN625-1
IN625-2
Ti-6Al-4V -1
Ti-6Al-4V -2

 1189


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

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

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

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

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

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

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

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

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

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

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


	Attendee List
	Author Index



