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Abstract

Composite Filament Fabrication (CFF) process, similar to Fused Deposition Modeling
(FDM) can extrude a fiber along with a plastic. The process has two nozzles, one that can
extrude Nylon and another that can extrude a fiber such as Fiberglass, Kevlar or Carbon Fiber.
The mechanical properties of the parts produced by this process are dependent on the process
parameters. To determine the effect of these process parameters and design parts for optimal
properties, the relationship needs to be determined. This research works with Nylon-Fiberglass
composite material. This study focuses on five different process parameters and their effect on
mechanical properties such as tensile strength, elastic modulus and elongation to fracture. 36
experiments based on Taguchi design of experiments methodology are conducted and the
analysis of variance of the results is used to find the important parameters. The results show that
some process parameters are more significant than others in affecting the mechanical properties.
It is found that the fiber volume % in the composite plays the most significant role in the
mechanical properties.

Introduction

Additive Manufacturing (AM) is a manufacturing process in which material is added in a
layer-by-layer fashion to produce the final part. The process involves slicing a CAD file into
thin layers and depositing these layers in a manner so that the final part can be obtained without
the use of any molds or dies (Gibson et al., 2015). According to the ASTM 529000-15 Standards
(ISO/ASTM52900-15, 2015), there are 7 families of AM processes: vat polymerization, powder
bed fusion, binder jetting, material jetting, sheet lamination, material extrusion and directed
energy deposition.

Out of these families, the most prominent and widespread usage of AM is in the material
extrusion category. Material extrusion involves melting of a material (usually a polymer) and
extruding it through nozzle to create layer-by-layer cross section of the desired geometry. Till
recently, material extrusion was limited to materials such as ABS, HIPS, PLA and Nylon.
However, Markforged Inc. (www.markforged.com) invented a new process called Composite
Filament Fabrication (CFF) in 2014 that has brought versatility to this AM family.
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CFF process is similar to the typical material extrusion process such as FFF (Fused
Filament Fabrication) and FDM (Fused Deposition modeling), except for the fact that it can
extrude a fiber along with a plastic. The process has two nozzles, one that can extrude Nylon and
another that can extrude a fiber such as Fiberglass, Kevlar or Carbon Fiber (US Patent
20150108677 Al, 2015). The resulting part can have multiple layers of the Nylon along with
layers of the fiber embedded between them. The advantages of this process are that the resulting
part can have better mechanical properties than a typical FDM or FFF part, the composite created
by this process does not need any molds or autoclaves typically required by wet layups, vacuum
bagging or resin transfer molding processes and the process can create complex geometries with
design freedom of selecting the polymer and fiber layers. Other researchers have done similar
work with systems which are based on similar technology but differ from the way the fiber is
reinforced. Li et. al. (2016) studied the tensile properties of carbon fiber reinforced polylactic
acid (PLA) composites by 3D printing. In their study the carbon fiber was reinforced within the
PLA matrix and was not deposited as a separate layer. Leigh et. al. (2012) formulated a
conductive filament (termed “‘carbomorph’) using a conductive carbon black filler in a matrix of
a polycaprolactone and used FFF process to manufacture electronic sensors. Mori et. al. (2014)
manually laid carbon fiber between the layers of ABS using the FFF process and calculated the
tensile and fatigue properties of these parts.

Before the CFF process can be used to create parts that can be used in prototyping and
production stages, it is important to understand the interactions between the process parameters
and the resulting mechanical properties of the parts. The aim of this research is to create a
process — property interaction matrix that can help the designers and production engineers in
selecting the optimum parameters for their requirements. Similar work has been done for
evaluation of anisotropic properties of ABS in fused deposition modeling (Ahn et. al., 2002).

In this work tensile testing of nylon-fiberglass composites is conducted on a design of
experiments matrix based on Taguchi Design. Process parameters such as fill density, fiber
volume fraction, fill pattern and fiber-layering technique are varied and the samples are tested for
their dimensions, productivity, yield strength, elastic modulus, ultimate tensile strength and
elongation. The results are then used to determine the interactions between the parameters and
the properties of the material. The results show that some parameters affect the properties to a
greater degree than some other parameters. This information can be used to design the parts and
the process so that the productivity and the material properties can be optimized for a given
problem.

Composite Freeform Fabrication (FFF) Process

CFF is a novel material extrusion process that essentially comprises of 2 nozzles or print
heads for extrusion:
1. Print Head 1 that extrudes the matrix material such as nylon
2. Print Head 2 that extrudes the reinforcement fiber such as fiberglass, kevlar or carbon
fiber.

The part geometry in a 3D CAD format is first sliced into thin layers of cross sections. Each
layer can then be assigned either the matrix material, the reinforcement or a combination of the
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two. The CFF process then lays down each layer by heating the print heads to the required
temperatures and extruding the required material from either the print head 1 or 2. After the part
is completed in this manner, it can be removed from the print bed and cleaned to remove any
support structures. The machine and the nozzles are shown in Fig. 1.

Fig. .1: The CFF AM Equipment (MarkForged Ma'rkOne) and the Print Head with 2 nozzles

There are various process parameters that can be varied to produce the part. They are as
follows:

1. Fiber Volume Fraction: The fiber volume fraction can be varied by specifying the number of
layers of fibers and nylon in the part. Apart from this, each layer of fiber can be adjusted to
change the volume occupied by the fiber.

2. Fill Density: This is the density of the matrix material in the middle sections of the part. The
part can be completely solid (fill density = 100%), or can be specified to be of any density
ranging from 10 — 100%.

3. Fill Pattern: When the fill density of a part is less than 100%, it is possible to specify the kind
of fill pattern in the part. The possible fill patterns include rectangular, triangular or
hexagonal.

4. Fiber Fill Type: In the layers in which the reinforcement fiber is deposited, it is possible to
change the fiber fill type to a concentric type (with varying number of concentric layers) or
an isotropic type (with varying angle of deposition).

The different parameters are illustrated in Fig 2-4.

7

7

Fig. 2: Fill Pattern: (Left to Right) — Rectangular, Triangular and Hexagonal
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Fig. 4: Fiber Fill Type, Concentric (Left) — 10 layers of fiber, (Right) — 18 layers of fiber

Experimental Plan: Design of Experiment

A design of experiment (DOE) is a method in which a series of input variables are
changed and the output is observed in a manner that reduces the cost and time of doing the
experiments (Montgomery, 2013). Statistical analysis is then performed on the output to
determine the input variables that affect them and also the manner in which they affect them.
Some of the most common kinds of DOE designs are factorial designs, response surface designs,
mixture designs and Taguchi design (Antony, 2014).

A Taguchi design is based on a set of orthogonal arrays that utilizes minimum number of
experiments to determine the affect on input variables on the output (Kuehl and Kuehl, 2000).
Taguchi design can be employed on two-level, three-level or multi level variables. An example
of a Taguchi design is shown in Table 1. This is called a L4 Design (4 runs of the experiment).
There are 3 factors (or variables) — A, B, C. Each of these factors has 2 levels each (0 and 1). If a
full factorial DOE were run on these factors, it would require 8 runs, but the Taguchi design can
be run with only 4 experiments.

Experiment No. | Factor A | Factor B | Factor C
1 0 0 0
2 0 1 1
3 1 0 1
4 1 1 0

Table 1: A Taguchi L4 Design
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Various different Designs of experiments in general and Taguchi design in particular have
been used over the years for determining the properties of additive manufactured parts. Chen and
Zhao, 2016, have written a concise review of use of Taguchi method in various AM processes.
They also used the Taguchi method to determine the process parameters for improving the
surface quality of binder jet additive manufacturing process. Barclift and Williams (2012)
examined the variability of mechanical properties of parts manufactured by polyjet 3D printing
using the DOE method. Krishnan el. Al. (2014) determined the most significant process
parameter influencing macroscopic properties of AlISilOMg parts manufactured by DMLS
process using a full factorial DOE.

Materials and Specimen

To study the mechanical properties of the nylon-fiberglass composite, tensile testing of the
material was done based on the Taguchi DOE. ASTM D3039 (ASTM D3039, 2014), standard
for testing of composites was used for this study. The samples were prepared in 2 steps. The
main section was manufactured first based on the DOE and the tabs were prepared separately.
The main section was measured for dimensional details, weighed and glued to the tabs for the
testing. Each experimental run had 3 samples manufactured at the same time. The specimen
dimensions are shown in Fig. 5

Mechanical Testing

The samples were tested on a MTS 22 ton hydraulic machine with extensometer mounted
on the samples in the gage area. The testing was done at a speed of 0.125 mm/min till the
fracture was attained. The test set up is shown in Fig. 6.

To understand the interaction between the different process-parameters as outlined in
Section 1.1 and the mechanical properties of Nylon-Fiberglass composite, Taguchi design of
experimental plan was created in this research. The factors and the levels of each factor chosen
on the study are shown in Table 2. The actual DOE matrix is shown in Table 3. As can be seen
from the tables, a total of 36 experiment runs were conducted for the testing, 18 for each fill
type. Three samples were tested for each experimental run.

250 mm

25 mm

50 mm

5.5 mm §| v |

» 2.5 mm
Fig. 5: Specimen dimensions for tensile testing
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Fig. 6: (Left) — 3 Samples on the print bed (Right) — Sample being tested

Factors Levels
No. of layers of fiber 0 25% 50%
Fill Density 20% 60% 100%
Fill Pattern Hexagonal Triangular Rectangular
Fill Type Isotropic Concentric -
Fill Type Category 0 degree 45 degree 90 degree
(Isotropic)
Fill Type Category 4 layers 8 layers 12 layers
(Concentric)

Table 2: Factors and Levels for the Taguchi Design

Expt. . Fill Density | No of layers Fill Fill Type
_N_g._ Fill Type (%) (%) Pattern | Category

1 Isotropic 20 0 Hex 1

2 Isotropic 60 25 Triag 2

3 Isotropic 100 50 Floor 3

4 Concentric 20 0 Hex 1

5 Concentric 60 25 Triag 2

6 Concentric 100 50 Floor 3

7 Concentric 20 0 Triag 3

8 Concentric 60 25 Floor 1

9 Concentric 100 50 Hex 2

10 Concentric 20 0 Floor 2

11 Concentric 60 25 Hex 3

12 Concentric 100 50 Triag 1

13 Isotropic 20 25 Floor 1




14 Isotropic 60 50 Hex 2
15 Isotropic 100 0 Triag 3
16 Isotropic 20 25 Floor 2
17 Isotropic 60 50 Hex 3
18 Isotropic 100 0 Triag 1
19 Isotropic 20 25 Hex 3
20 Isotropic 60 50 Triag 1
21 Isotropic 100 0 Floor 2
22 Concentric 20 25 Triag 3
23 Concentric 60 50 Floor 1
24 Concentric 100 0 Hex 2
25 Isotropic 20 50 Triag 1
26 Isotropic 60 0 Floor 2
27 Isotropic 100 25 Hex 3
28 Concentric 20 50 Triag 2
29 Concentric 60 0 Floor 3
30 Concentric 100 25 Hex 1
31 Concentric 20 50 Floor 3
32 Concentric 60 0 Hex 1
33 Concentric 100 25 Triag 2
34 Isotropic 20 50 Hex 2
35 Isotropic 60 0 Triag 3
36 Isotropic 100 25 Floor 1

The fill type category column shows “1/2/3” in the Table 3. This corresponds to the factors in
Table 2 based on the fill type. For example, if the fill type is Isotropic and the category is 2, it
means orientation with 45-degree fiber layout. Similarly fill type of concentric with the category

Table 3: DOE based on Taguchi Design for the study

of 1 means concentric fiber layout with 4 layers.

The mean UTS (Ultimate Strength), YS (0.2% offset yield strength), Elongation, Elastic
Modulus, Weight and Fiber volumes for the different experiments are shown in Table 4. The

Experimental Results

build time has been standardized with the time for experiment 1 represented as 1.0.

Expt. Build Fiber | Mean Mean | Mean E Mean
No. Time Vol. UTS Elon. (Gpa) Wi.
(Std.) Y% (Mpa) (%) (gms)

1 1.00 15.28 | 76.96 1.14 6.81 10.83
2 1.48 2293 | 24.84 4.42 1.40 17.07

3 2.15 44.05 | 26.62 1.15 2.08 18.32

4 1.13 5.83 22.22 0.80 2.05 9.62
5 1.02 18.96 | 94.69 1.06 8.61 14.07
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6 2.55 41.32 | 233.44 2.76 8.45 19.49
7 1.44 14.15 | 275.98 2.77 9.96 10.66
8 1.84 6.64 49.71 3.08 1.61 14.98
9 2.19 29.68 | 189.15 3.12 6.05 17.08
10 1.30 10.75 | 49.02 2.72 1.80 12.68
11 1.72 28.86 | 143.58 2.82 5.09 13.59
12 1.80 16.05 | 105.97 3.14 3.34 16.45
13 1.45 22.58 | 139.33 2.56 5.45 18.23
14 1.99 45.22 | 29.46 10.85 0.44 19.53
15 1.13 1557 | 11.55 32.85 1.46 13.52
16 1.27 2290 | 27.93 2.82 1.22 17.22
17 1.17 41.77 | 19.75 19.15 0.35 19.70
18 1.33 12.00 | 79.69 3.02 2.64 16.51
19 1.20 2349 | 18.49 31.90 0.26 17.88
20 1.77 41.69 | 278.27 2.81 9.91 11.44
21 1.69 9.46 26.72 2.85 1.32 11.50
22 1.22 22.11 | 143.85 2.99 4.82 17.18
23 1.12 16.47 | 96.35 3.03 3.18 16.72
24 1.27 9.45 49.10 3.14 1.57 13.89
25 1.42 43.68 | 93.10 2.10 4.43 19.24
26 1.06 15.14 | 16.64 38.05 0.19 13.98
27 1.64 26.64 | 16.37 19.27 0.29 16.17
28 1.27 30.70 | 161.20 2.56 6.12 17.57
29 0.95 13.77 | 70.95 3.05 2.33 13.94
30 1.25 9.15 44.76 3.00 1.49 14.58
31 1.49 41.98 | 151.50 1.79 8.49 19.49
32 0.94 5.33 18.84 2.12 0.89 12.42
33 1.02 18.02 | 79.01 2.53 3.13 14.79
34 1.91 45.22 | 35.08 10.08 0.91 19.73
35 1.16 14.70 | 13.69 31.75 0.20 1411
36 1.33 20.04 | 154.80 3.06 5.07 18.41

Table 4: Results of the DOE

Exploratory Data Analysis

The first step after the experimentation was to divide the data into two distinct groups:
one for isotropic fill type and one for concentric fill type. According to Gibson (Gibson, 2016),
the mechanical properties of composites are dependent on the direction of fibers with respect to
the loading direction. The box plots for the mean UTS for the different fill types, fill density and
fill pattern are shown in Fig. 7 — 9 along with representative stress strain curves.
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The box plots and the stress strain curves show the following:
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a) The mean UTS increases for the different concentric fill types. It is highest for the O
degree isotropic type and decreases for the 45 and 90 degree orientation

b) For both the concentric and isotropic fill types, the fill styles (floor, hexagonal and
triangular) do not show any trends or differences in the mean UTS

c) The fill density also does not seem to affect the UTS in a considerable manner. The mean
UTS are however higher for the Concentric fill type than the isotropic.

d) The stress strain curves show brittle failure for most of the cases except for isotropic fill
types (across different fill styles and densities). The isotropic fill type with 45 degree and
90-degree orientation are more ductile with higher strain to failure.

Analysis of Variance (ANOVA)

The exploratory data analysis shows that there is lot of difference in the mechanical
properties (UTS, Elastic Modulus, elongation etc.) based on the two fill type categories. Hence it
is important to separate these two categories and then do the analysis for them.

Analysis of variance (ANOVA) is a statistical tool that helps in determining the significance
of each factor on the response. ANOVA was conducted separately on the Isotropic and
Concentric fill types to see the effect of different parameters on the Elastic Modulus and UTS.

The results are shown in Table 5 and 6.

Control Degree of Sum of Mean F value Probability

Factor Freedom Squares Square >F)
(Df) (SS) (MS)

Category 1 42683 42683 16.99 0.001 *
Density 1 958 958 0.38 0.548
Layers 1 6664 6664 2.65 0.129

Style 2 1909 955 0.38 0.691

Residuals 12 30137 2511

Table 5: ANOVA table for isotropic fill type with UTS as response

Control Degree of Sum of Mean F value Probability

Factor Freedom Squares Square >F)
(Df) (SS) (MS)

Category 1 38698 38689 16.56 0.001 *
Density 1 411 411 0.17 0.682
Layers 1 18349 18349 7.85 0.015 *

Style 2 4427 2213 0.94 0.414

Residuals 12 28040 2337

Table 6: ANOVA table for concentric fill type with UTS as response

Note: * denotes significance at 90% confidence level
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The analysis is similar for both the UTS and the Elastic modulus. The ANOVA shows that
the fill type category is the significant factors in both concentric and isotropic fill types. It also
shows that the fill density and fill style do not play any significant role in determining the
mechanical properties of the composite. The number of layers is significant at the 90%
confidence level for the isotropic fill type while it is significant at the 85% confidence level for
the isotropic fill type. Thus the only factors that affect the mechanical properties of CFF based
fiberglass-nylon composites are the fill types and the number of layers of the fiber. The other
design features such as the fill density and the fill style do not affect these properties in any
significant manner.

Discussions

According to Gibson (2016), the mechanical properties of composites, if determined from
micromechanical analysis, follow the rule of mixtures. The rule of mixtures for the elastic
modulus can be generally written as:

Ec =nEfVi + EmVnm 1)
Where,
Ec = Elastic modulus of the composite
Et = Elastic modulus of the fiber
Em = Elastic modulus of the matrix
Vi = Volume fraction of the fiber
Vm = Volume fraction of the matrix
n = composite efficiency factor (based on the angle of fiber). It is equal to 1 for O degree, 0.25
for 45 degree and 0 for 90 degree orientation

Similarly, the tensile strength of a composite is defined as:
6c=0fVi+tom Vm (2)

where,

o ¢ = Tensile strength of the composite

o f = Tensile strength of the fiber

om’ = Tensile strength of the matrix at the strain at which the fiber fails

Both these equations show that the elastic modulus and the tensile strength depend on the
volume % of fiber in the composite. To understand this, the mean UTS and elastic modulus of
the fiberglass-nylon composite were plotted against the fiber volume % (Figure 10). The graphs
show that the UTS and E for the concentric fill type follow a linear trend with the fiber vol. %
and are scattered for the isotropic fill type. A closer look reveals that the points that do not
follow a linear trend in the isotropic fill type are for orientations of 45 degrees and 90 degrees.

Using the equations 1 and 2 and fitting the values as depicted in figure 10 reveals the
following two equations for the values of Ec and o c:

0c=499.6 Vi +4.01 Vm (3)
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with a R? value of 0.89 and

Ec=n* 19.83V¢ + 0.04Vnm (4)
with a R? value of 0.96
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Fig. 10: Variation of mean UTS and mean Elastic Modulus with the fiber volume %

Conclusions

CFF (Composite filament fabrication) process is a novel additive manufacturing process
similar to the typical material extrusion process such as FFF (Fused Filament Fabrication) and
FDM (Fused Deposition modeling), except for the fact that it can extrude a fiber along with a
plastic. The process has two nozzles, one that can extrude Nylon and another that can extrude a
fiber such as Fiberglass, Kevlar or Carbon Fiber. The resulting part can have multiple layers of
the Nylon along with layers of the fiber embedded between them.

Before the CFF process can be used to create parts that can be used in prototyping and
production stages, it is important to understand the interactions between the process parameters
and the resulting mechanical properties of the parts. The aim of this research was to create a
process — property interaction matrix that can help the designers and production engineers in
selecting the optimum parameters for their requirements.

In this work tensile testing of nylon-fiberglass composites is conducted on a design of
experiments matrix based on Taguchi Design. Process parameters such as fill density, fiber
volume fraction, fill pattern and fiber-layering technique are varied and the samples are tested for
their dimensions, productivity, yield strength, elastic modulus, ultimate tensile strength and
elongation. The results are then used to determine the interactions between the parameters and
the properties of the material. The results show that the fill type and fiber orientation play the
most important role in the mechanical properties. Traditional composites micromechanical
theory of rule of mixtures can be used to predict the properties of composite using the fiber
volume % in the mixture. The empirical relationship between the tensile strength of composite
and its individual components is derived and presented in this work.

410



References

Ahn, S.H., Montero, M., Odell, D., Roundy, S. and Wright, P.K. (2002), Anisotropic material
properties of fused deposition modeling ABS, Rapid Prototyping Journal, VVol. 8, Pg 248-257

Antony, J. (2014), Design of Experiments for Engineers and Scientists, Elsevier.

ASTM D3039 (2014), Standard Test Method for Tensile Properties of Polymer Matrix
Composites, ASTM International, West Conshohocken, PA

Barclift, M. and Williams, C. (2012), Examining variability in the mechanical properties of parts
manufactured via Polyjet direct 3D printing, International Solid Freeform Fabrication
Symposium, Austin, TX

Chen, H. and Zhao, Y.F. (2016), Process parameter optimization for improving surface quality
and manufacturing accuracy of binder jetting additive manufacturing process, Rapid Prototyping
Journal, Vol. 22, Pg. 527-538

Gibson, I., Rosen, D. and Stucker, B. (2015), Additive Manufacturing Technologies, Springer
Science + Business Media

Gibson, R. (2016), Principles of composite material mechanics, CRC Press.

ISO / ASTM52900-15 (2015), Standard Terminology for Additive Manufacturing — General
Principles — Terminology, ASTM International, West Conshohocken, PA

Krishnan, M., Atzeni, E., Canali, R., Calignano, F., Manfredi, D., Ambrosio, E.P. and luliano, L.
(2014), On the effect of process parameters on properties of AISi10Mg parts produced by
DMLS, Rapid Prototyping Journal, Vol. 20, pp.449 — 458.

Kuehl, R.O. and Kuehl, R. (2000), Design of Experiments: Statistical Principles of Research
Design and Analysis, Duxbury/Thomson Learning Pacific Grove, CA

Leigh S.J., Bradley, R.J., Purssell, C.P., Purssell, D.R. and Purssell, D.A. (2012), A simple low
cost conductive composite material for 3D printing of electronic sensors. Plos One, Vol. 7 (11),
Pg. 1-6

Li, N., Li, Y. and Liu, S. (2016), Rapid prototyping of continuous carbon fiber reinforced
polylactic acid composites by 3D printing, Journal of Materials Processing Technology, Vol.
238, Pg 218-225

Montgomery, D. (2013), Design and analysis of experiments, John Wiley and Sons

Mori, K., Maeno, T. and Nakagawa, Y. (2014), Dieless forming of carbon fibre reinforced plastic
parts using 3D printer, Procedia Engineering, Vol. 81, Pg 1595 — 1600

411



US Patent 20150108677 Al (2015), Three dimensional printer with composite filament
fabrication, Markforged Inc.

412



	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 Experimentss
	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



