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Abstract

Distortion and buildup of residual stresses are common design problems in structures manufactured using additive
manufacturing techniques, popularly known as 3D printing. These problems lead to poor product quality, which often
is improved by trial and error, where the sensitivity of different manufacturing configurations to product quality are
experimentally determined. With the introduction of Big Area Additive Manufacturing (BAAM), where significant amount
of material is deposited per unit time, trial and error philosophy reduces the economical efficiency of the process. In this
work, a numerical simulation methodology based on Finite Element Method (FEM), multi-scale damage mechanics and
fracture mechanics is introduced to simulate the BAAM process for determining product quality in terms of distortions,
material damage and interface fracture due to manufacturing. In addition, this tool can be used to obtain the sensitivities
of the manufacturing configurations with respect to product quality in an economically efficient manner compared to the
trial and error philosophy. Computational tools providing a fully coupled thermo-mechanical solution of polymer additive
manufacturing with chopped fiber reinforced plastics are presented.

Introduction

Additive manufacturing (AM) methods have been used
extensively for the purpose of rapid prototyping, where
these methods were initially almost exclusively used to

expenses in cases of un-successful production trials. This
aspect of such ED production method, referred to as Big
Area Additive Manufacturing (BAAM) method, disables the
implementation of trial and error philosophy due to the

assess the aesthetics and geometric aspects of designs.
Various additive manufacturing methods, also referred
to as layered manufacturing (LM) methods, have been
developed among which; Fused Deposition Modeling
(FDM), stereo-lithography (SLA), extrusion-Deposition
(ED) and selective laser sintering (SLS). The use of AM
has increased significantly, where the number of articles
published on this topic rose from about 1,600 in 2011 to
about 16,000 in 2012 .

In recent years the use of additive manufacturing, to
produce functional products with foreseen mechanical
structural properties, has increased significantly. This
trend has increased the need for quality assurance of
AM produced products in terms of overall mechanical
properties and their structural durability to in-service
loading. In addition, for proper commercial application,
AM produced products must be comparable to products
produced by classical production methods in terms of
performance over cost ratios. In general, AM machines
typically produce products measured in centimeters with
material deposition rates ranging from 0.01 to 0.081kg/
hr. Significantly larger systems operating on similar
principle have been under development in collaboration
of Cincinnati Inc. and Oak Ridge National Lab (ORNL).
These systems typically build structures several meters in
size at rates between 5 and 50kg/hr using a combination
of extrusion and robotic deposition technology. The ED
systems can produce large and complex structures in
relatively short period of time when compared to FDM
and FFF, however the amount of material consumed in
a short period of time is significant, leading to notable

Unique Polyamide

High Modulus and Strength
Easy Molding

Water Resistance

Good Surface Appearance

o@

~~ MITSUBISHI GAS CHEMICAL AMERICA

www.mgc-a.com
composite@mgc-a.com

SAMPE Journal, Volume 51, No. 4, July/August 2015 27



accompanied costs. Optimization of the BAAM production
method to improve product quality is therefore unfeasible
by traditional trial and error methodologies. In this article,
a solution to the aforementioned problem is discussed,
implementing numerical simulation based on Finite
Element Analysis (FEA) method. The FEA based solution is
specifically implemented on the BAAM process of an entire
car. In cooperation with Cincinatti Inc. and Local Motors,
ORNL has implemented the BAAM process to produce the
Strati car .

The BAAM equipment consists of a pellet dryer, air
driven pellet conveying system that supplies dry pellets
into a hopper connected to a single screw extruder, which
is mounted vertically on a precision x-y-z gantry. The
gantry and extruder is digitally controlled. The part is
deposited onto a heated bed, whose vertical motion is also
synchronized with the gantry and the extruder. In Figure
1 an overhead image of the gantry and heated platens of
the large scale ED system produced by Cincinatti Inc. is
shown. In Figure 2 the system printing Strati vehicle with
the extruder located in the upper left hand corner of the
image is shown.

e

Figure 2. Large sale extrusion system amid Strati vehicle
build.
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Crack formation

Figure 3. Crack spanning a thin feature at the extremity of
a large printed structure.

The Strati vehicle received substantial publicity because
it was one of the first 3D printed large scale functional
structures. Less known is that the successful print required
a significant development time and numerous iterations.
One of the most troubling problems in large printed
structures can be the presence and onset of cracks between
layers. These cracks typically occur in thin features located
at the extremities of a large part as shown in Figure 3.
Figure 4 demonstrates that cracks can also occur in the
interior of a large complex part.

Figure 4. Crack in an interior part of a large printed struc-
ture.

T
1

Initial cracks due
to geometry

Figure 5. Geometrical and material imperfections due to
BAAM process.
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Figure 6. Graphical representation of thermal induced in-
ter bead shear stresses.

The cracking is due to a build-up of thermally induced
stresses caused by differential cooling of polymer material
from near melt temperature near the exit of the extruder
to ambient temperature at the end of the build and initial
imperfections in the material in terms of voids and in the
structure in terms of geometrical imperfections. These
aspects are shown graphically in Figure 5 and Figure
6. Some parts of large structures may reach ambient
temperature during the build, while others may remain
at elevated temperature. The particular thermal history
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Figure 7. Infrared image of extrusion deposition showing
hot polymer exiting the extruder with cooler underlying
layers (temperature in Celsius)

depends on processing parameters, material and geometry.
Typical thermal profile is shown in Figure 7. The infrared
image of extrusion deposition shows hot polymer exiting
the extruder with cooler underlying layers.

The material used for large scale printing has been
primarily carbon fiber reinforced acrylonitrile butadiene
styrene (ABS). The addition of discontinuous carbon fiber
is beneficial for multiple reasons (e.g. increasing stiffness
and strength). The fibers preferentially align during ED
process, which results in highly anisotropic material
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properties. Advanced simulation and analysis tools are
necessary to model the response of a complex anisotropic
structure to external mechanical and thermal loading.

The objectives of the study resulting in the presented
methodology was to develop a fully automated FEA based
numerical simulation tool, which uses the BAAM machine
head code ( i.e. G-code) to automatically generate a
numerical model of the BAAM process. This model should
include:

stemperature dependent multi-scale material model
for the chopped fiber carbon-ABS including thermal
properties

ematerial orientations according to the machine
head kinematics

stemperature dependent fracture mechanics

behavior between the beads

sthermal loading

Input: fiber/matrix properties, particle properties,
fabrication variables and orientation distribution.
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The numerical simulation tool should enable the simulation
of the entire BAAM process within 24 hrs, while providing
information about crack formation between the beads and
must give the user to enough freedom to perform sensitivity
studies with respect to the desired production variables (e.g.
ambient temperature and machine head speed).

Methodology
Material Modeling

A computational method (Figure 8) is introduced for
the virtual simulation of performance of chopped fibers
in polymer composites used in the BAAM process. The
presented methodology judiciously combines composites
Nano-micro and macro-mechanics with finite element
and damage progression. This new approach did lead
to the development of a specialized Multi-Scale Material
Characterization of composite system comprising of: A)
chopped fiber based on Eshelby and Mori Tanaka theory,
B) micro-macro mechanics, and damage failure theory, C)
tensor stiffness averaging (homogenization) technique,
and D) Optimizer as part of the durability analysis software
GENOA. The micro-mechanics based Optimization process
is used to calibrate (reverse engineer) the fiber orientation,
fiber and matrix constituent properties, and matrix non-
linear behavior, using flow and cross flow coupon tensile
tests. The predictive Durability and Damage Tolerance
(D\&DT) software system is capable to process fiber
orientation, stiffness prediction, and perform extrusion
simulation coupled with GENOA MCQ to allow more
accurate FEA analysis. Next, a comparative analysis
of the derived optimized orientation versus thickness
distribution is determined. Validation of the proposed
methodology is achieved on three independent classes
of chopped fibers composites including: 1) Elastomer
(Fiberglass + Neoprene; 2) Thermoplastic (Fiberglass +
Polypropylene, None + Poly Amide-6, and Fiberglass +
PolyButylene Terephthelate); and 3) Thermoset (Carbon +
Urethane, and Carbon + Epoxy).

Output:

Modulus

Poisson’s Ratio

Calibrated S-S Curve

Figure 9. Stiffness, poisson’s ratio, strength, calibrated non-linear S-S curve, effect of fiber waviness.
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Figure 10. Orientation tensor comparison between test re-
sults and MCQ predictions.
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Figure 11. Transferred orientation tensor to FEM.

Effective chopped fiber composite material properties,
where randomly dispersed fibers of a known weight
fraction in neat matrix, are determined analytically.
The analysis approach uses well-known Mori-Tanaka
formulation for calculating the anisotropic properties from
isotropic matrix and in-situ isotropic/anisotropic chopped
fiber properties (stiffness, aspect ratio and volume
fraction). In this work, a closed-form analytical solution
for the complete set of anisotropic elastic properties of
the chopped fiber composite has been applied. The in-
situ strength properties of the chopped fiber composite
are calculated based on stress- and strain-based micro-
mechanics theories developed earlier in the literature. A
unit cell based coupon model is then subjected to multi-
scale multi-physics Progressive Failure Analysis (PFA).
Each ply is assigned with calibrated properties that were
previously derived analytically using the closed-form Mori-
Tanaka approach. The constituent material properties can
be estimated using limited test data by reverse engineering
the constituent material properties. MCQ-Nano, a
commercial nano-composite material characterization and
qualification software, was used to predict the constituent
properties. The MCQ-chopped uses the above mentioned
methodology to predict the aligned, transversely isotropic
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and isotropic nano-composite thermo-electro-mechanical
material properties. The formulation in MCQ-Nano also
accounts for the manufacturing variables such as particle
and void volume ratio. MCQ-Chopped is designed to help
predict chopped properties based on effective particles
(e.g., chopped fibers) and matrix material properties. It
also includes: 1) assuming uniform orientation through
the width and length of the representative volume element
(flat coupon), 2) the chopped fibers can be aligned, in-
plane random, and completely random in orientation in
three-dimensional space, 3) chopped fibers can also be
user specified based on test observation or output from
analysis using other software packages (e.g., Moldex 3D,
etc.). MCQ-Chopped allows characterizing chopped fiber
reinforced composite material properties as a function of
several manufacturing, geometric, and material variables.
Chopped fiber reinforced composite coupon test data in
literature show lots of scatter mainly due to limited test
and scatter in the manufacturing, geometric and material
property variables. Material Uncertainty analysis allows
estimating mean chopped fiber reinforced composite
material properties for chopped fibers aligned, 2D
random and 3D random situation in the matrix and for
user specified orientations. MCQ-Chopped is capable of
predicting chopped properties considering fiber-matrix
Interphase, uniform or non-uniform dispersion, as is
depicted in Figure 9.
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Figure 12. De-Homogenized orientation and angle orientation (through-the-thickness).
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Figure 13. Modeling complexity approach conforms to building-block validation strategy.

In addition, tensor orientation information, whether
measured by test or numerically obtained, can be used
directly for obtaining ply orientations for FEM analyses. An
example is graphycally shown in Figure 10 and Figure 11.

In a de-homogenization step, representative ply
orientations are determined by MCQ-Chopped to enable
multi-scale progressive failure analysis including damage
initiation and progression as shown in Figure 12.

Progressive Failure Analysis is the preferred approach
for failure analysis in composite materials. In this approach,
Representative Volume element (RVE), independent
of Finite Element Analysis (FEA) failure in each ply
constituting the laminate under investigation, is assessed
based on the ply limit strength/strain properties. Some
failure criteria employed are maximum stress- or maximum
strain-based and some are interactive. The damaged plies
are then either removed from the unit cell model or given
a negligible stiffness to simulate a broken ply and study its
effect on overall laminate. Later, once all the plies in the unit
cell are damaged, it is assumed to be completely broken.
The stresses in individual plies are obtained using classical
laminate theory, which are then compared against the limit
stresses or strains parameters using default failure criteria.
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It is important to note that there is a hierarchy, not only
with the complexity of the structure being modeled, but
with the modeling approach, namely, Low Fidelity Model
Feeds into Higher Models (Figure 13). Modeling at the lower
levels quickly predicts results that consider uncertainties/
defects. According to the needs and requirements, users
may build toward complex and advanced solid modeling,
and all levels give extensive damage evolution.

Automatic Model Generation

The main objective here is to generate a computationally
manageable FEM mesh of the complex structure at any
time during the build. Alpha Star Inc.'s GENOA software is
modified for meshing of 3D printed structures. This tool
generates a regular rectangular mesh using a G-code from
path generation software. The tool path is threaded through
the background grid and activates the elements for the
FEM model. The discretization parameters are controlled
by specifying the spatial increments of the background grid
thereby controlling the size of the FEM model. In Figure
14 a complete mesh of the car with 419,759 elements is
graphically depicted, where each layer contains rectangular
elements as shown in Figure 15.
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Figure 14. Complete mesh of Strati car.

Figure 15. Rectangular mesh within a single layer.

Figure 16. Tool paths through a rectangular mesh in a sin-
gle layer.

Each finite element contains information about the
orientation, time and printing parameters from the G-code
based on the traversal path and its residence time in the
element. Figure 16 shows the tool paths in a single layer
intersecting the elements and Figure 17 shows resulting
orientation information for each element. This orientation
information is then used for generation of anisotropic
thermal and mechanical properties within each element.
Finite elements with orientation information for each layer
can then be assembled into an FEM mesh representing
partially built structure at any given time as shown in
Figure 18.
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Solution Approach

The solution approach depends on available computer
resources, simulation time available and desired simulation
fidelity. For the simplest solution, the thermal profile as
a function of time can be assigned to each element based
on G-code information and previous observations for
similar builds. Such observations can be obtained from
infrared camera or strategically placed thermocouples.
Alternatively, the thermal problem involving conduction,
convection and radiation can be solved along with the
deformation and stresses. There are three options to
implement the coupled thermal-structural analysis; A)
sequentially coupled thermal-stress analysis is used when
the structural responses depend on the temperature field,
but the temperature field can be found without the effect
of stress/deformation field. B) fully coupled thermal-stress
analysis by knowing the temperature field from the test.
The temperature field data (which might be influenced
by stress responses) are used as the input to the analysis.
C) fully coupled thermal-stress analysis is performed
assuming strong mutual effect of the mechanical and
thermal solutions. This approach requires the use of
elements with both displacement and temperature degrees
of freedom in the model.

Figure 17. Orientation assigned to each element based on
tool path information from G-code.

Figure 18. Element orientation information for partially
built Strati vehicle.
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Each approach has its own pros and cons. According to the
level of required accuracy and limited computational time,
method B was utilized. Figure 19 shows flow chart of the
solution approach used for generation of results presented
in the following section.

Results

The micro-mechanical constituent properties of the
material have been reverse engineered using AlphaStar's
MCQ-Chopped software. The global stiffness of the
material is obtained from physical tests performed by
ORNL. In Figure 20 flow and cross-flow test specimens are
shown. The comparison between the reverse engineered
properties and test results in terms of macro-mechanical
material response are shown in Table 1 for the flow and
cross-flow directions.

In a validation step, the material thermal properties
and the thermal portion of the coupled thermal-structural
analysis is validated using measured temperatures of a
relatively simple "wall model"”, manufactured using the
BAAM process. The temperature profiles, within different
layers, were measured by ORNL and are used as comparison
for the thermal validation step. The wall model consists of
88 layers and in Figure 21, the numerical model for the wall
model as generated by the GENOA GUI from the G-code is
shown.

Heat transfer analysis was performed to determine the
temperature field of the wall model and the results were
compared to test for validation. The temperature field was
calculated considering conduction, boundary convection,
and boundary radiation. ASC also included thermal
interactions between the beads of adjacent layers such as

Solution Types

.L—I— 1.Abaqus/Explicit +VUMAT*

2.Abaqus/Standard+UMAT*

®

DGENOAC GEI 3.GENOA®+Abaqus/Standard
aleagasantour (Layered Solid)

4.0thers

gap conductance. Heat transfer analysis was used to model
solid body heat conduction with temperature-dependent
conductivity and specific heat, general convection, and
radiation boundary conditions. The heat transfer analysis
is nonlinear due to; a) temperature-dependent material
properties, b) nonlinear boundary conditions (film
coefficient can be functions of surface temperature). The
results for heat transfer analysis compared to the test are
presented in Figure 22. The calibrated micro-mechanical

|
=

Figure 20. Flow and cross-flow coupon test specimens
produced and tested by ORNL.

Table 1. MCQ calibration comparison with physical test results.

MCQ TEST Ply-Layup
E1l [GPa] 7515 8.204 0-0
E22[GPa] 2.482 2.254 90-90
S11[MPa] 48.13 533 0-0
S22[MPa] 14 12.9 90-90
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Figure 21. Wall model numeri-
cal model generated by GENOA
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material properties are used in the FEA based numerical initiation locations calculated from the stress state of the

simulation of the BAAM process of the Strati car. printed part shown in Figure 24. The predicted crack
Distortion due to thermally induced residual stresses locations correspond to empirically observed problem

during ED build, as shown in Figure 23, isa vital information areas with the thin section of the front fender being

for subsequent assembly of additional components particularly susceptible to cracking.

connected to the vehicle. Figure 25 shows predicted crack
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Figure 22. Temperature vs. Time for the Wall model
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Figure 24. Residual stresses due to BAAM process.
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Figure 25. Locations of likely crack initiation due to ther-
mally induced residual stresses.

Figure 26. GENOA damage modes leading to additional inter bead crack formation.

In Figure 26 the GENOA micro-mechanical damage
modes, which lead to additional inter bead crack formations
is presented graphically. Once the FEM mesh of the vehicle
is generated, additional load cases can be applied to the
structure either in an un-deformed state or in as-printed
state. The rectangular nature of the FEM mesh will likely
result in artificial localized stress concentration, however
global stiffness and predicted deformations can provide
useful information about the performance of the structure
in service. Figure 27 shows an example of an external load
case applied to the Strati vehicle FEM mesh.

A desktop computer with 4 Xeon processors and 24
Gb RAM was used for pre-processing. The meshing took
2 minutes computer time and took 15 minutes to create
the input deck for Abaqus/Explicit including the material
orientations according to printer path, interaction behavior
between the layers, solid sections based on defined
orientations, etc. A computer with 48 processors and 64
Gb RAM was used for solution of the Strati vehicle. The
solution was performed using Abaqus as a solver and took
13 hours for explicit simulation.

Discussion

Newly developed computational tools providing a fully
coupled thermo-mechanical solution of polymer additive
manufacturing with reinforced plastics have been described
in this article. The tools were applied to simulate the ED
process for a large complex structure. Micro-mechanical
material properties were calibrated from experimental
test results and were applied to the simulation model.
Linear elastic fracture mechanics was included to analyze
delaminations (crack formation) between the beads. The
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Figure 27. Predicted combined distortion due to thermally
induced residual stresses and loads generated by side ac-
celeration.

model shows the ability to identify problem areas in terms
of high residual stresses and crack formations in a time
and cost efficient manner compared to traditional trial and
error method. Additional testing and validations are still
needed. The temperature dependent cohesion behavior
between the beads is a complex matter and tests are needed
to determine this behavior.
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