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This work discusses a numerical investigation of stiffness properties of parts printed
using Fused Deposition Modeling (FDM). Small volumes of different raster orientations
were modelled and meshed using SIMULIA™ (Abaqus). These meshes were exported to a
damage prediction software BSAM, which uses a homogenization approach to model
interface bond strength between adjacent raster beads. In BSAM, boundary conditions,
connectivity and material properties have been specified. This BSAM model was then used
to compare stiffness properties at various raster angles. A similar trend in the modulus
values was observed from experimental test data. Further this model could be used to specify
and predict interface properties for the specimens at various raster angles which could be
used to eventually predict strength and fracture.

I. Introduction

Additive manufacturing (AM) has great potential to significantly expand design freedom for a wide range of
applications. This design freedom is currently being realized in many non-critical, lightly loaded applications.
However, most potential applications require reliable material characterization to ensure a design performs within its
design environment, limit, and life requirements.

In polymer Fused Deposition Modeling (FDM) AM, the layered fabrication process that enables this expanded
design freedom also creates a discontinuous material with strongly directional mechanical properties, numerous
fracture interfaces and stress singularities, and severely degraded fatigue life. The severity of the fabrication process
effect on bulk material capability depends heavily on process parameters and local geometry. Consequently,
methods to accurately characterize and predict mechanical behavior considering process parameters and local
geometry are needed.

This paper discusses an investigation of raster angle dependency of stiffness properties of polymer parts printed
using Fused Deposition Modeling (FDM). The work builds on previous work by Osborn, et al,* that examined
anisotropic mechanical properties of individual FDM layers using classical laminated plate theory and
homogenization techniques. Using this methodology, the current work examines raster angle effects on stiffness and
compares the computational results to an experimental investigation of raster orientation.?

I1. Background

A. FDM Additive Manufacturing
In the FDM process, a flexible filament is heated to a glassy state and extruded through a controlled deposition
head onto a build plate in order to build the part layer by layer vertically. Within a layer, cross-sectional geometry is
deposited first in one or more contour beads to define boundaries and then an infill, which may be a solid raster or a
porous pattern. Material continuity within a part is developed as contour beads are deposited in adjacent roads and
bonding takes place via diffusion welding. Part stiffness and strength therefore is a strong function of the developed
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inter-bead bond strength, contact area, gaps and voids as well as bead shape and orientation with respect to loading
direction. These dependencies lead to anisotropic mechanical behavior within materials and parts built using FDM.

This anisotropic mechanical behavior of FDM printed materials has received significant attention in recent years
and work has been performed to address the effects of FDM build parameters on stiffness, strength, fatigue, fracture,
and creep. Much of the basic tensile testing follows standard the ASTM D638 test method for tensile properties of
plastics® and examines process parameter effects on the resulting properties. Ahn et al* examined raster orientation,
air gap, bead width, color, and model temperature effects on tensile and compressive strengths of directionally
fabricated specimens. Bellini and Guceri® developed an anisotropic FDM stiffness matrix from filament testing.
Riddick et al® executed tensile testing to study the effect of process-induced anisotropy on the mechanical response.
Ziemian et al’ executed tension, compression, 3-point bend, and tension-tension fatigue testing to characterize the
anisotropic mechanical properties of ABS FDM parts, showing a strong sensitivity to raster angle and quantity of air
gaps between rasters. They performed further investigations® and noted tensile behavior is improved by aligning the
fibers of unidirectional laminae more closely with the axis of the applied stress and tensile and fatigue performance
improved with alternating laminae 6°/(6-90°). Lee and Huang® performed experimental fatigue investigation on
FDM ABS as a function of build orientation. Afrose et al*® performed a similar investigation of build orientation
effect on fatigue behavior of FDM PLA. Zhang! executed tension, creep, and fatigue testing and laminate-based
finite element modeling to study mechanical property sensitivity to build orientation. Motaparti** executed flexural
and compression testing of ULTEM 9085 to study the individual and combined effects of build direction, raster
angle, and air gap (sparse infill) build parameters on flexural and compressive stiffness and strength properties.
Torrado and Roberson*® examined tensile specimen failure and evaluated anisotropy versus geometry and raster
pattern. Huang and Singamneni “*applied experimental and analytical models of raster angle effects on modulus and
strength in FDM parts. Rezayat et al™®, developed finite element models at multiple length scales and compared
results with experimental full field strain data for different raster angles and filament gaps. Patel et al'® performed
experimental investigation of fracture of FDM printed ABS for different crack length and layer of orientations.

Some researchers have developed methods to optimize mechanical properties. Ulu, et al*’ developed an
optimization method to enhance structural performance through build orientation optimization that recognizes these
mechanical property sensitivities. Torres et al'® likewise developed an approach for optimizing FDM part
mechanical properties based on experimentally determined sensitivities to build parameters, which included layer
thickness, density or infill percentage, extrusion temperature, speed, infill direction and component orientation.

Many researchers have shown and validated applications laminated plate theory used in composite materials to
describe mechanical behavior in FDM printed materials. El-Gizawy, et al' studied process-induced properties of
FDM printed ULTEM 9085 using classical laminated plate theory to determine the anisotropic stiffness matrix and
thereby establish constitutive relationships that predict the internal structure of FDM materials. The authors
validated the approach with tensile testing and finite element correlation. Li et al® performed theoretical and
experimental analyses of mechanical properties of FDM processes and prototypes to develop constitutive models
and equations to determine the elastic constants of FDM printed materials. Sayre®* modeled FDM printed materials
as a layered composite with modified properties to account for imperfect bonding between layers. Rodriguez et al?,
obtained effective elastic moduli using a strength of materials and elasticity approach based on the asymptotic
theory of homogenization and experimentally validated predicted properties.

Finally, much work has been performed to characterize mechanical property degradation due to FDM process
characteristics. Park and Rosen®® addressed mechanical property degradation in cellular materials due to bounding
surface errors using as-fabricated voxel modeling and a discrete homogenization approach. Baikerikar®* examined
mechanical properties for a variety of infill patterns, comparing finite element simulations and experimental results
for tensile dogbone specimens. Faes et al® executed testing to study the influence of interlayer cooling time, which
affects the coalescence of the interconnection between adjacent tracks and layers, on quasi-static properties.

B. Finite Element Method using BSAM

BSAM is a computational structural analysis software developed by University of Dayton Research Institute in
collaboration with the Air Force Research Laboratory, WPAFB, OH and NASA Langley Research Center,
Hampton, VA.? It was initially developed to provide accurate stresses analysis in multilayered composite materials
and further expanded for progressive failure analysis under static and fatigue loading. Discrete Damage Modelling
(DDM) based on Regularized eXtended Finite Element Method (Rx-FEM) was developed for this purpose.?’??

The scope of current work is limited to determining elastic moduli, which is based homogenization approach.®
The homogenization method implemented in BSAM is tailored to resolve field behavior across regions where there
is abrupt variation in the local microgeometry. The numerical method developed in BSAM is a fast way to extract
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local field information inside prescribed subdomains without having to resort to a full numerical simulation. The
homogenized method used for local field assessment is explained in detail by Breitzman et al.”” Even though the
authors discussed the homogenization formulas for prestressed and/or thermomechanical loads, they can be
simplified for a composite body having no initial stress.

Let a composite body be subjected to an external force f. Let u® and o° be the displacements and stresses
associated with this force. Based on the homogenization procedure the asymptotic expansions for displacements u®
and stresses ojj° are

w = u@X) + cu® (X, ¥) + - Q)
=u® X + Z eku® (X,v) (1)
o k=1
of =) P&y @
k=0

Here X are ‘slow’ variables, and Y = X/e are the ‘fast’ variables and &- is the characteristic size of the
microstructure. Here the functions on the right side are assumed to be periodic in Y within the periodicity cell. The
differential operators are represented in the form of sum of operators in X and Y by using the two-scale expansion
shown in equations (1) & (2) above.

The current FDM specimens are distinguished by the presence of local periodic microstructure. In order to
capture this local material heterogeneity, some form of local enhancement of approximation space is required to
accurately estimate the sub structural (ply level) units.

I11.  Methodology for Stiffness Calculation

In this work, a finite element representative volume cell approach is used to calculate stiffness at various 3D
print raster angles. FDM bead geometric modeling, the representative volume cell approach, and stiffness
calculations are discussed below.

A. FDM Bead Geometry
Osborn et al.,' in their work 3D-printed unidirectional section specimens of ULTEM 9085 on a FORTUS
400MC. These specimens were cut normal to the raster orientations and cross-sectional photomicrographs were
obtained. The cross-sectional dimensions of a single bead were obtained from the photomicrographs. These
dimensions were used to create the bead geometry as shown in Figure 1.
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Figure 1 - Cross Section of Bead

B. Representative Volume Cell (RVC)

A Representative Volume Cell (RVC) was built using Abaqus/CAE 2016 based on the cross-section images. As
shown in Figure 2, for the 0 raster orientation, this volume consisted of 4 layers of roads. Each layer consisted of 4
roads. The RVC chosen is more than that required for stiffness property computation and is considered for future
predictions of both failure and fracture strengths.

© 2017 by Sanchita Sheth, Robert Taylor, and Hari Adluru
1114



1.016 mm

Raster

Orientation 2.032m

-l
Loading

Direction

Figure 2 - ' Representative volume cell

RVCs of the same dimensions were built for different raster orientations such as 15, 30, 45 and 90° as shown in
Figure 3. Preprocessing operations like building the 3D geometry and meshing were performed using Abaqus/CAE
2016. An input file was generated to be imported into the BSAM Export Module. Displacement boundary condition
is applied along 1-1 direction (x axis), which represent the tensile loading on the RVC. The displacement on the
external boundary is given by

u; = EU .X'j (3)

where &;; is observer strain, which in the present case is not equal to the volume average strain due to presence of
voids.* Therefore, instead of direct computation of average strain, the observer strain is used. In all cases these strain
values are incremented uniformly to a maximum value of 0.01. The above equation is used to assign displacement
boundary conditions for all the raster orientations. The volume average stress is given by

1
% Ty f o dV )

14

The homogenized compliance matrix is computed as
§i = [Fz]_lg_l (5)

followed by calculation of Young’s moduli using standard formulae.*
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Figure 3 - Meshed RVCs for various orientations

C. Stiffness Calculation

To determine stiffness properties, in the BSAM export module, static displacement boundary conditions were
applied to the RVC. One face of the RVC was fixed in x, y and z and on the opposite face, a displacement boundary
condition of 0.1 mm was applied in slow increments. The application of the displacement boundary condition was
done in steps of 1% of the total load. Next, the material file was imported into the BSAM export module. The model
was then exported as a BSAM input file. The file was run in the BSAM software and outputs for displacement,
force, stress and strain were generated at each step. The stiffness of the RVC was calculated from the stress and
strain values.

1IV. Results

Using the previously described methodology, results have been obtained for displacement and stiffness and
compared to test data as discussed below.

A. Displacement
Displacement was applied in steps of 1% of total load. So, at each step, a displacement of 0.001 mm was applied.
Figure 4 shows the displacement plot at the 10" load step for the (f orientation. Here, the displacement value at the
load end is 0.01 mm. Figure 4 (b) shows the displacement plot at the 20" load step for the 30 orientation. Here, the
displacement value at the load end is 0.02 mm
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B. Stiffness

(a) v&v

Figure 4 — (a) 0 Displacement plot at 10" load step (b) 30’ Displacement plot at 20" load step
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On observing the stress distribution near the voids in Figure 5, peak stresses at the stress concentrations were
within the linear range of the material. Hence, the material was considered to be a linear elastic material. Stiffness
values for different raster orientations were calculated and compared to values obtained from the experimental test
data. Table 1 lists the BSAM and Experimental values. As observed in Table 1, the stiffness values decrease from O
to 45 raster orientations and then increase from 45 to 90 orientations.
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Figure 5 - Stress distribution near voids

Table 1 - Stiffness Values

Raster Orientation BSAM Calculated Modulus from Test
(Degree) Modulus (MPa) Data (MPa)®
0 2334.14 2369.64
15 2281.33 2277.83
30 2264.41 2161.90
45 2230.35 2046.10
90 2302.51 2212.14

S Calculated as average of number of specimens per raster orientation
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C. Stiffness Comparison

Modulus values were calculated by tensile tests performed by Khatri? on two sets of tensile specimens with
different raster orientations. These experimental values were compared with values obtained from BSAM. As
observed in Figure 6, the stiffness values decrease from (F to 45 raster orientations and then increase from 45 to 90°
orientations. The experimental values show a similar trend as the values obtained numerically.

As observed in Figure 6, the BSAM modulus values obtained for raster orientations 30° and 45° are higher than
the experimental values. Such variations could be a result of non-linearity, stress concentration, varying local
geometry and machine settings. The current work models the specimens in as-designed condition. To capture the
variations, there is a need to model the specimens in as-built condition. The local geometry could be viewed using
CT scan technology and accordingly an as-built model could be generated.
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Figure 6 - Comparison of Experimental and BSAM calculated Modulus Values

V. Conclusion

A. Summary of Work and Results
This work presents a procedure for numerically predicting the Elastic Modulus of FDM printed parts as a function of
raster angle. In this work, 0, 15, 30, 45, 90 degree FDM raster orientations were modeled and meshed using
ABAQUS and the Elastic Modulus values for these orientations were numerically predicted using BSAM. These
modulus values were observed to decrease from O to 45 and then increase from 45 to 90 These values show a
similar trend when compared to experimental testing data.

B. Future Work
Future work is planned to build on the current stiffness results presented here. The next step will be to predict the
strength of FDM printed parts as a function of the void geometry, which is a function of the raster angle as shown in
Figure 7. Also, BSAM will be used to predict fracture of the FDM printed parts. The current work uses ‘as-
designed’ geometry to model the specimens. Another approach would be to use the ‘as-built” geometry to model the
specimens. This geometry will be obtained by CT scan technology. A mesh sensitivity study will also be performed
to determine the optimum mesh size.
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