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Abstract

Cellular structures can deform by either the bending, stretching or both of the cell walls or
cell struts. In this study, the fracture characteristics of multiple typical cellular structures that
represent both the bending-dominated and stretching-dominated structures were investigated.
An analytical model based on the matrix displacement method was established for the analysis
of the fracture progression of the cellular structures, which was consequently employed for the
fracture analysis of the cellular structures under various geometry design conditions including
cell topology, cell size and number of unit cells. From the results, it was shown that the fracture
propagation patterns and stress characteristics of the two cellular designs (diamond and
triangular) exhibit different dependencies on their geometry designs and cellular patterns. While
the stretch-dominated triangular structure exhibit higher fracture strength compared to the
bending-dominated diamond structure, it also exhibits more rapid fracture propagation and
more significant size effect.

1. Introduction

Cellular structures are a class of structures with low densities and novel physical,
mechanical, thermal, electrical and acoustic properties. In general, these structures offer
significant potentials for a broad range of applications such as light weighting, energy
absorption, and thermal management. There exist an abundance of literatures have investigated
the mechanical properties of various periodic cellular structures such as Poisson’s ratio, Young’s
modulus, ultimate strength and yield strength [1-8]. For the fracture properties of the cellular
structures, most of the efforts were focused on the fracture behaviors of infinite cellular
structures or cellular structures with a large number of unit cells [9-17]. One of the earlier
modeling works of cellular fracture by Ashby investigated the cellular structure subjected to
remote stress [9]. Similar to the analysis of the conventional linear elastic fracture mechanics,
it was assumed that the critical strut directly ahead of the macroscopic crack tip would fail when
its stress level of that strut reached the ultimate material strength [9]. Such approach was also
adopted by various other works as it is both mathematically efficient and conceptually
convenient. Using this approach, generally unit cell based modeling is used to facilitate the
simplification of the analysis. However, the modeling of unit cell structures imposes multiple
assumptions that could potentially introduce errors into the designs [18]. For example, in order
to ensure that the loading conditions of a single unit cell are representative of the entire structure,
it must be assumed that the structure is subjected to remote stresses and that the boundary
constraints can be ignored. However, as actual structures always have finite dimensions and
therefore deviate from this condition, size effects occur with cellular structures. Both
experimental and modeling-based size effect studies have been reported for various cellular
structures [19-23]. However, very little is currently available on the effects of size and topology
on the fracture pattern of cellular structures.
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In this work, attempts were made to model fracture properties of two 2D lattice structures
that represent the bending-dominated and stretching-dominated structures. The combined effect
of cellular pattern size and topology on the fracture characteristics of the cellular designs were
investigated analytically. This paper is organized into four sections. The modeling of the
fracture of cellular structures using the matrix displacement method is described in Section 2;
next, the geometry selection and creation is introduces in Section 3; finally, the fracture pattern
of different structures will be compared and discussed in Section 4.

2. Matrix displacement method for fracture properties modeling

The cellular structures are considered as networks of interconnected struts or walls with
porosities. Each strut or wall is considered to be rigidly connected at the nodes. Therefore,
without losing generality, a 2D beam problem was considered. For each node, there are three
degrees of freedom/displacement, which are axial displacement, vertical displacement and the
rotational angle. The respective forces are the axial force, shear force and the moment. Each
strut or wall consists of two nodes, which correspond to six degrees of freedom as shown in
Fig.1. These six displacements of the two nodes of an element can be described under both the
global coordinate system (xoy) and local coordinate system (xoy). For the local coordinate
system, the x axe is set to be along the axis of the element from node i to node j.

o]

Fig. 1 The global coordinate system (xoy) and local coordinate system (xoy) of the 2D
beam

Under the local coordinate system (xoy), the forces at the ends of a beam element are
related to the corresponding displacements at the ends by the element stiffness matrix, i.e.,

Fie _ . die
(5} (2]

where d;° and d;° are the displacement vectors at node i and j respectively, and F;® and F;®

are force vectors at node i and j respectively for the element ij. Combining the bar stiffness
matrix and pure bending beam stiffness matrix, the element stiffness matrix [K]¢ for a six
degrees of freedom strut is shown in Eq. (2). E, A, | and | are Young’s modulus, area of the
cross section, length of the strut and the second moment of inertia, respectively. [K]¢ is only
decided by the structure and material and has no dependency on the applied forces.
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Since [K]¢ is based on the local coordinate system (xoy) as shown in Fig.1, and for
cellular structures individual struts are likely orientated differently, additional transformation is
needed to convert the stiffness matrix into the more consistent global coordinate system (xoy).
Therefore, the transformation matrix [T']® shown in Eq. (3) was introduced to convert the
different local coordinate systems to the global coordinate system.

cose  sin 0 0 0 0

—sin  cosa 0 0 0 0
.l 0 1 0 0 0 3)

(6+6) 0 0 0 cosa  sina 0

0 0 0 —sina  cosa 0

| 0 0 0 0 0 1

Apply such transformation to the applied forces and the displacements, and the stiffness
matrix under global coordinate system [K] can be expressed

[K] = [T]°" - [K]® - [T]°. (4)

Then one can simply combine all the element stiffness matrices [K] together to obtain the
stiffness matrix for the entire structure. It is noted that the 2D lattice structures are usually
subjected to the loading conditions that are applied on the boundaries, and there does not exist
external forces at the internal nodes, as shown in Fig. 1. This means that on the boundaries most
of the displacements are either zero or known values, and the external forces are always zero at
the internal nodes. Therefore, for 2D lattice structures, the displacements [d] and forces [F]
can be divided into the known part and unknown part for further calculation. Therefore, the
stiffness matrix Eq. (1) can be rewritten as

All Alz] [dunknown] — [ Fknown ] (5)
A21 AZZ

dknown F unknown

where dynknown 1S the vector of unknown displacements, dy,,wn IS the vector of known
displacements, Fy,own 1S @ vector of known forces and F,,xnown 1S @ Vector of unknown
forces. From Eq. (5), the unknown displacements can be solved as
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dunknown = All_l(Fknown - Alzdunknown)- (6)

Therefore, with the knowledge of dy,,wn, all the displacement components can be
determined for the calculation of the internal forces for each strut. Furthermore, the stress
distribution of every strut can be established from the results of the nodal displacements.

To determine the crack propagation pattern of these cellular structures, the principal
stresses are used to evaluate the brittle failure of individual struts at each stage of the crack
propagation. When the principal stress of one strut or wall reaches the yield strength of the
material, it was assumed that the corresponding strut or wall will fracture. The matrix
displacement method will be iteratively employed to calculate the stress status of the un-
damaged part of the structure to determine the sequence of the strut/wall fracture. To better
illustrate the idea of the crack propagation of the cellular structures, Fig. 2 shows an example
of the crack propagation of a finite honeycomb structure at different stages. The two ends of
the honeycomb cellular structures are fixed to rigid platens, which also represents the typical
boundary condition of sandwich structures or mechanical testing of cellular cubic samples. For
Step 0 shown in Fig. 2, the honeycomb structure exhibits its original shape without any applied
displacements. With the increasing of the applied displacement, the honeycomb structure starts
to deform. When the applied displacement reaches a critical point, the strut with the maximum
principal stress would fail and fracture, as shown in Step 1 in Fig. 2. The red dots shown in
Fig.2 identifies the fractured struts, which shows that strut 7-10 fractured at Step 1. As the
applied displacement continues to increase, there would be another strut, 2-5, that reaches the
critical point and fractures as shown in Step 2. At Step 3 and Step 4, struts 1-3 and 7-11 fractures
successively and that the entire structure would fail.

Fig. 2 Stages during fracture

3. Geometry design and analysis

2D triangular cellular structure and 2D diamond cellular structure were chosen in this
study with their unit cells shown in Fig. 3(b) and (c), which are a typical stretching dominated
structure and a bending dominated structure respectively. The design of these cellular structure
includes five geometry parameters: the length of each strut (L), the opening angle (6), wall
thickness (t), number of unit cells (N) and the wall width (W), as shown in Fig. 3. In this paper,
the effect on the fracture properties of the length of each strut (L), the opening angle (0), wall
thickness (t) and the number of unit cells (N) of both types of cellular structures were
investigated with a constant boundary wall width of W.
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Fig. 3 (a) 3D view of the 2D cellular structure; (b) a triangular unit cell with the essential
parameters; (c) a diamond unit cell with the essential parameters

For the wall thickness effect study, five sets of different thicknesses were chosen to
evaluate the size effect on the fracture behavior of the 2D diamond structure and 2D triangular
structure, which were 0.6, 0.8, 1.0, 1.2 and 1.4mm. In this study, the length of strut was 15mm;
the opening angle was 90°; the number of unit cells in both x and y directions was 4. The original
pattern of 2D diamond structure and 2D triangular structure for various wall thicknesses are
shown in Fig. 4 and Fig. 5. Variation of the wall thickness has little effect on the whole
dimension of these two structures due to the constant strut length. It can be seen that the relative
density (SD) is proportional to the wall thickness. The thicker the wall thickness, the more the
relative density will be.

For the strut length effect study, five different lengths were investigated, which were 5, 10,
15, 20 and 25mm. In this study, the wall thickness was 1.0mm; the opening angle was 90°; the
number of unit cells in both x and y directions was 4. The original patterns of these cellular
structures are presented in Fig. 6 and Fig. 7. The overall length of the structure increases with
the increasing strut length. It is obvious that the relative density decreases when the strut length
increases.

For the opening angle effect study, five sets of opening angles were investigated, which
were 30°, 60°, 90°, 120° and 150°. In this study the wall thickness was 1.0mm; the strut length
was 15mm; the number of unit cells in both x and y directions was 4. The original patterns of
these cellular structures are presented in Fig. 8 and Fig. 9. For both the 2D diamond structure
and 2D triangular structure, the relative density decreases when the opening angle increases
from 30° to 90°, while the relative density increases when the opening angle increased from 90°
to 150°. However, the relative density shows a symmetric distribution at 90° for the 2D diamond
structure.

For the unit cell numbers effect study, five sets of unit cell numbers were investigated,
which were 2, 3, 4, 5 and 6. In this study, the wall thickness was 1.0mm; the opening angle was
909; the strut length was 15mm. The original patterns of these cellular structures are presented
in Fig. 10 and Fig. 11. It is obvious that the overall length of the structure increases with the
increasing of the strut length. Besides, the relative density remains the same under different unit
cell numbers since the geometry parameters of each unit cells are identical.
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Fig. 4 Effect of wall thickness on the fracture behavior of 2D diamond structure
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Fig. 5 Effect of wall thickness on the fracture behavior of 2D triangular structure
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Fig. 7 Effect of strut length on the fracture behavior of 2D triangular structure
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Fig. 8 Effect of opening angle on the fracture behavior of 2D diamond structure
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Fig. 9 Effect of opening angle on the fracture behavior of 2D triangular structure
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Fig. 10 Effect of unit cell number on the fracture behavior of 2D diamond structure
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Fig. 11 Effect of unit cell number on the fracture behavior of 2D triangular structure
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4. Results and discussion

Fig. 4 to Fig. 11 show the results of the stress-strain curve, the fracture propagation patterns
and the energy absorption per volume (E) of the 2D diamond structure and 2D triangular
structure with different sets of parameters.

4.1 Effect of wall thickness

A comparison of the fracture energy per volume of both 2D diamond structure and 2D
triangular structure are shown in Fig. 4 and Fig. 5. The fracture energy per volume of these two
structures increases when the wall thickness increases. This implies that the energy absorption
capability of these two structures depends highly on the wall thickness. This is because the
structures with larger wall thickness have larger stiffness, which can be seen from the stress-
strain curve from Fig. 4 and Fig. 5. The maximum strength of the structures at each step of
crack propagation increases when the wall thickness increases.

From the stress-strain curves, it is obvious that the bending-dominated diamond structure
exhibits sawteeth-like stress fluctuation patterns with multiple stress peaks during the fracture,
while the stretching-dominated triangular structure exhibits only one stress peaks. As each peak
means that one or more struts fracture, more peaks indicates that the structures exhibit a slow
and stable crack growth. Therefore, for the bending-dominated diamond structure, when the
applied displacement reaches a critical point, one or multiple struts will fail. After the failure of
these struts, the structure can retain its shape if no more displacement is applied. If additional
strain is applied, the rest of the structure will continue to deform and absorb more energy before
the next strut fractures. The numbers in fracture pattern figure from Fig. 4 show the fracture
stages. For example, the number 1 corresponds to the first strut that fractures, and number 2
indicates the next strut to fracture. It was concluded that for the diamond structure, the fracture
propagation exhibits more progressive characteristics. On the other hand, the facture of the
stretching-dominated triangular structure appears to be unstable. Once the first strut fractures,
large numbers of struts may fracture immediately after the first one, which indicates a possible
catastrophic failure of the structures.

For the crack propagation path, the 2D diamond structures show the same diagonal pattern
regardless of the wall thickness variations. However, for the 2D triangular structures, the crack
propagation exhibits changing patterns when the wall thickness increases from 0.6mm to
1.4mm. When the wall thicknesses is small (0.6mm or 0.8mm), the crack goes through the
entire top layer. On the other hand, at higher wall thickness, the crack tends to propagate across
multiple layers starting from the top layer.

4.2 Effect of strut length
The effect of strut length on the fracture energy per volume of both 2D diamond structure

and 2D triangular structure are shown in Fig. 6 and Fig. 7. The fracture energy per volume of
these two structures decreases when the strut length increases. This is consistent with the notion
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that with decreasing relative density the toughness of the cellular structure decreases. From the
stress-strain curves, the bending-dominated diamond structure exhibits multi-stress peak
characteristics during the fracture, while the stretching-dominated triangular structure again
appears to exhibit only one stress peak. For the crack propagation pattern, the 2D diamond
structures again exhibit consistent fracture patterns regardless of the slenderness of the struts,
while for the 2D triangular structures, the crack propagation plane exhibits a transition from the
middle layers to the boundary layers when strut length increases from 5mm to 25mm.

4.3 Effect of opening angle

The effect of opening angle on the fracture energy per volume of both 2D diamond
structure and 2D triangular structure are shown in Fig. 8 and Fig. 9. The energy absorption per
volume of the 2D diamond follows the trend of the relative density. When the opening angle
varies from 30° to 90°, the energy absorption decreases, while it increases when the opening
angle varies from 90° to 150°. However, for the 2D triangular structure, the energy absorption
keeps decreasing when the opening angle increases. From the stress-strain curves, the 2D
triangular structure exhibits catastrophic fracture while the diamond structure exhibits multi-
step crack propagation, which is consistent with the previous observations with the other
geometry parameters. The crack propagation of the 2D diamond structures does not appear to
be affected by the opening angle. However, for the 2D triangular structures, the crack plane
exhibits a transition that starts from the boundary layers and gradually shifts towards the middle
layers as the opening angle increases from 30° to 150°.

4.4 Effect of number of unit cells

The effect of cellular pattern size on the fracture energy per volume of both 2D diamond
structure and 2D triangular structure are shown in Fig. 10 and Fig. 11. For both types of
structures, the fracture energy absorption per volume of these two structures decreases when
the unit cell number increases, although the relative densities remain unchanged. This implies
that the fracture toughness of the two structures tend to decrease with increasing overall pattern
sizes. The 2D diamond structures again exhibit relatively stable fracture crack propagation and
insensitivity to geometrical parameters, and the 2D triangular structures exhibit catastrophic
crack propagation that follows different patterns when the unit cell number increases.

4.5 Comparison and discussion

For both types of cellular designs, the fracture toughness is strongly dependent on the
relative densities, which agrees with the previous conclusions from classic cellular fracture
theories. For the 2D bending-dominated diamond structures, the pattern size and other geometry
parameters do not have significant influence on its crack propagation characteristic, which
always exhibits a diagonal crack path with a relatively slow and stable crack growth. In
comparison, The fracture crack propagation characteristics of the 2D stretching-dominated
triangular structure appear to be influenced by its geometry designs. Further studies are being
carried out to investigate the implications of such observation.
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In addition, at same relative density levels, the fracture energy absorption per volume of
the 2D triangular structure were significantly higher than that of the 2D diamond structures.
The reason for this may be that the strength of the stretching-dominated structures is
significantly higher than that of the bending-dominated structures. So even though the bending-
dominated structures show a slower crack growth pattern which benefits capacity of energy
absorption, the low strength of the structure is hindering its energy absorption performance.

5. Conclusions

In this paper, the fracture properties of the 2D bending-dominated diamond structure and
2D stretching-dominated triangular structures were studied through different designs with
varying cell topology, cell size and number of unit cells. The deformation and fracture behavior
of these cellular structures was theoretically predicted through an analytical fracture model.

1. The size and topology does not significantly affect the crack propagation patterns of the
2D diamond structures, while they appear to have more significant impact on the crack patterns
of the 2D triangular structure.

2. Under the same relative densities, the fracture energy per volume of the 2D stretching-
dominated structure were significantly higher than that of the 2D bending-dominated structures.

3. The 2D bending-dominated diamond structure exhibited relatively stable crack

propagation pattern, while the 2D stretching-dominated triangular structure appears to exhibit
rather catastrophic fracture failure.

Acknowledgement

The authors are grateful of the support from Rapid Prototyping Center (RPC) at
University of Louisville. This project was partially supported by the Office of Naval Research
(ONR) grant #N00014-16-1-2394.

832



Reference

[1] Yan, C., Hao, L., Hussein, A., Young, P., & Raymont, D. (2014). Advanced lightweight
316L stainless steel cellular lattice structures fabricated via selective laser melting. Materials
& Design, 55, 533-541.

[2] Smith, M., Guan, Z., & Cantwell, W. J. (2013). Finite element modelling of the compressive
response of lattice structures manufactured wusing the selective laser melting
technique. International Journal of Mechanical Sciences, 67, 28-41.

[3] Li, S. J., Murr, L. E., Cheng, X. Y., Zhang, Z. B., Hao, Y. L., Yang, R., ... & Wicker, R. B.
(2012). Compression fatigue behavior of Ti-6Al-4V mesh arrays fabricated by electron beam
melting. Acta Materialia, 60(3), 793-802.

[4] Deshpande, V. S., Fleck, N. A., & Ashby, M. F. (2001). Effective properties of the octet-
truss lattice material. Journal of the Mechanics and Physics of Solids, 49(8), 1747-1769.

[5] Yang, L., Harrysson, O., West, H., & Cormier, D. (2013). Modeling of uniaxial compression
in a 3D periodic re-entrant lattice structure. Journal of Materials Science, 48(4), 1413-1422.

[6] Novak, N., Vesenjak, M., & Ren, Z. (2016). Auxetic Cellular Materials-a Review. Strojniski
vestnik-Journal of Mechanical Engineering, 62(9), 485-493.

[7] Maskery, 1., Aboulkhair, N. T., Aremu, A. O., Tuck, C. J., Ashcroft, I. A., Wildman, R. D.,
& Hague, R. J. (2016). A mechanical property evaluation of graded density Al-Si10-Mg lattice
structures manufactured by selective laser melting. Materials Science and Engineering: A, 670,
264-274.

[8] Yang, L., Harrysson, O., West, H., & Cormier, D. (2015). Mechanical properties of 3D re-
entrant honeycomb auxetic structures realized via additive manufacturing. International Journal
of Solids and Structures, 69, 475-490.

[9] Ashby MF (1983) The mechanical properties of cellular solids. Metall. Trans. 14(9): 1755-
1769.

[10] Maiti SK, Ashby MF, Gibson LJ (1984) Fracture toughness of brittle cellular solids. Scripta
Metallurgica 18(3): 213-217.

[11] O’Masta, M. R., et al. "The fracture toughness of octet-truss lattices.” Journal of the
Mechanics and Physics of Solids 98 (2017): 271-289.

[12] Alsalla, H., Hao, L., & Smith, C. (2016). Fracture toughness and tensile strength of 316L

stainless steel cellular lattice structures manufactured using the selective laser melting
technique. Materials Science and Engineering: A, 669, 1-6.

833



[13] Maimi, P., Turon, A., & Trias, D. (2011). Crack propagation in quasi-brittle two-
dimensional isotropic lattices. Engineering Fracture Mechanics, 78(1), 60-70.

[14] Anderson, T.L. (2005). Fracture mechanics: fundamentals and applications. CRC Press.

[15] Griffith, A.A., "The Phenomena of Rupture and Flow in Solids,” Philosophical
Transactions, Series A, Vol. 221, pp. 163-198, 1920.

[16] Huang, J. S., & Gibson, L. J. (1991). Fracture toughness of brittle honeycombs. Acta
metallurgica et materialia, 39(7), 1617-1626.

[17] Huang, J. S., & Gibson, L. J. (1991). Fracture toughness of brittle foams. Acta metallurgica
et materialia, 39(7), 1627-1636.

[18] L. Yang, O. Harrysson, D. Cormier, H. West, H. Gong, B. Stucker. Metal cellular
structures with additive manufacturing: design and fabrication. Journal of Materials.

[19] J. F. Rakow, A. M. Waas. Size effects and the shear response of aluminum foam.
Mechanics of Materials. 37(2005): 69-82.

[20] E. W. Andrews, G. Gioux, P. Onck, L. J. Gibson. Size effects in ductile cellular
solids. Part Il: experimental results. International Journal of Mechanical Sciences.
43(2001): 701-713.2192

[21] O. Kesler, L. J. Gibson. Size effects in metallic foam core sandwich beams.
Materials Science and Engineering A. 326(2002): 228-234.

[22] G. Dai, W. Zhang. Size effects of effective Young’s modulus for periodic cellular
materials. Science in China Series G: Physics, Mechanics and Astronomy. 52(2009), 8:

1262-1270.

[23] P. R. Onck, E. W. Andrews, L. J. Gibson. Size effects in ductile cellular solids. Part
I: modeling. International Journal of Mechanical Scienes. 43(2001): 681-699.

834



	Welcome
	Title Page
	Preface
	Organizing Committee
	Papers to Journals
	Table of Contents
	Broader Impacts
	Using Additive Manufacturing as a Pathway to Change the Qualification Paradigm
	Technology Integration into Existing Companies
	Lattice Design Optimization: Crowdsourcing Ideas in the Classroom
	Education of Additive Manufacturing – An Attempt to Inspire Research
	Printing Orientation and How Implicit It Is
	Method for a Software-Based Design Check of Additively Manufactured Components
	The Recycling of E-Waste ABS Plastics by Melt Extrusion and 3D Printing Using Solar Powered Devices as a Transformative Tool for Humanitarian Aid

	Binder Jetting
	Evaluating the Surface Finish of A356-T6 Cast Parts from Additively Manufactured Sand Molds
	Economies of Complexity of 3D Printed Sand Molds for Casting
	Mitigating Distortion During Sintering of Binder Jet Printed Ceramics
	Binder Jetting of High Temperature and Thermally Conductive (Aluminum Nitride) Ceramic
	Binder Jetting Additive Manufacturing of Water-Atomized Iron

	Data Analytics in AM
	Effects of Thermal Camera Resolution on Feature Extraction in Selective Laser Melting
	Artificial Intelligence-Enhanced Multi-Material Form Measurement for Additive Materials
	Machine Learning for Modeling of Printing Speed in Continuous Projection Stereolithography
	Curvature-Based Segmentation of Powder Bed Point Clouds for In-Process Monitoring
	Nondestructive Micro-CT Inspection of Additive Parts: How to Beat the Bottlenecks
	Non-Destructive Characterization of Additively Manufactured Components Using X-Ray Micro-Computed Tomography
	Precision Enhancement of 3D Printing via In Situ Metrology
	Layer-Wise Profile Monitoring of Laser-Based Additive Manufacturing
	Correlative Beam Path and Pore Defect Space Analysis for Modulated Powder Bed Laser Fusion Process

	Hybrid AM
	Characterization of High-Deposition Polymer Extrusion in Hybrid Manufacturing
	Mechanical Properties Evaluation of Ti-6Al-4V Thin-Wall Structure Produced by a Hybrid Manufacturing Process
	Development of Pre-Repair Machining Strategies for Laser-Aided Metallic Component Remanufacturing
	Viscosity Control of Pseudoplastic Polymer Mixtures for Applications in Additive Manufacturing
	Curing Behavior of Thermosets for the Use in a Combined Selective Laser Sintering Process of Polymers
	Effect of Porosity on Electrical Insulation and Heat Dissipation of Fused Deposition Modeling Parts Containing Embedded Wire
	A New Digitally Driven Process for the Fabrication of Integrated Flex-Rigid Electronics
	Hybrid Manufacturing with FDM Technology for Enabling Power Electronics Component Fabrication
	Digitally-Driven Micro Surface Patterning by Hybrid Manufacturing
	Potentials and Challenges of Multi-Material Processing by Laser-Based Powder Bed Fusion
	A Digitally Driven Hybrid Manufacturing Process for the Flexible Production of Engineering Ceramic Components
	Stereolithography-Based Manufacturing of Molds for Directionally Solidified Castings
	Examination of the Connection between Selective Laser-Melted Components Made of 316L Steel Powder on Conventionally Fabricated Base Bodies
	Characterization and Analysis of Geometric Features for the Wire-Arc Additive Process

	Applications
	Geometry/Surface Finish
	Effect of Inter-Layer Cooling Time on Distortion and Mechanical Properties in Metal Additive Manufacturing
	Effect of Shield Gas on Surface Finish of Laser Powder Bed Produced Parts
	Material Characterization for Lightweight Thin Wall Structures Using Laser Powder Bed Fusion Additive Manufacturing
	Metal Additive Manufacturing in the Oil and Gas Industry
	Development of a Customized CPAP Mask Using Reverse Engineering and Additive Manufacturing

	Specific Parts
	Multimaterial Aerosol Jet Printing of Passive Circuit Elements
	Additive Manufacturing of Liners for Shaped Charges
	An Aerospace Integrated Component Application Based on Selective Laser Melting: Design, Fabrication and Fe Simulation
	Additive Manufacturing of Metal Bandpass Filters for Future Radar Receivers
	Fast Prediction of Thermal History in Large-Scale Parts Fabricated via a Laser Metal Deposition Process
	Design Guidelines for a Software-Supported Adaptation of Additively Manufactured Components with Regard to a Robust Production

	Large Scale Parts
	Increasing Interlaminar Strength in Large Scale Additive Manufacturing
	Using Post-Tensioning in Large Scale Additive Parts for Load Bearing Structures
	Precast Concrete Molds Fabricated with Big Area Additive Manufacturing
	3D Printed Fastener-Free Connections for Non-Structural and Structural Applications – An Exploratory Investigation
	Correlations of Interlayer Time with Distortion of Large Ti-6Al-4V Components in Laser Metal Deposition with Wire
	Model Development for Residual Stress Consideration in Design for Laser Metal 3D Printing of Maraging Steel 300
	Topology Optimisation of Additively Manufactured Lattice Beams for Three-Point Bending Test

	Residual Stress
	Morphable Components Topology Optimization for Additive Manufacturing
	Next-Generation Fibre-Reinforced Lightweight Structures for Additive Manufacturing

	Topology Optimization
	Topology Optimized Heat Transfer Using the Example of an Electronic Housing
	Microstructural and Mechanical Characterization of Ti6Al4V Cellular Struts Fabricated by Electron Beam Powder Bed Fusion Additive Manufacturing
	Effect of Wall Thickness and Build Quality on the Compressive Properties of 304L Thin-Walled Structure Fabricated by SLM
	Mechanical Behavior of Additively Manufactured 17-4 Ph Stainless Steel Schoen Gyroid Lattice Structure

	Lattices and Cellular
	An Investigation of the Fatigue Strength of Multiple Cellular Structures Fabricated by Electron Beam Powder Bed Fusion Additive Manufacturing Process
	On the Mechanical Behavior of Additively Manufactured Asymmetric Honeycombs
	Fabrication of Support-Less Engineered Lattice Structures via Jetting of Molten Aluminum Droplets
	Finite Element Modeling of Metal Lattice Using Commercial Fea Platforms
	A CAD-Based Workflow and Mechanical Characterization for Additive Manufacturing of Tailored Lattice Structures
	A Comparison of Modeling Methods for Predicting the Elastic-Plastic Response of Additively Manufactured Honeycomb Structures
	Numerical and Experimental Study of the Effect of Artificial Porosity in a Lattice Structure Manufactured by Laser Based Powder Bed Fusion
	Size and Topology Effects on Fracture Behavior of Cellular Structures
	Rheological, In Situ Printability and Cell Viability Analysis of Hydrogels for Muscle Tissue Regeneration
	Development of a Thermoplastic Biocomposite for 3D Printing
	Design Rules for Additively Manufactured Wrist Splints Created Using Design of Experiment Methods


	Biomedical Applications
	Design and Additive Manufacturing of a Patient Specific Polymer Thumb Splint Concept
	Mandibular Repositioning Appliance following Resection Crossing the Midline- A3D Printed Guide
	A Sustainable Additive Approach for the Achievement of Tunable Porosity
	Effects of Electric Field on Selective Laser Sintering of Yttria-Stabilized Zirconia Ceramic Powder
	Fabrication of Ceramic Parts Using a Digital Light Projection System and Tape Casting
	Slurry-Based Laser Sintering of Alumina Ceramics
	Material Properties of Ceramic Slurries for Applications in Additive Manufacturing Using Stereolithography

	Materials
	Ceramics
	Additive Manufacturing of Alumina Components by Extrusion of In-Situ UV-Cured Pastes
	Mechanical Challenges of 3D Printing Ceramics Using Digital Light Processing
	Effect of Laser Additive Manufacturing on Microstructure Evolution of Inoculated Zr₄₅ꓸ₁Cu₄₅ꓸ₅Al5Co₂ Bulk Metallic Glass Matrix Composites
	Fiber-Fed Printing of Free-Form Free-Standing Glass Structures
	Additive Manufacturing of Energetic Materials
	Methods of Depositing Anti-Reflective Coatings for Additively Manufactured Optics
	A Review on the Additive Manufacturing of Fiber Reinforced Polymer Matrix Composites

	Non-Traditional Non-Metals
	Design and Robotic Fabrication of 3D Printed Moulds for Composites
	Mechanical Property Correlation and Laser Parameter Development for the Selective Laser Sintering of Carbon Fiber Reinforced Polyetheretherketone
	4D Printing Method Based on the Composites with Embedded Continuous Fibers
	Fabricating Functionally Graded Materials by Ceramic On-Demand Extrusion with Dynamic Mixing

	Composites
	The Effect of Shear-Induced Fiber Alignment on Viscosity for 3D Printing of Reinforced Polymers
	Processing Short Fiber Reinforced Polymers in the Fused Deposition Modeling Process
	Impact Testing of 3D Printed Kevlar-Reinforced Onyx Material
	Deposition Controlled Magnetic Alignment in Iron-PLA Composites
	Effects of In-Situ Compaction and UV-Curing on the Performance of Glass Fiber-Reinforced Polymer Composite Cured Layer by Layer
	General Rules for Pre-Process Planning in Powder Bed Fusion System – A Review
	Development of an Engineering Diagram for Additively Manufactured Austenitic Stainless Steel Alloys
	Fatigue Life Prediction of Additively Manufactured Metallic Materials Using a Fracture Mechanics Approach
	Characterizing Interfacial Bonds in Hybrid Metal Am Structures

	Direct Write
	The Mechanical Behavior of AISI H13 Hot-Work Tool Steel Processed by Selective Laser Melting under Tensile Stress

	Broad Issues
	Additive Manufacturing of Metal Functionally Graded Materials: A Review
	Understanding Adopting Selective Laser Melting of Metallic Materials
	The Effect of Processing Parameter on Zirconium Modified Al-Cu-Mg Alloys Fabricated by Selective Laser Melting
	Selective Laser Melting of Al6061 Alloy: Processing, Microstructure, and Mechanical Properties
	Small-Scale Characterization of Additively Manufactured Aluminum Alloys through Depth-Sensing Indentation
	Effects of Process Parameters and Heat Treatment on the Microstructure and Mechanical Properties of Selective Laser Melted Inconel 718
	Effects of Design Parameters on Thermal History and Mechanical Behavior of Additively Manufactured 17-4 PH Stainless Steel

	Aluminum
	The Effects of Powder Recycling on the Mechanical Properties of Additively Manufactured 17-4 PH Stainless Steel
	Mechanical Properties of 17-4 Ph Stainless Steel Additively Manufactured Under Ar and N₂ Shielding Gas
	Recyclability of 304L Stainless Steel in the Selective Laser Melting Process
	The Influence of Build Parameters on the Compressive Properties of Selective Laser Melted 304L Stainless Steel

	Nickel
	Characterization of Impact Toughness of 304L Stainless Steel Fabricated through Laser Powder Bed Fusion Process

	17-4PH Stainless Steel
	Incorporation of Automated Ball Indentation Methodology for Studying Powder Bed Fabricated 304L Stainless Steel
	Effect of Powder Degradation on the Fatigue Behavior of Additively Manufactured As-Built Ti-6Al-4V
	Volume Effects on the Fatigue Behavior of Additively Manufactured Ti-6Al-4V Parts

	304 Stainless Steel
	Effects of Layer Orientation on the Multiaxial Fatigue Behavior of Additively Manufactured Ti-6Al-4V
	Ambient-Temperature Indentation Creep of an Additively Manufactured Ti-6Al-4V Alloy
	Individual and Coupled Contributions of Laser Power and Scanning Speed towards Process-Induced Porosity in Selective Laser Melting
	A Comparison of Stress Corrosion Cracking Susceptibility in Additively-Manufactured and Wrought Materials for

Aerospace and Biomedical Applications

	316L Stainless Steel
	Effect of Energy Density on the Consolidation Mechanism and Microstructural Evolution of Laser Cladded Functionally-Graded Composite Ti-Al System

	Titanium
	Mechanical Properties of Zr-Based Bulk Metallic Glass Parts Fabricated by Laser-Foil-Printing Additive Manufacturing
	Experimental Characterization of Direct Metal Deposited Cobalt-Based Alloy on Tool Steel for Component Repair
	PEEK High Performance Fused Deposition Modeling Manufacturing with Laser In-Situ Heat Treatment
	A Comparative Investigation of Sintering Methods for Polymer 3D Printing Using Selective Separation Shaping (SSS)
	Not Just Nylon... Improving the Range of Materials for High Speed Sintering
	Material Property Changes in Custom-Designed Digital Composite Structures Due to Voxel Size
	Quantifying the Effect of Embedded Component Orientation on Flexural Properties in Additively Manufactured Structures

	Non-Traditional Metals
	Influences of Printing Parameters on Semi-Crystalline Microstructure of Fused Filament Fabrication Polyvinylidene Fluoride (PVDF) Components
	Effects of Build Parameters on the Mechanical and Di-Electrical Properties of AM Parts

	Novel Polymers
	Laser Sintering of PA12/PA4,6 Polymer Composites
	Understanding Hatch-Dependent Part Properties in SLS
	Investigation into the Crystalline Structure and Sub-Tₚₘ Exotherm of Selective Laser Sintered Polyamide 6
	The Influence of Contour Scanning Parameters and Strategy on Selective Laser Sintering PA613 Build Part Properties
	Processing of High Performance Fluoropolymers by Laser Sintering

	Polymers for Material Extrusion
	Reinforcement Learning for Generating Toolpaths in Additive Manufacturing
	Control System Framework for Using G-Code-Based 3D Printing Paths on a Multi-Degree of Freedom Robotic Arm
	Analysis of Build Direction in Deposition-Based Additive Manufacturing of Overhang Structures

	Polymers for Powder Bed Fusion
	Topology-Aware Routing of Electric Wires in FDM-Printed Objects
	Using Autoencoded Voxel Patterns to Predict Part Mass, Required Support Material, and Build Time
	Continuous Property Gradation for Multi-Material 3D-Printed Objects
	Convection Heat Transfer Coefficients for Laser Powder Bed Fusion
	Local Thermal Conductivity Mapping of Selective Laser Melted 316L Stainless Steel


	Modeling
	Finite Element Modeling of the Selective Laser Melting Process for Ti-6Al-4V
	Modelling the Melt Pool of the Laser Sintered Ti6Al4V Layers with Goldak’S Double-Ellipsoidal Heat Source
	A Novel Microstructure Simulation Model for Direct Energy Deposition Process
	Influence of Grain Size and Shape on Mechanical Properties of Metal Am Materials
	Experimental Calibration of Nanoparticle Sintering Simulation
	Solidification Simulation of Direct Energy Deposition Process by Multi-Phase Field Method Coupled with Thermal Analysis

	Physical Modeling
	Thermal Modeling Power Beds
	Establishing Property-Performance Relationships through Efficient Thermal Simulation of the Laser-Powder Bed Fusion Process
	An Investigation into Metallic Powder Thermal Conductivity in Laser Powder-Bed Fusion Additive Manufacturing
	Simulation of the Thermal Behavior and Analysis of Solidification Process during Selective Laser Melting of Alumina
	Low Cost Numerical Modeling of Material Jetting-Based Additive Manufacturing
	Screw Swirling Effects on Fiber Orientation Distribution in Large-Scale Polymer Composite Additive Manufacturing

	Multi/Micro-Scale Modeling
	Numerical Prediction of the Porosity of Parts Fabricated with Fused Deposition Modeling
	Numerical Modeling of the Material Deposition and Contouring Precision in Fused Deposition Modeling
	Effect of Environmental Variables on Ti-64 Am Simulation Results

	Advanced Thermal Modeling
	Non-Equilibrium Phase Field Model Using Thermodynamics Data Estimated by Machine Learning for Additive Manufacturing Solidification
	Multi-Physics Modeling of Single Track Scanning in Selective Laser Melting: Powder Compaction Effect
	Towards an Open-Source, Preprocessing Framework for Simulating Material Deposition for a Directed Energy Deposition Process
	Quantifying Uncertainty in Laser Powder Bed Fusion Additive Manufacturing Models and Simulations

	Modeling Part Performance
	Optimization of Inert Gas Flow inside Laser Powder-Bed Fusion Chamber with Computational Fluid Dynamics
	An Improved Vat Photopolymerization Cure Model Demonstrates Photobleaching Effects
	Nonlinear and Linearized Gray Box Models of Direct-Write Printing Dynamics
	Insights into Powder Flow Characterization Methods for Directed Energy Distribution Additive Manufacturing Systems
	Effect of Spray-Based Printing Parameters on Cementitious Material Distribution

	Modeling Innovations
	Aligning Material Extrusion Direction with Mechanical Stress via 5-Axis Tool Paths
	Fieldable Platform for Large-Scale Deposition of Concrete Structures
	Microextrusion Based 3D Printing–A Review

	Improvements
	Theory and Methodology for High-Performance Material-Extrusion Additive Manufacturing under the Guidance of Force-Flow
	Knowledge-Based Material Production in the Additive Manufacturing Lifecycle of Fused Deposition Modeling
	Acoustic Emission Technique for Online Detection of Fusion Defects for Single Tracks during Metal Laser Powder Bed Fusion
	Development of an Acoustic Process Monitoring System for the Selective Laser Melting (SLM)


	Process Development
	Deposition
	Low Cost, High Speed Stereovision for Spatter Tracking in Laser Powder Bed Fusion
	Multiple Collaborative Printing Heads in FDM: The Issues in Process Planning
	Additive Manufacturing with Modular Support Structures
	Pick and Place Robotic Actuator for Big Area Additive Manufacturing

	Extrusion
	3D Printed Electronics
	Fiber Traction Printing--A Novel Additive Manufacturing Process of Continuous Fiber Reinforced Metal Matrix Composite
	Immiscible-Interface Assisted Direct Metal Drawing

	Imaging
	In-Situ Optical Emission Spectroscopy during SLM of 304L Stainless Steel
	Tool-Path Generation for Hybrid Additive Manufacturing
	Structural Health Monitoring of 3D Printed Structures
	Mechanical Properties of Additively Manufactured Polymer Samples Using a Piezo Controlled Injection Molding Unit and Fused Filament Fabrication Compared with a Conventional Injection Molding Process
	Use of SWIR Imaging to Monitor Layer-To-Layer Part Quality During SLM of 304L Stainless Steel

	Novel Methods
	DMP Monitoring as a Process Optimization Tool for Direct Metal Printing (DMP) of Ti-6Al-4V
	Effects of Identical Parts on a Common Build Plate on the Modal Analysis of SLM Created Metal
	On the Influence of Thermal Lensing During Selective Laser Melting
	Development of Novel High Temperature Laser Powder Bed Fusion System for the Processing of Crack-Susceptible Alloys
	Towards High Build Rates: Combining Different Layer Thicknesses within One Part in Selective Laser Melting
	Laser Heated Electron Beam Gun Optimization to Improve Additive Manufacturing
	Two-Dimensional Characterization of Window Contamination in Selective Laser Sintering
	Laser Metal Additive Manufacturing on Graphite

	Non-Metal Powder Bed Fusion
	Predictive Iterative Learning Control with Data-Driven Model for Optimal Laser Power in Selective Laser Sintering
	Realtime Control-Oriented Modeling and Disturbance Parameterization for Smart and Reliable Powder Bed Fusion Additive Manufacturing
	Microwave Assisted Selective Laser Melting of Technical Ceramics
	Research on Relationship between Depth of Fusion and Process Parameters in Low-Temperature Laser Sintering Process
	Frequency Response Inspection of Additively Manufactured Parts for Defect Identification
	Nanoparticle Bed Deposition by Slot Die Coating for Microscale Selective Laser Sintering Applications

	Spinning/Pinning/Stereolithography
	Fabrication of Aligned Nanofibers along Z-Axis – A Novel 3D Electrospinning Technique
	Z-Pinning Approach for Reducing Mechanical Anisotropy of 3D Printed Parts
	Structurally Intelligent 3D Layer Generation for Active-Z Printing
	microCLIP Ceramic High-Resolution Fabrication and Dimensional Accuracy Requirements



	Attendees
	Author Index
	Print
	Search



