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ABSTRACT OF DISSERTATION

Literature has shown that 3D printed composites may have highly anisotropic me-
chanical properties due to variation in microstructure as a result of filament deposition
process. Laminate composite theory, which is already used for composite products,
has been proposed as an effective method for quantifying these mechanical charac-
teristics. Starting with the analysis of comparing the printing orientation of preman-
ufactured carbon fiber reinforced filament, the mechanical properties of 3D printed
objects were examined. The mechanical properties changed not only as a result of
machine choice, but how the sample is oriented along the printing bed. The analysis
continued with looking at the dynamic properties of 3D printed composites. Results
showed that the direction of the extruded strands altered the modal frequencies even
for a sample with the same geometry. With the direction of the extruded strands
affecting the mechanical properties, the composition of these strands is also shown to
affect the mechanical properties of 3D printed composites. For commercially available
fiber reinforced filaments, it was found through microscopic analysis that the fiber
content stated by the manufacturer is inaccurate. In order to apply Classical Lami-
nate Composite Theory (CLCT) the fiber volume fraction and aspect ratio need to
be known. This lead to the creation of custom filament with the desired fiber content
and geometry. The Halpin-Tsai model was used to predict the mechanical behavior
of short fiber reinforced composites. Finally, the mechanical properties of continu-
ous fiber composites were examined. The continuous fiber samples showed that fiber
orientation had an vast effect on mechanical properties. A well oriented composite
notably outperformed other fiber orientations with a drastic drop in Young’s modulus
even with slight misalignment in fiber direction, but also resulted in brittle responses
which may not be preferable. CLCT is applied using the simulation software ANSYS
WORKBENCH. The results showed considerable correlation for each orientation and
can be an accurate predictor of mechanical characteristics for 3D printed continuous
fiber composites.
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Chapter 1 INTRODUCTION

1.1 Background information

To understand the complexities associated with the anisotropic behaviors of 3D
printed fiber composites, a cumulative background knowledge on additive manufac-
turing and composites is required. Not all 3D printers or 3D printing programs
operate the same and composites themselves greatly vary in design and technique.
To ensure an understanding of the concepts covered in the later sections of this doc-
ument, three major concepts were investigated and described in the sub-chapters

below

1.1.1 Additive manufacturing

Additive manufacturing has been revolutionizing the manufacturing sector that al-
lows the production of engineering parts without the need of a large facility. More
typical methods of production use costly molds, include large machines, or require an
expansive collection of tools. Additive manufacturing instead branches away from a
sophisticated production line with multiple workers present and uses a simpler system
of a single-user and a single-machine. A variety of different additive manufacturing
techniques exist each with its set of advantages and limitations. All additive man-
ufacturing techniques are similar in one aspect, they combine individual layers of
material by stacking them one atop each other to create the final geometry. The
method of layer production and layer adhesion are the main differences between ad-
ditive manufacturing methods with a subset of the various methods referred to as
three-dimensional printing (3D printing). The 3D printing subset is a revolutionary
manufacturing method that allows the production of engineering structures almost
directly from modeling software on a computer [6-13]. This paper will focus on the

fused deposition modeling (FDM) method of 3D printing as it is one of the most com-



monly used methods and tends to be the simplest. The 3D printing process begins
with designing a three-dimensional model of a product with a computer aided design
(CAD) software. The complete 3D model is subsequently imported into a 3D printer
and digitally sliced into a set of thin “layers” by a slicing software. To fabricate
the three-dimensional product, the solid polymer filament, typically in the form of
wires, is heated up above its melting temperature and extruded through the printer
nozzle onto a build platform to form a horizontal, two-dimensional layer. Repeating
this process, multiple 2D layers are built on top of the others to create the final 3D
product as seen in

extrusion /—rolier of extruder
/  nozzle

/—part
built up

z| | |
I \—table

/—plastic filament

Figure 1.1: Schematic of how the bulk filament material is extruded in several layers
to construct the desired part.

These layers typically consist of continuous strands placed along another in a
specified pattern. The distance between the strands of material that make the layers
is directly associated with the infill density and part quality. The quality of a print
can be edited via user input to produce smaller layers at the cost of more production
time. The smaller layers assist the printer to better capture the geometries of the
desired part [14] as demonstrated in Figure[1.2] The patterns in the material also vary
based on user input such that it can be optimized for strength or production speed.
The movement of the filament strands is controlled by a combination of controllers
typically a motor driven belt or screw mechanism moving either the extrusion head

and/or the entire build plate.
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Figure 1.2: The effect of the layer height and quality of a print to capture the geometry
desired known as the stair stepping effect.

There are typically two main types of movement configurations for FDM 3D-
printers, the Cartesian and Delta configurations as seen in Figure . The
Cartesian configuration consists vertical and planar movements, typically the vertical
movement is in-dependent of the planar movements. An example is the cartesian
movement in Figure|l.3|with planar movements controlling the bed while the vertical
movement is controlling the extrusion head. The opposite can also be found with
planar movements controlling the extrusion head and vertical movements controlling
the bed depending on the manufacturer. For the Delta configuration all controller

movement is placing the extrusion head while the bed stays stationary.

Cartesian Delta

Figure 1.3: Visual representation of how both cartesian and delta configurations
operate to deposit filament strands. (With permission from Creative Commons)



The movement of the motors can vary for each machine, yet most machines use
the same numerical control language G-Code. The G-code is generated using what
is known as a slicing software. The slicing software turns a three-dimensional object
into several "layers” that make up the desired structure by “slicing” it. Each layer
then is converted into several linear movements that the 3D printer can follow known
as the G-code, an example of a G-code snippet can be seen in Figure The G-
code then commands the movement of the motors to precisely deposit the filament

material and forms the final product.

Set extruder
set N3 TO ,/ temperature to 200 degree
extruder| N4 M104 5200
0 % -—— .
NS G92 EO*&7 Set position
N6 G2822
/ N7 G1 F1500.0%82 Controlled
=< N8 G1X2.0Y2.0 F3000.0"85 move
N9 G1X3.0Y¥3.0%33
to
Crigine

Figure 1.4: Example of how the G Code numerical instructions relate to the move-
ments/actions of the 3D printer. (With permission from Creative Commons)

The process begins with the part being modelled in a CAD program by updating
an engineering drawing, or by being directly created into the CAD program using the
creators’ vision for a design. Once the 3D model is created, it is then exported to a
file type compatible with a slicing software (I.E. STL or OBJ). The slicing software
breaks down the CAD file by "slicing” it into multiple digital horizontal layers. Each
layer is then turned into a series of linear movements for the 3D printer to follow [16].
The linear movements themselves would depend on several user inputs (i.e., infill
type, and density) so the focus will mainly be on the generation of the movements for
the 3D printer. The movement instructions are collectively called the G-code which

is used for many manufacturing purposes [17]. The G-code is the instructions read



by the 3D printer to command the various servos moving the extruding head as well

as commanding the extruder to place material on the printing surface.

1.1.2 Additive manufacturing of composite materials

Composites have been successfully used in aerospace and space industries and are
gaining momentum in the automotive industry. With a yield strength of more than
ten times that of steel or aluminum, and a density of only about one-fifth that of
steel and one-half that of aluminum, composites have become the top choice for pro-
ducing lightweight vehicles [6]. The common manufacturing methods for composites
include autoclave molding, compression molding or thermoforming, filament winding,
resin transfer molding, pultrusion, etc. [7]. Among those methods, autoclave molding
is the oldest molding process for making large composite structures. This method
essentially has no restrictions on sizes and shapes of the products; however, it is a
labor-intensive process due to the involvement of hand lay-up. In contrast, compres-
sion molding or thermoforming is the simplest forming process for composites. In this
process, heat and pressure are used to transform a flat composite sheet into a desired
three-dimensional shape. These methods produce composite products with desirable
mechanical properties, yet hand layering techniques are labor intensive and molding
techniques often require expensive molds or specialized post processing autoclaves. As
such there have been movements to produce these mechanically favorable composites
using the direct and low-cost method of 3D printing. The introduction of reinforcing
fibers can sometimes prove difficult to implement in additive manufacturing meth-
ods, especially the loose substrate and resin pool methods. The different densities
in the material can cause an uneven distribution in liquid matrix materials, and the
scattered powder methods often are not precise in fiber concentrations/placement.
There do exist some continuous fiber FDM based 3D printing technologies currently
available on the market such as Markforged and Anisoprint; however, the samples pro-

duced are highly anisotropic and careful consideration for fiber orientation needs to



be considered. This is a well-known artifact when using 3D printing and disclaimers
are used on these companies’ websites stating that careful consideration needs to
be taken in fiber placement and orientation. New additive manufacturing methods
such as selective composite formation which uses a metallic fiber impregnated pho-
topolymer resin as seen in the work of Cunico and De Carvalho [18]. These types of
methods are heavily limited by the need for the resin matrix to UV curable and need
to be produced in a way that the reinforcing fibers don’t impede the distribution of
the UV curing laser. These newer methods might look promising; however, they are
mostly concepts that have yet to be fully investigated and are not as widely accepted

manufacturing methods like FDM.

substrate + resm

Resin Metal-Polymer
J'r impregnation Composite
b -
[ v 71 - 1
l ] |
|

building of layers
| | | \

Metallic
Substrate

Final Object of L .
Metal-Polymer MelaI—Pf:)I\rmer ayers queuing
Composite Composite )
1
-\ ¥
i <

Removal of residual material =
substrate + resin

Residual material

Figure 1.5: TIllustration depicting the selective composite formation manufactur-
ing method using the resin impregnated metallic substrate (With permission from
Springer Nature)

Methods deriving from the traditional FDM process have also been developed
utilizing both continuous strands and short fibers. One of the more basic methods
is to use a 3D printed filament impregnated with short reinforcing fibers that can
be used with most ordinary 3D printing machines. The reinforced fiber filament is

inserted into the extruder and functions similarly to a pure polymer filament. The



only modifications needed would be to alter the printing parameters (mainly the
extruder and print bed temperature) to accommodate the new filament and replace
the typical soft brass nozzles with a more durable material. The reinforcing fibers
tend to be abrasive and can file away at the soft nozzle material; to accommodate
this the brass nozzle’s thermal conductance is sacrificed and replaced with either a
hardened steel alloy or the nozzle tip is replaced with a durable ceramic material.
To incorporate continuous fibers more considerable hardware and software changes
need to be implemented. One of the least intrusive methods for implementing these

continuous fibers are those similar to the method depicted in Figure [1.6]
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Figure 1.6: Modified 3D printer extruder assembly to incorporate a continuous rein-
forcing fiber strand from a bulk roll.



1.2 Current limitations and setbacks

As covered in a previous sub-chapter, traditionally manufactured composites often
undergo an enclave post-process that involves an environmentally closed system. This
results in a uniform pressure and temperature across the composite as its being man-
ufactured resulting in the individual layers being bonded together with minimal gaps.
In 3D printing the product is exposed to ambient temperature and pressure as its
being manufactured and the products geometric precision is defined by the machine’s
movements. Shifts in pressure and temperature can cause manufacturing defects
within a part, and the precision of the dimensions between the strands of deposited
filament can be limited by the machine’s hardware. Microstructural analysis revealed
that the fiber reinforced filaments and printed samples contained a higher quantity
of large voids when compared to the pure polymer filaments and printed samples
(Figure [1.7). The black dots show the voids in the final products microstructure and
how the introduction of reinforcing fibers with different thermal properties can cause
manufacturing defects. This only compounds the defects and difficulties associated

with determining the anisotropic mechanical properties of pure polymer 3D printing.



Figure 1.7: Comparison of filament microstructures for a pure polymer filament
[transverse (a) & longitudinal (b)] and for a fiber reinforced filament [transverse (c)

& longitudinal (d)] [19].

This then leads to the main question with composites in additive manufacturing
and specifically 3D printing: if the manufacturing conditions for more conventional
methods such as hand-layering techniques differ in processing steps, thus it is fair to
assume that the mechanical properties of the end products will vary greatly. Studies
tend to show that not only do the products have different mechanical values, but
the 3D printed products tend to exhibit more anisotropic behaviors that are difficult
to predict. Currently there is not an industry-wide-accepted method for predicting
the anisotropic behaviors of 3d printed products in general, and the inclusion of
unidirectional reinforcing fibers only tends to complicate the matters. In this aspect,
simulation methods to better understand the utilization of short and continuous fiber-
reinforced filaments would greatly aid in pushing 3D printing forward to more useful
applications in industry. Despite this very limited work is found in the literature

on this topic and current manufacturing implementations follow a more “guess and



check” method that utilize “rules of thumb” to attempt to optimize fiber placement.

1.3 Motivation

Currently there is no universally accepted method to predict the mechanical behav-
ior of a 3D printed object before manufacturing it. The variety of 3D printing infill
methods and materials allows for the final products have a diversity of favorable
mechanical properties. The issue with this variety is that the nature of the man-
ufacturing method causes the final product to have highly anisotropic mechanical
properties that are difficult to solve for. Each method of infill introduces its own
unique microstructures and each method of introducing reinforcing fibers tends to
further complicate the necessary calculations. Current design optimizations tend to
follow a “guess and check” method where the prototypes are optimized by observing
its failure methods. While these methods are becoming more efficient through the
use of machine learning algorithms and user experience, these methods require mul-
tiple samples to be produced before the final design is reached and is time expensive.
Instead, the current goal of the research conducted is to apply a well-accepted and
time-proven method to an emerging field of manufacturing. The method in ques-
tion is the Classical Laminate Composite Theory (CLCT) and previous research has
shown that this method can already be applied to pure-polymer composites. Now the
added complexities of both short and long reinforcing fibers are being addressed, as
well as the designing and testing of a theoretically universal method for introducing

continuous fibers.

Copyright© Jordan Garcia, 2023.
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Chapter 2 LITERATURE REVIEW

The term 3D printing covers a variety of manufacturing methods such as: Fused De-
position Modeling (FDM), Stereolithography (SLA), Digital Light Processing (DLP),
Selective Laser Sintering/Melting (SLS/SLM), and Laminated Object Manufacturing
(LOM). The FDM process consists of a spool of filament material being fed into a
heated extrusion nozzle. This process of using a heated extruder could use virtu-
ally any thermoplastic filament material [20]. The filament material is melted and
deposited on a print bed in layers to form the product. These layers typically con-
sist of continuous strands placed along another in a specified pattern. The distance
between the strands of material that make the layers is directly associated with the
infill density and part quality. The quality of a print can be edited via user input to
produce smaller layers at the cost of more production time. The smaller layers assist
the printer to better capture the geometries of the desired part [21]. Yet now with
the introduction of reinforcing fibers, the smaller layers could interfere with the adhe-
sion between the fiber and matrix Figure 2.1} The patterns in the material also vary
based on user input such that it can be optimized for strength or production speed.
The movement of the filament strands is controlled by a combination of controllers
typically a motor driven belt or screw mechanism moving either the extrusion head
and/or the entire build plate. With the inclusion of a continuous strand of fiber, the
direction of material deposition will also align the fiber along the extruded polymer.
The most common method of 3D printing is the Fused Deposition Modeling, and thus

the FDM method is used for testing and sample production in the later chapters.
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Figure 2.1: Schematic depicting the co-extrsuion process with the fiber being extruded
along with the polymer matrix [22].

2.1 State of composite printing

Composite materials have been in use in a variety of different industry applications
for several decades, with one of the most recent advancements being the fabrication
of composites using additive manufacturing methods. Due to the recent innovation of
the composite additive manufacturing processes’ there is a lack of review for additive
manufacturing of continuous fiber composites [3D composite 1-0].

Multiple additive manufacturing methods exist for creating continuous fiber re-
inforced composites such as stereo-lithography (SLA) , Direct Energy Deposition
(DED), and Finite deposition modeling (FDM). Stereolithography (SLA) is the use
of focused laser beams on the surface of a vat of liquid photopolymer to produce
3 dimensional solid objects . The photopolymer gets solidified by the laser and
creates a single layer similar to the FDM method. The solid layer is then lowered
into the liquid and the next layer is solidified atop the previous layer and adheres to
it as seen in Figure The laser is used to irradiate and cure the polymer and is
controlled by a dynamic system of mirrors. These mirrors control the direction of the
beam and “write” the cross section of the model on the polymer surface [24]. Sim-

ilarly to the FDM method, stair stepping effects are noticeable if the surface is not
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perpendicular to the laser beam and the layer thickness is higher. The SLA method
however, requires another step of post-processing for the removal of excess material
to make it safe to handle. This includes rinsing with water as well as rinsing with

ethyl alcohol before removing supports.

Mirror Hardening laser

/

/" Printed object \\

Moving platform

Liquid vat of photopolymer

Figure 2.2: Example of 3D printing using the stereo-lithography method.

Direct energy deposition is an additive manufacturing method that uses a constant
flow of material and melts/fuses the material vie concentrated thermal energy to
create a layer as seen in Figure [1]. This method is theoretically capable of
printing entire composite structures; however, they are mostly used to repair or add

additional material to an already existing object [25].
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Figure 2.3: Example of 3D printing wusing the direct energy deposition
method for a powder based material (With permission from Springer Nature
https://www.springer.com/journal/170/ [1].)
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The most common method for 3D printing is the Finite Deposition Modeling
method due to its manufacturing convenience and simplicity ,. The basis of
FDM is the extrusion of the bulk filament or fiber roll through an extruding nozzle
onto the print bed, yet how exactly the reinforcing fiber is introduced can vary.
While the material of the reinforcing fibers can vary, the length of the fibers used
also vary greatly. For this study the types of fiber reinforcement were separated
into two sections, the discontinuous fibers and continuous fibers. Continuous fiber
composites tend to have the most preferable mechanical properties; however, they are
often synonymous with high cost due to the expensive equipment and material cost
used for manufacturing these composites [1]. Discontinuous or short-fiber composites
are traditionally less expensive and are normally less difficult to manufacture while
still retaining some of the benefits of reinforcing fibers [2]. The FDM method is
the dominant method for 3D printing composites . This is partially due to the
price of FDM 3D printing has also drastically reduced from $20,000+ to less than
$1,000 . While there is a financial incentive for the use of FDM, there are still

limitations to this method. FDM printers fail to achieve the dimensional accuracy of
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other 3D printing methods with an average accuracy of around 0.5mm; however other

manufacturers claim higher accuracy levels (Markforge claims accuracy of .16mm [26].

2.1.1 Discontinuous fiber FDM

Most composite 3D printing is done using discontinuous fibers due to the relative ease
of use and reduced cost when compared to the continuous fiber systems. Discontinu-
ous fiber reinforcement FDM consists of extruding a bulk filament that is reinforced
with short reinforcing fibers or powder. Several traditional FDM printers can become
discontinuous fiber printers by extruding a polymer filament with chopped fibers
mixed throughout to create discontinuous fiber composites [Ani2-23&24]. The pro-
cess is very similar to polymer-only FDM extruding with a few modifications needed
to minimize wear/damage to its components (Figure . The part most affected
by the switch to composite materials is the extruder nozzle and thus manufacturers

often recommend upgrading the hardware [Nozzle wear].

Spool

0° orientation

(s SCF reinforced

filament
deposition
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Figure 2.4: Spool of short fiber reinforced polymer  extruded
through a heated print head (With permission from Springer Nature
https://www.springer.com/journal/170/ [2].)

Due to the spool containing the fibers, the FDM method is especially capable of

producing parts with varying fiber content; however, the influence of the fiber content
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on the final parts mechanical properties have not yet been extensively studied [30].
Manufacturers wind the spool of bulk material and can input varying quantities of
carbon content which is normally specified in the material property sheets although
they can often be vague on the percentages. Thus the user would simply purchase
the desired pre-manufactured filament with the desired reinforcing fiber and content,
then simply use this bulk filament spool with a slightly modified desktop FDM 3D
printer. One limitation is the fiber content would not be adjustable as a new roll
would need to be manufactured in order to modify any quantities. These rolls would
also still need the flexibility to wind/unwind from the spool, thus high reinforcement
of a brittle fiber may be problematic [31]. There is also the issue of 3D printing is
already notorious for producing anisotropic final products and the introduction of
short fibers only further complicates the system. And thus the main issue with FDM
or 3D printing in general is the process creates final parts that tend to have anisotropic
properties that differ from the materials used to fabricate them [32]. There are various
attributing factors for these anisotropic mechanical behaviors varying from inter-
layer bonding, microstructure, fiber reinforcement method, extrusion temperature,
material limitations etc. As the printer deposits material the extruded material,
the layers can have poor inter-layer adhesion or porosity in the micro-structure and

negatively affect the overall mechanical behavior (Figure [26,,33].
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Figure 2.5: Scanning Electron Microscope (SEM) image of the micro-structure of the
extruded fiber filaments.

Aside form the layers not adhering to each other there is also the issue of the
fibers not perfectly adhering to the polymer matrix they are extruded within. This
raises the issue that not only can the final product have issues with inter-layer ad-
hesion and inter-strand adhesion, but now for fiber reinforced FDM the fiber-matrix
interface adhesion needs to be considered as well. This takes the focus of tempera-
ture control and print speed down from the macro-scale into the micro-scale where
the fiber-matrix adhesion is observed. Printing materials are often limited due to
requiring both the polymer matrix and reinforcing fiber having similar melting tem-
peratures and viscosity’s [31]. To address these issues, reinforcing fiber and matrix
materials are often pared for material compatibility. Certain fibers tend to adhere
better to certain matrix materials and further compliment the mechanical proper-
ties . Several print settings are adjusted to maximize adhering and minimize
gaps in the fiber/matrix interface [2]. Some printers such as the MarkForge does
not allow the user to modify the extruding temperature to avoid poor adhesion [26].
Continuous fiber printers are typically set to have higher extruder temperatures to

assist in better interlamellar bonding and less void space due to lower viscosity’s .
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Interlamenar bonding has also seen improvement by reducing the speed of extrusion
and movement; however, this tends to significantly increase production time and thus
cost. Then there is the ever present factor of the atmospheric temperature and build

space humidity that can affect the viscosity and material solidification [35].

Figure 2.6: Field Emission Scanning Electron Microscopy (FESEM) performed to
observe the fiber-matrix interface showing with proper preparation the interface gaps
can be reduced or even eliminated .

2.1.2 Continuous fiber FDM

Continuous fiber composites traditionally have the best mechanical properties but
can difficult or costly to manufacture, especially when attempting to use additive
manufacturing methods. Traditionally, continuous fiber composites used specialized
equipment such as vacuum enclaves or labor-heavy hand layering techniques. As
previously mentioned the use of additive manufacturing methods greatly improve the
convenience and reduce the initial cost when compared to traditional methods, but
the mechanical properties tend to suffer depending on the printing style used.

It was previously mentioned in the discontinuous fiber subsection that fiber and
matrix materials are picked to assist in interface adhesion, this is especially true for

continuous fiber composites. When selecting matrix and fiber materials for contin-
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uous composites the fiber and matrix material are selected to minimize weight and
maximize energy absorption . With better fiber-matrix adhesion the energy can
be more easily distributed from the encompassing matrix to the typically stronger
but brittle reinforcing fiber. As seen in Figure even with a properly selected pair
of materials there is still the present issues of voids in the micro-structure simply as

an artifact of 3D printing [36]. Certain methods have been proposed to reduce the

gaps in printing such as using square or triangular nozzle to help by curtailing void

space .

Figure 2.7: Cross section of a completely encased continuous fiber with small gaps
at the inter strand adhesion points illustration (Left) and viewed from a sample

(Right) [3].

The method of printing composites between FDM printers can vary based on the
type of filament/material used as well as how the extruded strands are deposited.
In 2014 MarkForge released the first commercial printer with an individual extrusion
nozzle for the reinforcing fiber and polymer matrix material. There also exist systems
that extrude both the fiber and filament through the same nozzle, this is known as
coaxial extruding. These systems reduce the number of extrusion nozzles to just
one. While these systems do create continuous fiber reinforced composites, they
are not capable of reinforcing only select fibers and tend to be more susceptible to

homogeneous products from the manufacture [37]. As the fiber and polymer are
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inserted into the extruder together, inconsistencies on the bulk material diameters
would result in inhomogeneous products due to insufficient impregnation of the fiber
in the encasing polymer matrix. To assist in these shortcomings, methods have been
proposed such as using laser-based pre-impregnation methods to aid in penetration
and diffusion [26]. These types of systems would be similar to the DED method as
an initial step for the FDM process.

One method of introducing reinforcing fibers is the dual head 3D printer which
has the fiber being introduced into the composite through the nozzle and a saw-like
mechanism cuts the long fiber after it is extruded between layers. This method does

not produce products with fibers homogeneous through the entire product.

Polymer spool Fiber spool

Dual Print head

Printed Part

Figure 2.8: Schematic of a dual head extruder with separate nozzles and feeders for
cach material type |4].

Other FDM printers can create continuous fiber composites by extruding both the
encasing polymer matrix and reinforcing fiber through the same nozzle, also known
as coaxial extruding. Other printing methods for continuous fiber 3D printing include
using a two nozzle system where one extrudes the polymer matrix while the other
extrudes the reinforcing fiber [26]. This method does not require all layers to be
reinforced with fiber and allows selecting layers with no fiber reinforcement which

the other methods do not accommodate. The coaxial style printers tend to be more
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susceptible to creating un-homogeneous products due to the fiber not being properly
impregnated as a result of the high temperature concentration at the extrusion nozzle

33).

2.1.3 Mechanical testing and models

The methods used for testing 3D printed composites were also investigated in relevant
literature. Unfortunately there is a lack of review of continuous fiber composites
produced by FDM as this invention is relatively recent. So far mechanical testing has
been extensively observed for each parameter in printing slicing software’s ranging
from infill types, build orientations, temperature, material selection, print resolution
[3]; however there is a noticeable bias on the quantity of tensile testing papers versus
bending testing samples, as well as a lack of focus on the properties of the size/shape
of the reinforcing fiber, with little known about its dynamic properties [3}4}26,30,35,
36,139].

This is partially due to the anisotropic nature of 3D printed structures and incon-
sistent findings [40], and there is a lack of accepted testing standards. Currently 3D
printed composites follow testing method standards for traditionally manufactured
composites. It has also been shown that FEA analysis can be sufficient to explain
the failure methods of 3D printed composites when appropriately used [41].

The fiber volume fraction has been noted to drastically affect the tensile strength
of sample (Figure , yet the fiber thickness and orientations are often not stated

or overlooked.
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Figure 2.9: Demonstration of how the fiber volume fraction can greatly affect the
tensile strength of the 3D printed object for a nylon-carbon continuous fiber composite

[4].

Literature does show some interesting relations for 3D printed composites that
are not normally found in traditionally manufactured composites. According to the
mechanical testing of 3D printed composite samples, the shear modulus of the 3D
printed samples is actually negatively affected by the fiber volume content and the
transverse properties are dominated by porosity and inter-layer adhesion . This
means that in the transverse direction your mechanical response is dominated by
your printing parameters, and in the shear direction the reinforcing fiber is actually
weakens the overall mechanical response. There is also the discoveries of the affects of
the infill on the overall mechanical properties. It was found that increasing the infill
percentage could aid in the tensile properties in the longitudinal direction; however,
when subjected to an impact load, the solid infill objects have a low resistance due
to the air gaps in the structure absorbing the shock [26].

Several methods for predicting the anisotropic behaviors of 3D printed parts have
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been proposed and published, each with its own application. Some models are pro-
posed that focus on varying fiber volume fraction and fiber orientations using the Rule
Of Mixing (ROM) which assumes either uniform stress, constant strain, or constant
stress [ [42]. This method has shown promise for low volume fraction composites
specifically for predicting its tensile properties [26]. This method however, does not
work well with higher fiber volume fractions.

Other methods have been proposed to use approaches used for traditionally man-
ufactured composites. Using yield criteria for traditional composites such as the
Tsai-Hill criterion are used to predict the overall stress/strain response in tension.
One downside of these types of yield criteria is the difficulty in prediction the bending
behavior due to the bi-modular behavior of the yield criterion. These types of solving
methods can also be computationally expensive through the need to use a custom
equation solver written by the research group that has not yet been optimized for
performance [27]. Other traditional methods such as using Laminate Composite The-
ory (LCT) have been proposed but research has been focused on specific alternating
patterns such as alternating 90 degree orientations. The size and volume fraction of
fibers need to be more extensively evaluated for a more accurate application for LCT
to be applied to 3D printing.

Constitutive models have also been proposed using experimental data to predict
a products mechanical response based on its fiber content [3D comp 3|. The tests
performed showed that the longitudinal modulus had a linear relation between it and
the products fiber content.The transverse modulus had a higher variance and a 2nd
order polynomial was used. This constitutive equation also relied on a ROM based
approach for lower fiber contents. Other constitutive methods used LCT as their
base [39]. Similarly to LCT the layers of the 3D printed object were observed to
behave in an orthotropic manner. One setback of these models is not being able to
account for the affects of the orientation of the object being built [43]. These models

have also focused on tensile type failures and have not been studied for flextural
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loading.

As shown, several prediction methods are proposed by different researchers for
specific applications, yet there still is not a universally accepted method for predict-
ing the mechanical properties of the 3D printed products. A few strides made in
literature are the correlation between 3D printed objects and traditionally manufac-
tured composite laminates. There is also the uniform agreement that analytical or
computational models are preferable alternatives to mechanical testing, especially for
continuous fiber samples [32]. The following chapters looks into using well known
and accepted methods for traditional manufacturing composite design and modifying
them to apply to additive manufacturing methods. The literature cited seem to unan-
imously agree that there are undeniable similarities between these types of processes
and there has been extensive discoveries made for tensile based testing. For bending

or dynamic testing methods, there is a lack of published literature.

Copyright© Jordan Garcia, 2023.
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Chapter 3 ANISOTROPIC BEHAVIOR OF 3D PRINTED SHORT
FIBER COMPOSITES — STATIC MECHANICAL PROPERTIES

3.1 Introduction

3D printing allows for inexpensive productions of engineering parts compared to other
conventional composite manufacturing methods such as autoclave molding or injec-
tion molding which often demands for expensive molds and possibly high labor costs.
Although 3D printing methods possess numerous advantages over conventional meth-
ods, they can introduce new challenges. During the 3D printing, reinforcing fibers
that are randomly distributed in the polymer matrix often become aligned due to
the shear flow near the nozzle wall when extruded [44-46]. The re-alignments of
reinforcement fibers can cause the anisotropic behavior in microstructures and me-
chanical properties of the final products. Further, as the material is extruded in
strands to form two-dimensional layers, the strands may not be closely packed and
thus “spaces” or “voids” are inevitably formed between neighboring strands [47]. The
presence of “spaces” and “voids” will certainly result in anisotropic structures and
properties of the finished products. Finally, the movements (the printing paths) of
the extruder can have significant impacts on the uniformity of the products. 3D print-
ers use the numerical control language G-Code to command the movements (paths)
of the extruders to deposit the filament materials to form layers. The directions of
the movements (paths) for creating layers are often arbitrarily defined by the codes
and vary greatly from printer to printer, and therefore, the properties of 3D printed
products may be highly directionality-dependent [16]. More recently 3D printing has
been used for fabricating composites as it is an automated manufacturing process
with a high design flexibility [8-13]. 3D printing consists of designing a part with
a computer aided design (CAD) model and converting it into a stereo lithography

(STL) file. This STL file is then created into a set of digital instructions for the
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printer to follow. In the printer, the solid polymer filament — the construction mate-
rial — is heated up into liquid and extruded through a nozzle onto the build platform.
The nozzle moves around horizontally and vertically to deposit a new layer on top
of the previous one (Figure . Therefore, the 3D printing method is also referred
to the “layered manufacturing” method . The focus of this chapter is to exam-
ine the anisotropic mechanical behaviors of fiber reinforced composites by additive
manufacturing (3D printing). Carbon fiber reinforced acrylonitrile butadiene styrene
(CF-ABS) composites will be fabricated using various open-source printers and at
various printing configurations. 3D printed fiber composites are further compared
with those made through conventional manufacturing method. The anisotropic be-
havior of the composites will be modeled by using the classical laminate composite

theory.

Extruding head

| Build surface I

Figure 3.1: Sketch of a typical 3D printing process of a fiber reinforced polymer
composite. The fiber filled polymer filament is extruded through a nozzle and then
laid down as successive layers to form a composite.

3.2 DMaterials and methods

For the experiments, the materials used consisted of acrylonitrile butadiene styrene

(ABS) resin and short carbon fiber reinforced acrylonitrile butadiene styrene (CF-
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ABS) composite. The ABS and CF-ABS filaments, in the form of wires, were pur-
chased form 3DXTECH in 1 kg spools.

3.2.1 3D Printing of CF-ABS composites

Rectangular bending specimens were produced using three open-source 3D printers,
each with a unique slicer software: (1) the Flash Forge Dreamer 3D printer with
Flashprint slicer software, (2) the Tevo Tornado 3D printer with Cura slicer software,
and (3) the Prusa i3 Mk3 3D printer with Slic3r slicer software. The models for
these samples were created and exported into .STL files using a CAD software called
SolidWorks by Dassault Systems. The solid bending specimen model was designed
with the nominal dimensions of 75 (L) x 15 (W) x 3 (t) mm in SolidWorks and then
converted into a .STL file. The STL file was imported into each printer and the
slicing software would “slice” the 3D solid model into a series of horizontal layers
and then deconstruct each layer into a series of instructions for the printer to follow
(through the G-code) [49[50]. The samples were printed in batches with four samples
being produced at once placed in different positions as seen in Figure [3.2] Each
printer’s slicing software was then set to print all four solid samples, each with a
different position and angle with respect to the build plate. The pattern of the infill
would remain as the default “Rectilinear” pattern for a 100% infill density to create
solid parts. The default “Rectilinear” setting used by each printer consisted of linear
patterns with an alternating 90°angle for subsequent layers. The temperature of the
extruded filament was set to 245°C and the printing bed was set to 115°C, as specified

by the filament manufacturer to ensure adequate melting of the filament.
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Position IV
Position II

Position I

Printing Bed

Figure 3.2: Parts are printed at four different positions on the printing platform.

3.2.2 Compression molding of CF-ABS composites

Conventional manufacturing methods for composites often involve in the uses of
pressurized, heated molds while 3D printing produces composites in a mold-less,
pressure-less, open environment through the “layered” fabricating technique. Thus,
it is reasonable to hypothesize that 3D printing method would produce products
with different microstructure and mechanical properties from those manufactured by
conventional means. To explore these differences, compression molded CF-ABS sam-
ples with the same nominal dimensions was prepared and then compared to the 3D
printed samples. For consistency, the filaments used for 3D printing were cut into
pellets (approximately 1lmm in length) and subsequently used for compression mold-
ing. The chopped CF-ABS pellets were filled inside a square-shaped aluminum mold,
10 (L) x 10 (W) x 3(t) mm, and then placed between two heated plates in a hydraulic
pneumatic press. The plates were heated to 245°C, the same temperature used in 3D
printing, and then compressed ejecting any excess material. The heated plates would
continue to heat the compressed mold for 2 min. and then allow it to cool. The
cooling process would vary at two different rates: (1) fast-cooled and (2) slow-cooled.
At a fast-cooled rate the mold would immediately be removed from the hydraulic

pneumatic press and allowed to cool naturally in a room temperature environment.
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For the slow-cooled case the mold would remain in the hydraulic pneumatic press
while the power of the press was turned off. The mold would remain in residual heat
until cooled to room temperature. To obtain the same dimension rectangular bending
samples, the square-shaped CF-ABS plates were subsequently cut using a laser-cutter
machine. The same CAD model that was used to create the 3D printed samples was
imported into the laser-works software. This software would turn the 2-dimensional
outline of the CAD model into a path for the laser to follow and precisely cut out the
samples. This process would guarantee that the compression molded samples and the

3D printed samples were identical in size.

3.2.3 Mechanical testing

Both 3D printed and compression molded samples were tested using in bending on
a PASCO Material Tester equipped with PASCO Capstone software. The samples
were loaded between two-point supports and the force was applied at the middle
using a wedge-like applicator until failure. Prior to testing the testing apparatus
was calibrated using samples and data provided by PASCO. During testing load
and deflection data were recorded using their respective sensors. The data was then

processed and used for subsequent analysis.

3.3 Results and discussion

Acrylonitrile-butadiene—styrene (ABS) is one of the most widely used industrial ther-
moplastic and the most common material used in 3D printing. Figure depicts a
typical stress-strain response of an ABS sample obtained through 3D printing (the
Tevo printer). It is seen that the ABS resin displays a typical elastic-plastic behavior:
an initial elastic deformation followed by a large-strain plastic deformation. However,
with the insertion of short carbon fibers (=~ 15%), the resultant CF-ABS composite
become predominately elastic (Figure . The Young’s modulus of the CF-ABS

composite was estimated as 6416 MPa, which is almost five times of the modulus
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of ABS pure resin (=~ 1410M Pa). The CF-ABS has a failure limit 0.03%, opposed

to a failure limit over 15% for the ABS pure resin.
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Figure 3.3: Stress-strain curves of ABS and CF-ABS samples from the Prusa 3D
printer.

Ideally the choice of a manufacturing method should not alter the mechanical
properties of a finished product; however, this is not the case with 3D printing.
As a mold-less, pressure-less manufacturing method, 3D printing produces parts by
depositing successive layers in an open environment. As a result, the 3D printed parts
often contain “voids” and have poor adhesions between strands/layers, which lead to
anisotropic structure and mechanical properties. The formations of “voids” or poor
adhesions/connections of strands/layers further depend on the directions of printing.
Figure 3.4 & Figure show the resulting stress-strain curves of CF-ABS composites
from the various printers. It is seen that samples from positions I and IV have greater
failure strain than samples from positions IT and III. This “split” in the results can
be attributed to the use of the default “Rectilinear” infill pattern. As illustrated in
Figure [3.2] the “Rectilinear” infill path follows a grid-like pattern oriented along the
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printing surface which results in the positions I and IV having similar infill paths and
the positions II and III having different infill paths. Due to such differences in infill
patterns, the printed parts, although made using the same material and the same

printer, exhibit different mechanical behaviors.
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Figure 3.4: Stress-strain curves of CF-ABS samples of varying positions from the
Prusa 3D printer.
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Figure 3.5: Stress-strain curves of CF-ABS samples from the Flashforge 3D printer
based on the position on the print bed (Figure [3.2).
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Figures[3.5&3.4]| show that not only is there a difference in the stress-strain curves
resulting from how the sample is oriented on the print bed, but the stress-strain
curves also vary by printer used. Although the same printing conditions are used for
G-code generation for each printer, there lies a significant difference on the perfor-
mance of the printed samples among the machines. A quick comparison of sample
positions between printers shows how different the stress-strain curves can vary: the
greatest variation being how the Prusa has a significantly higher maximum strength
and Young’s modulus than the other two 3D printers. This is partially attributed to
the fact that the Prusa printer has tighter tolerances with the amount of material ex-
truded, allowing for better adhesion’s between strands/layers. The Flashforge printer
is ranked in the second in performance, partially due to the fact that this printer is

equipped with an enclosure and thus has a better temperature control.

100
9 r
80
70
60 r
50
40 r
30 r
20 r
10

o . . . |
0.00 0.01 0.02 0.03 0.04

Strain

Stress (MPa)

—Flashforge
Prusa

Tevo

Figure 3.6: Comparisons of stress-strain curves of CF-ABS samples from different 3D
printers. Samples were printed at the I position.
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Figure 3.7: Comparisons of stress-strain curves of CF-ABS samples from different 3D
printers. Samples were printed at the position IV.

3.3.1 Stress-strain curves of CF-ABS composites from different printers

In 3D printing, a solid is first drawn in the form of a CAD model and saved as a
STL file. The model is then sent to a 3D printer where it is digitally “sliced” by
the slicer software into many horizontal layers. On each layer, the slicer generates
the digital instructions (paths) for the 3D printer nozzle to deposit the filaments.
Most 3D printer slicing software are equipped with the default printing method, the
“Rectilinear” printing path, which may not yield the best quality of parts. To examine
the effect of the orientation of filaments (and fibers), the slicing codes used for the
present three printers were modified to allow the extruders to print the “linear” paths.
These would cause all the strands of infill material to be oriented along the printing
bed at a user-inputted angle and thus aligning the reinforcing fibers. New samples
were produced using the same print settings as before, except an oriented linear infill

was utilized instead. The samples were printed in batches of six samples each with
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a different infill orientation with respect to the build surface. The infill orientations
would vary from being aligned to the length of the rectangular specimens (0-degree)
and increase in misalignment by 15-degree until perpendicular with the sample. The
samples are then tested in bending and the resultant stress-strain curves are shown
in Figure 3.8 It is seen that the stress-strain responses of the samples would decrease

with increasing misalignment of the fibers with respect to the loading conditions.
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Figure 3.8: Stress-strain behaviors of oriented CF-ABS samples from bending test.
Samples are printed from the Flashforge 3D printer.

Figure [3.9] is a comparison of the CF-ABS parts produced by 3D printing with
default printing path (Rectilinear) and with modified printing paths (Linear). It is
seen that the parts obtained at the optimal printing (0-degree) and the worse printing
(90-degree) would serve as the upper and lower bonds and that the parts printed by
using the default method would fall in between these bonds. This indicates that
the 3D printed parts can theoretically be “tailored” in order to achieve the “best”

performance.
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Figure 3.9: Comparison of stress-strain responses of CF-ABS composites from ori-
ented infill samples and the default “rectilinear” samples (position I and Position II).
Samples are printed from the Flashforge 3D printer.

3.3.2 Stress-strain curves of CF-ABS composites from compression mold-
ing
For comparison, the CF-ABS bending samples were fabricated by the conventional
manufacturing method, i.e., the compression molding, using identical processing pa-
rameters and then tested using the same procedure as used for the 3D printed samples.
To minimize any disparities, all samples were tested in the same time and in a random
order. As depicted in Figure |3.10, all compression molded samples exhibit identical
stress-strain responses. There is negligible variation in stress-strain curves between
slow-cooled and fast-cooled samples, so the effect of cooling rate on mechanical prop-
erties is deemed to be at the minimum. Quantitative properties of the compression

molded samples were estimated from the stress-strain curves.
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Figure 3.10: Stress-strain responses of compression molded CF-ABS composite
samples.

Figure [3.11| shows the comparison of stress-strain curves between compression
molded samples and 3D printed samples. For 3D printed samples, results obtained at
position I were used since they represent the strongest sample from each 3D printer
(Figures & & & . It is seen that even the best quality samples from 3D
printing fail to match those from compression molding. For example, the compression
molded CF-ABS composite has a maximum strength of 116 MPa, as opposed to the
averaged maximum strength of 74 MPa of the three 3D printed samples. These
results support the hypothesis that the methods of manufacturing can significantly
affect the properties of the finish products and that 3D printing method generally
produce parts with inferior microstructure and mechanical properties to those from

conventional manufacturing.
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Figure 3.11: Comparison in stress-strain responses between compression molded sam-
ple (slow-cooled) and 3D printed sample from each printer (position I).

3.4 Perimeter/contour effect

When 3D printing an object one or more outlines are typically placed before the infill
is distributed, this is often called the perimeter or contour of the geometry [51]. This
perimeter is a single continuous strand that encompasses the geometry of the final
product by first printing it outside walls. Afterwards the infill of the product is placed
for the layer. While the number of perimeter walls can be modified, a minimum of at
least a single perimeter is used for each layer as it can significantly improve a products
mechanical properties [51-53]. Not only can it assist in distributing applied loads,
its a major component of surface finish and the aesthetics of the final part [Steuben
2015]. While the layer perimeters can provide beneficial mechanical properties, when
attempting to predict a products mechanical properties it simply becomes another
parameter to consider. For the sake of narrowing the focus of this paper, the printer

set defaults of 2 perimeters are set as the standard for current and future samples.
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While adding perimeter layers does provide a more similar test piece to an industry
produced product, it introduces some complications in testing methods, especially
for tensile testing. The width of the extruded infill is often specified by the user
and typically within £5% the nozzle diameter for best results, while the perimeter
is often in the order of 1-2 millimeters . This means that the strand deposited
to form the perimeter is considerably larger than the strands deposited to form the
infill. This means that is the product has a relatively thin cross section, a significant
portion of the cross section will be the perimeter and not the infill (Figure . For
large sample testing the perimeter occupies a low percentage of the cross section, yet
this percentage increases as the cross section narrows and number of infill strands
deceases. Meaning mechanical testing methods with thin cross sections would be
more susceptible to the mechanical effects of the perimeter versus a sample with a

significantly larger cross section.

Top Layers

Infill

Outer Shell

Bottom Layers

Figure 3.12: Perimeter of a 3D printed object with internal infill strands creating the
bulk of the sample [5].
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3.4.1 Sample testing effects

As previously mentioned the perimeter of a 3D printed object is necessary for cre-
ating products with preferable surface finishes and can affect the overall mechanical
response [7,7,?7,53]. The severity of the effects of the perimeter/contour is then
investigated using both bending and tensile testing method samples. According to
Laminate Composite Theory, the mechanical properties of the composite lamina’s are
directionally dependant. Meaning the mechanical response of the lamina will change
based on the direction the reinforcing fibers are facing. Therefore, unless the infill
fibers are not facing in a direction parallel to the perimeter, the infill is going to have

a different mechanical response than the perimeter surrounding it (Figure (3.13)).
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Figure 3.13: The orientation of the perimeter may not always align with the infill
fiber and thus affect the products mechanical properties.

Figure shows how the cross sectional area of a tensile testing sample can
have a significant portion be taken by the perimeter versus the infill strands. LTC
uses the content of the fiber compared to the content of polymer matrix to calculate
the modulus of the longitudinal direction [3.1 This system of equations does have
the assumption of a single uniform fiber; however, the manufacturer does not specify
the length/homogeneity of the fibers. Thus these equations are used as a prelimi-

nary observation. These equations do however capture the orientation dependence
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of composites. If the fiber is rotated then the fiber would no longer be aligned with
the direction of loading and the modulus would change accordingly. The longitudinal

modulus is written as

Ey = EVi 4 EnVi, (3.1)

where Ey, F,, are the modulus of elasticity of the fiber and polymer matrix re-
spectively, and V,V,, are the volume fractions for the fiber and polymer matrix
respectively. The volume fraction is the ratio of the volume of the material versus the
final products total volume. According to the manufacturer, the fiber volume fraction
of the filament is 15% and modulus for the reinforcing fiber has a tensile modulus
of ~ 34.5GPa. Combining these together we get that the theoretical longitudinal
modulus is =~ 6.840 GPa. For a sample with all fibers oriented along the length of
the part, the modulus would theoretically be 6.840 GPa. We find that for a sample
oriented in the transverse direction the modulus of elasticity is found using Equation
3.2| where Er is the transverse modulus.
ELT = g—; + g—: (3.2)
Using the manufacturer specified values, the transverse modulus would then be ap-
proximately 1.93 GPa. We then use a combination of our longitudinal and transverse
moduli to find our approximate modulus for our entire structure. Figure [3.14] shows
how the perimeter consumes a percentage of the cross sectional area and is aligned
parallel with the longitudinal direction, while the infill direction can be aligned in the
transverse direction. Therefore we can approximate our modulus of our final product
by using the same equations as before except for longitudinal and transverse in place

of fiber and polymer matrix (Equation [3.3).
E = EqVo + Eoo Voo (3.3)

Where E is the final products modulus, Ej is the transverse modulus and F40 is the

transverse modulus.
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Figure 3.14: Difference in perimeter cross sectional area percentage between a tensile
(left) and bending (right) test specimen.

To compare the theory to experimental testing, the same dimensions of the bend-
ing specimens are used with the consideration of two 0.5mm thick perimeter walls.
By assuming a uniform cross section, we can use the cross sectional area fractions
to approximate the volume fraction of the fiber/matrix. With the sample having a
width of 15mm and Imm of perimeter for each side, the infill dictates 87% of the
fiber orientation, while the perimeter dictates the remaining 13%. Plugging these
values into Equation [3.3| we get our total final modulus to be approximated as 6.84
GPa when both infill and perimeter are oriented in the direction of loading. For the
perimeter being oriented but the infill being orthogonal in the transverse direction,
the modulus decreases to 2.57 GPa. For a tensile sample the total width would be
closer to 3mm where as the perimeter would still consume 1mm of the cross section
on each side of your sample. Thus the infill would only control 33% of the cross
sectional area and your transverse infill modulus would give a final product with a
modulus of 5.22 GPa. While this is a higher value than the bending samples and
would be the smarter design choice for this specific geometry, the tensile test samples
simply fail to capture the effects of the infill orientation changes due the perimeter
strands taking a significant portion of the cross sectional area.

To test this hypothesis, dog-bone shaped tensile samples were produced and tested
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following the same notation as the bending samples. The dog-bone center sections
were a 3mm X 6.5mm cross section and were 82mm long. The samples were clamped
on both ends and pulled until failure occurred. The stress was calculated using

Equation [3.4 and the strain was calculated using Equation [3.5]

F
oL

Where o is the stress, € is the strain, F' is the force recorded by the load cell, A is the
cross sectional area, 0L is the change in length and L is the initial length. The results
of the tests are plotted below in Figure [3.15 and showed not noticeable correlation.
As Figure shows, the modulus has not direct correlation for the angles tested
and there seemed to be a high variation is results. The 90 degree samples seemed to
vary especially so which can be caused by the fiber becoming less oriented. With the
unoriented fiber, the perimeter layers would be doing the majority of the work but

the values simply appear to be too unstable.
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Figure 3.15: Recorded experimental data for carbon fiber reinforced tensile samples.
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Figure 3.16: Modulus of elasticity calculated for each tensile test sample recorded
showing no trend and high variance in values.
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Comparing the theoretical results with the data collected from the experimental
tests, it was found that the bending test predictions were 25-28% above the exper-
imental values consistently. The tensile samples on the other hand had completely
different values ranging from a 70-85% difference to the predicted values. This is
mainly attributed to the nature of the perimeter layers dominating the total mechan-
ical response. It should be noted that although the values were vastly different from
the predicted results, the experimental result averages only varied by a maximum of
10%. This means that the orientation of the infill strand had very little effect on the
total mechanical response, which the model predicted for the tensile responses. The
magnitude changes and variance are likely due to the small areas and samples needed
for tensile testing. The slightest imperfection due to the artifacts of 3D printing

would be emphasized as the voids would be proportionately larger.

3.4.2 Recorded differences in sample types

It has also seen in previous studies that the use of tensile testing specimens also tend
to give significantly brittle responses compared to their bending counterparts. This
is shown using data from a 3D printed polymer-only study conducted previously
[55]. Both sample sets used the same 3D printer, filament, and testing apparatus
to study the affects of the direction of extrusion. From this study it was found
that the tensile testing samples had brittle responses and rarely captured any ductile
behavior. Figures figs. to show data from multiple sets of 3D printed tensile
samples. These samples were printed in batches containing multiple orientations
with each sample in a batch printed simultaneously. The cross section of the samples
were printed with the nominal dimensions of 2mm width, 3mm thickness, and 40mm
length. The data showed that the samples with aligned fibers to the direction of
tensile loading (0°) had the most preferable mechanical properties and showed the

most ductility.
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Figure 3.17: Stress/strain results for polymer only samples of batch 1 tested using
the tensile testing method.
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Figure 3.18: Stress/strain results for polymer only samples of batch 2 tested using
the tensile testing method.
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Figure 3.19: Stress/strain results for polymer only samples of batch 3 tested using
the tensile testing method.

The bending samples shown in Figures figs. to were produced with
nominal dimensions of 15mm width, 3mm thickness and 75mm length. It was shown
for these samples that the plasticity of the samples is more accurately captured than
the tensile samples. Even the 0 degree samples from the tensile testing samples did
not capture as much of the plastic deformation present in the bending tests. This is
attributed to the bending samples being able to gradually fail when being subjected
to an increasing load while the tensile samples would abruptly fail. This is also
attributed to the increasing importance of the perimeter effect previously mentioned.
Considering the addition of brittle reinforcing fibers for 3D printed composites, the
bending style of testing would be more applicable to capture a more total response
when compared to tensile testing samples. As such bending tests are used for further

investigation of the mechanical properties for 3D printed composites.
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Figure 3.20: Stress/strain results for polymer only samples of batch 1 tested using
the bending testing method.
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Figure 3.21: Stress/strain results for polymer only samples of batch 2 tested using
the bending testing method.
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Figure 3.22: Stress/strain results for polymer only samples of batch 3 tested using
the bending testing method.

3.5 Theoretical analysis of mechanical properties of 3D printed fiber com-

posites

The orientation dependent mechanical properties of a 3D printed composite may be

analyzed by using the theory for laminate composite [?]. As 3D printers produce parts

by creating layers of linear strands of melted plastic, laminate composites are created

by stacking up multiple individual laminas (or layers) at different orientations [?]. The

strain-stress relation of an arbitrarily oriented layer in a composite may be described

through the compliance matrix S (Equation [3.6).

€y (= | Sux Sy Sys Oyy
Yy Ssm Ssy Sss Ty

(3.6)

where Sy, Syy, Sss, Sus(Ssz) and Sys(Ss,) are the compliance components, defined

by the following set of equations [3.7]
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S.e = mAS1 4+ ntSas + 2m?n2S1y + m2n®Seg

Syy = ntSi1 + miSes + 2m3*n2S1s + m?n?Ses

Spy = m*n?Sy1 + m*n®Sa + (m* +n*) S, — m*n?See -

Sps = 2mPnSi; — 2mn® Sy + 2(mn® — m3n)Si, + (mn® — m3n)See 0

Sys = 2mn®Sy1 — 2m>nSey + 2(mPn — mn?)Siy + (m*n — mn®)Sgg

S = 4m*n?Sy1 + 4m*n®Sa — 8m*n?Sio + (m? — n?)Ses
Where m = cosf, n = sinfl, and 6 is the orientation angle of the filament.
Constants S11, S92, Si2, and Sgg can be directly computed from the fundamental

material properties, Ey1, Eoo, Gho and v [47].
1 1 —V19 1

Si1=—, 8 =—— 51 =S5y = —2 Sgg=—
11 E117 22 E227 12 21 E117 66 G12

In Equation [3.8|the longitudinal modulus (£1;) would correspond to the modulus

(3.8)

of elasticity of the 0-degree oriented sample and the transverse modulus (Esy) would
correspond to the 90-degree orientation sample. The shear modulus (Gis) is hard
to measure experimentally, but can be determined through the relationship of the

fundamental material properties measured in tension (Equation (3.9))

(3.9)

where the F,; would correspond to the modulus of elasticity of the 45-degree
oriented sample. From Figure [3.8 and Equation [3.9, material constants of typical
CF-ABS are obtained: E;;=5058 MPa, F;,=1883 MPa, G;3=1236 MPa. The major
Poisson’s ratio was obtained from literature [44], v1,=0.34. Rearranging Equation 3.6

the axial modulus of an arbitrarily oriented CF-ABS composite may be computed

By = (3.10)
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Figure shows that the axial modulus (E,) of a 3D printed composite highly
depends upon the filament orientation (). Experimental results obtained from Figure
6 are also plotted against the theoretical predictions and consistent trend is observed.
The composite printed at unidirectional, with O-degree orientation would have the
optimal performance while the composite printed at unidirectional, with 90-degree
orientation would have the worst performance. Composites printed with any other
angle (0°< 6 < 90°) or at any other ply arrangement (e.g., angle-ply laminate) would

have the modulus fall in between these two limits.
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Figure 3.23: Variation of axial modulus of CF-ABS composite as a function of filament
orientation angle.

The default “Rectilinear” infill pattern used by most 3D printers consists of lin-
ear patterns with an alternating 90°angle and thus is essentially an [+45] angle-ply
composite. The modulus of a composite at such arrangement is known to be polymer
matrix-dominated since it depends primarily on its in-plane shear modulus of the

individual layer [47]. To maximize the strength of reinforcement fibers, alternative
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laminate configurations are needed. These findings indicate that the 3D printing pro-
cess needs to be properly “designed” or “tailored” by using the laminate composite
theory. By designing the right printing directions of each strand and the proper con-
figurations of each layer, the optimal microstructure and thus the optimal mechanical

properties of the composite can be achieved.

3.6 Conclusion

While 3D printing may seem to be an attractive option for producing short fiber
composites quickly and inexpensively, it can introduce microstructure complexities
not found in traditionally manufactured parts. In this study, CF-ABS composites
have been fabricated through 3D printing and compression molding. The 3D printed
sample results show that using the default slicing software settings the mechanical
properties can change not only due to which 3D printer is used but how the sample
is oriented along the printing bed. The results also show that even the best samples
obtained by 3D printing methods fail to meet the mechanical properties of samples
produced by conventional compression molding technique. With modifications to the
slicing software parameters the material infill can be changed to a linear infill and
orient the reinforcing fibers within the part. Just as predicted using the laminate
composite theory, the mechanical properties of 3D printed composites highly depend
upon the orientation angle of individual strand and the arrangement of individual
layer. This implies that the printing codes (printing directions) used in 3D printers
can be properly “designed” and “tailored” by following the laminate composite theory

so that the optimal microstructure and mechanical properties may be achieved.

Copyright© Jordan Garcia, 2023.
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Chapter 4 ANISOTROPIC BEHAVIOR OF 3D PRINTED SHORT
FIBER COMPOSITES - DYNAMIC MECHANICAL PROPERTIES

3D printing (or additive manufacturing) allows for rapid production of engineering
parts when compared to other more traditional composite manufacturing methods
such as compression/injection molding or hand layups for that require expensive
molds and possibly high labor costs [6-12]. The 3D printing process consists of a spool
of filament material being fed into a heated extrusion nozzle. This process of using
a heated extruder could use a wide range of thermoplastic filament materials. The
filament material is melted and deposited on a print bed in layers to form the product
as seen in Figure[d.1] These layers typically consist of continuous strands placed along
another in a specified pattern. The distance between the strands of material that
make the layers is directly associated with the infill density and part quality. The
quality of a print can be edited via user input to produce smaller layers at the cost
of more production time. The smaller layers assist the printer to better capture the
geometries of the desired part. The patterns in the material also vary based on user
input such that it can be optimized for strength or production speed. The movement
of the filament strands is controlled by a combination of controllers typically a motor
driven belt or screw mechanism moving either the extrusion head and/or the entire
build plate. 3D printing process has been increasingly used for fabricating fiber
composites as it is an automated fabrication process with high design flexibility.
However, the reinforcing fibers used in 3D printing can become highly oriented due
to the shearing forces between the fibers and nozzle wall when extruded [14}/15,[56].
These build orientations can have significant impacts on the properties of 3D printed
parts. Recent investigations [57,/58] have revealed that the build orientation can
greatly affected the final properties and ultimately the performance of parts. It

was reported that the composites built in different orientations exhibit significant
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anisotropic behavior [59,60], in addition to affecting the printing quality and printing
time [61,62]. So far, all studies on the anisotropic behaviors of 3D printed fiber
reinforced composites have been focused on the static aspect. There has been no
report on the anisotropic mechanical behaviors from the dynamic point of view. The
current paper will investigate the dynamic properties of 3D printed fiber composites
through experimental testing and computational modeling. Carbon-fiber reinforced
acrylonitrile butadiene styrene (CF-ABS) composites will be fabricated at various
printing configurations. The composites will be tested under dynamic loading and
the resultant mode frequencies and modal shapes will be examined as a function of

printing orientations.

/—extrusion /—I'OHEI’ of extruder

nozzle C D

/—part
built up

/—plastic filament

z| | |
I \—table

Figure 4.1: Sketch of a typical 3D printing process of a fiber reinforced polymer
composite. The fiber filled polymer is extruded through a nozzle and then laid down
as successive layers to form a composite. [?]
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4.1 Materials and procedures

4.1.1 DMaterials and samples

For the experiments, the material used consisted of acryloni-trile butadiene styrene
(ABS) reinforced with short, aligned carbon-fibers (CF) in the form of wires. The
filament was purchased from 3DXTECH in 1 Kg spools, with a manufacturer speci-
fied nominal fiber content of 10%. For the experiments, the material used consisted
of acryloni-trile butadiene styrene (ABS) reinforced with short, aligned carbon-fibers
(CF) in the form of wires. The filament was purchased from 3DXTECH in 1 Kg
spools, with a nominal fiber content of 10%. Rectangular plate specimens were pro-
duced using the Flash Forge Dreamer 3D printer equipped with a slicer software
Flashprint. The models for these samples were created and exported into .STL files
using the CAD software SolidWorks by Dassault Systems. The rectangular plate
specimens would be designed with the nominal dimen-sions of 15 mm x 75 mm x
3 mm (thickness) in SolidWorks and then the .STL file would be imported by the
slicing software for printing. The slicing software would then “slice” the 3D model
into a series of horizontal layers and then decon-struct each layer into a series of in-
structions for the printer to follow (through the G-code) [21, 22]|. The plate samples
were printed in batches in different positions and orientations (0°, 15°, 30°, 45°, 60°,
75°,90°), as seen in Figure . The pattern of the infill would remain as the default
“Rectilinear” pattern for a 100 percent infill density to create solid parts. Left to the
Rectilinear setting, the infill consisted of linear patterns with an alternating 90-degree
angle for subsequent layers. The temperature of the extruded filament was set to 245
degrees Celsius, and the printing bed was set to 115 degrees Celsius as specified by

the filament manufacturer to ensure adequate melting of the filament.

4.1.2 Experimental procedures

To investigate the vibrational characteristics of the 3D printed composites, modal

analysis experiments were conducted. The systems engineering software LabVIEW
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Figure 4.2: Linear infill patterns of 3D printed parts with respect to orientation angle.
From left to right: 0°, 30°, 60°, 90°.

was used in conjunction with accelerometer equipment to collect the real time vibra-
tional data (Figure [4.3). The focus of the data gathered would be the observation
of the sample’s natural frequencies and any relations to orientation angle or method
of manufac-turing. Figure [4.3| also shows how the samples were placed in a holding
system that secures the sample to ensure the edges are fixed. Using beeswax, the
accelerometer was adhered to the center of 3D printed sample. Controlled impacts
were administered to the samples and the vibrational responses were then recorded
and exported for post processing. The data from these experiments would provide
repeating peaks at the same frequencies despite the location of the impact/acceler-
ometer. Similar to a tuning fork used as a resonator, the resonant frequencies from
these impacts would provide the modal frequencies of the structure . Both the
time and frequency spectrums of the vibrational responses were recorded, from which
the resonant frequencies of the samples were identified. The samples used for gather-

ing vibrational data varied in multiple aspects: geometry, orientation, and material.
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For geometry, the samples were printed in a rectangular shape (15 mm x 75 mm X
3 mm (thickness)). The samples would also vary in how the infill of the samples were
oriented with respect to the boundary conditions (0°, 15°, 30°, 45°, 60°, 75°, 90°).
Testing would then vary on which sides of the sample were clamped to create a fixed
boundary condition while the other sides are either free to move or fully flexed. Fi-
nally for the material selection, both pure ABS filaments and carbon-fiber reinforced

ABS filaments were used to produce composite samples.
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Figure 4.3: Dynamic testing of carbon-fiber composite plates: (Top) Schematic dia-
gram of the experimental modal testing; (Middle) LABVIEW block diagram used for
generating the time and frequency spectrums; (Bottom) Sample setup in the dynamic
test. 57



4.2 Computational procedures

To comprehensively investigate the vibrational characteristics, particularly the modal
shapes of the 3D printed samples, the computational modal analysis was further con-
ducted. ANSYS Workbench was used for the modal analysis simulations of 3D printed
objects. The geometry of the objects was created using the Design Modeler system
and imported into the Ansys Composite Prep (ACP) preprocessor. In the Engineer-
ing Data component, the material constants would be inputted for the orthotropic
lamina plies along with the material density. Each orthotropic ply will be used to
represent a single layer in the 3D printed sample. The geometry would be imported
and meshed in the model component and imported to a Modal analysis system. The
loading conditions are inputted in the Setup component and desired outputs (modal
frequencies) are specified in the Solution component to be exported for comparison.
Finally, the results from the analysis can be viewed in the results component. A visual
interface of the modeling process can be seen in Figure where blue connections

signify an importing of information from a separate system.

- A - B - C
2 m Geometry v 2 @ Engineering Data Vo2 & Engineering Data v 4
Geometry \- 3 m Geometry v j——™a3 m Geometry v
4 @ Mocel /o4 @ Model 7 .
5 [ setup 2 5 @ setwp v,
ACP (Pre) 6 @3 solution v .
7 @ Results v 4

0 Degree

Figure 4.4: Analysis systems used in ANSYS Workbench to produce the FE model
for multi-layered composites.

The finite element models use the orthotropic lamina ply properties to model the
laminate composites and require the user to input the material constants specific

to the material being used. The following constants were needed for both the pure
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ABS plastic material as well the carbon-fiber reinforced variant: Fi1,Fas, 99, and
(G12. These material constants would need to be determined through experimental
testing from simple unidirectional specimens. Batches consisting of three samples
with different printing directions (0°, 45°, 90°) were prepared using the pure ABS
and carbon-fiber reinforced materials. The stress-strain responses of the carbon-fiber
ABS composites are shown in Figure [£.5]

Using the stress-strain information gathered, the fundamental material properties
can be determined through the following. The longitudinal modulus (Ej;) would
correspond to the modulus of elasticity of the 0 degree oriented sample, and the
transverse modulus (Es,) would correspond to the 90 degree orientation sample. The
shear modulus was determined using the relation of the fundamental material prop-
erties depicted by Equation . Where E? is the modulus of elasticity of 45-degree
composite sample, which can be obtained from the stress-strain curve in Figure [4.5]
Table 1 tabulates the fundamental properties of both pure ABS and carbon-fiber

reinforced ABS composite.

1
G12 = 4 1 1 2v19 (41>
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Figure 4.5: The stress strain curves of carbon-fiber ABS composites with various infill
angles.

Longitudinal | Transverse | Shear
Material modulus modulus | modulus | Major Poisson’s ratio
Pure ABS 1256 1074 484 0.3
Carbon-fiber ABS 4919 2096 1069 0.34

Table 4.1: Summary of fundamental material properties of ABS resin and carbon-
fiber ABS composite in MPa.
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4.3 Results and Discussion

4.3.1 Validation of experimental method

To validate the experimental procedures, a homogeneous aluminum plate, 67 (length)
x 6”7 (width) x 0.125” (thickness), was first examined. For a plate made of homo-
geneous material, the modal frequencies f(n,,n,) and shapes z(x,y) at the free-free

condition are given by [24]:

z(x,y) = Asin (nzmz:) sin (ngry) (4.3)
z v

With the following nomenclature:

E - Young’s modulus

h, - plate thickness

p - mass density /unit volume

n, - £ mode index (number of half sine waves along x-axis)
n, - y mode index (number of half sine waves along y-axis)
L, - plate width in x direction

L, - plate width in y direction

Using Equation [4.2] the first and second modal frequencies of the homogeneous
aluminum plate are computed as: f(1,1) = 680 Hz and f(2,1) = 1369 Hz. Using
Equation [£.3] the corresponding mode shapes are plotted as shown in Figure [4.6]
which show the mode indices (n;,n,) are (1,1) and (2, 1) for the first and second

modes, respectively.
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Figure 4.6: Plots of the first (left) and second (right) mode shapes of a homogeneous
aluminum plate.

Figure shows the frequency spectrum of the aluminum plate from the modal
testing, using the procedures described in Experimental Procedure section. The mea-
sured first and second modal frequencies are 546 Hz and 1100 Hz, respectively. The
measured values are slightly smaller than the theoretical predictions. However, the
differences between the measurements and predictions are within 3% when adjusted

for the uncertainties.

5.00E-03

Mode 1 Mode 2
545.9 Hz 1100.6 Hz
4.00E-03
0
g 3.00E-03
E-
< 2.00E-03
1.00E-03
0.00E+0Q -frtwmomem IJ L T‘)

0 1000 1500
Frequency (Hz)

Figure 4.7: Frequency spectrum showing amplitudes for different frequencies of a
homogeneous aluminum plate.
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4.3.2 Experimental modal responses of composite plates

Composite plates with multiple infill orientations are tested at the dynamic condi-
tions and their modal frequencies are recorded. Two types of boundary conditions
are examined: (1) left-right fixed and (2) top-bottom fixed. Figure [4.8 shows a typ-
ical frequency spectrum of a fiber reinforced composite with left-right sides fixed.
The results show how the orientation of the infill can influence the frequencies at
which vibrations harmonize. The change in harmonic frequencies can then be used
to assess the samples mechanical properties in a nondestructive way. For the sake of
simplicity, only the first modal frequency is reported and used for comparison with

the computational results.
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Figure 4.8: The spectrum of the first mode frequencies of 3D printed carbon-fiber
plate with various infill angles. The rectangular plates were fixed on the left-right
sides.

Figure show the changes in the first mode frequency of the rectangular com-

posite plates as a function of infill orientation. Depending on the boundary conditions
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(left-right fixed or top-bottom fixed), the first model frequency either increases or de-
creases. When the plates are fixed at left and right edges, the first mode frequency
increases from 249 Hz to 481 Hz, a change up to 78%. When the plates are fixed at
top and bottom edges, the first mode frequency decreases from 341 Hz to 157 Hz, a
change up to 117%. These results have clearly shown how much of an impact the infill
orientation can have on its modal responses when reinforcing fibers are introduced.
For comparison, the plates made of pure ABS (without reinforcement fibers) were
also tested at the same conditions (Figure [£.10]). Results have shown that the infill
orientation has little effect on the mode frequencies of the plates (without reinforcing

fibers). This can be attributed to the homogeneity of the non-reinforced samples.
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Figure 4.9: Recorded natural frequencies for fixed left/right side (Left) and
top/bottom side fixed (Right) oriented rectangular samples of carbon-fiber ABS:
mode 1.
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Figure 4.10: Recorded natural frequencies for fixed left/right side (Left) and
top/bottom side (Right) oriented rectangular samples of pure ABS.
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4.3.3 Computational modal responses of composite plates validation of

FEM method

To ensure that the FEM gives results based on the inputted parameters (material
properties, loading conditions) and not based on the meshing of the model, a grid
independence study was first conducted. Due to the rectangular geometry of the
testing sample, a geometrically structured mesh was used. A coarse mesh of 300
elements and a finer mesh of 1200 elements were mapped (Figure and tested
(Figure [4.12)) using the material constants for the carbon-fiber reinforced ABS. For
this study, a 2 mm thick plate consisting of 10 lamina sheets each with a thickness
of 0.2 mm (a typical thickness for a 3D printed layer). Both plates were fixed on the
top and bottom edges with the lamina ply’s oriented parallel to the top and bottom
edges. With the mechanical properties and loading conditions inputted, the FEM is
used to calculate the modal frequencies of the plate. The simulated modal frequencies
between the two structured meshes had little to no changes. The greatest change in
the results can be seen in the sixth modal frequency (1362 Hz vs. 1377 Hz) with
a change of approximately one percent, despite the coarse mesh having a fourth of
the number of elements as the fine mesh. Thus, for the purpose of this analysis the
mesh is considered converged for the 1200- element case. To further verify the FEM
process, the results would be compared to experimental testing of 3D printed s with

the same material properties under the same adding conditions.
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Figure 4.11: (Left) Coarse structured mesh pattern consisting of 300 elements. Re-
fined structured mesh pattern consisting of 1200 elements (Right).
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Figure 4.12: Dynamic modal results from FEM from the coarse mesh (Left) and
refined mesh (Right) under the same fixed top/bottom loading conditions.

4.3.4 Computational model responses of composite plates

As shown by Equations and the dynamic characteristics of a plate include
the mode frequencies and mode shapes. The mode shapes are particularly valuable
from practical design point of view since they show how the plate would vibrate at
its resonant frequencies. The vibration of a homogeneous plate is a classical problem
and have been extensively studied [24]. However, the vibration of an anisotropic
plate can be complicated, and the solutions are not readily available. Because of
that, the finite element method is often preferable due to its simplicity. Just as in
the verification case a 2 mm thick plate with ten 0.2 mm thick laminas were created
using the carbonfiber reinforced ABS properties. To examine how the orientation of
these lamina plies would affect the modal responses of the plate, different orientation

angles with increasing alignment/ misalignment were analyzed. The test would begin
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with the lamina plies oriented parallel to the fixed left and right positions. Figure
displays the mode shapes of the carbon fiber reinforced ABS composite plates
with the fixed left and right edges. The first five modes are extracted at various infill
angles (0°, 30°, 60°, 90°). It is observed that infill angles have significantly affected
the vibrational shapes of the plates. At lower frequencies, the presence of reinforcing
fibers have caused the deformation to be asymmetric. At higher frequencies, the
mode shapes are significantly altered. For example, at the 4th mode, the 0-degree
plate exhibits a mode index (1,4), while the 90-degree plate a mode index (2,1). At
the 5th mode, the 0-degree plate exhibits a mode index (2,1), while the 90-degree
plate a mode index (2,2). To further analyze relations between modal frequencies and
orientation of lamina plies, a second FEM study was conducted with the same plate
but with different boundary conditions. The test would begin with the lamina plies
oriented parallel to the fixed top and bottom positions. The lamina plies would then
be rotated at an increasing angle of 15 degrees until perpendicular to the fixed top and
bottom edges. Figure displays the mode shapes of the carbon fiber reinforced
ABS composite plates with the fixed top and bottom edges. Again, the first five
modes are extracted at various infill angles (0°, 30°, 45°, 60°, 90°). It seems that at
this particular boundary condition, the infill angles have even greater influence on
the vibrational shapes of the plates. The differences in dynamic characteristics are
revealed at much lower modes. For example, at the 2nd mode, although all plates
display a mode index (2,1), the patterns of vibration differ considerably between
plates at 0-degree/90-degree and plates at other angles. The mode shapes become
distinct among all plates at the 3rd mode and beyond. For example, at the 4th mode,
the 0-degree plate has a mode index (1,2), the 45-degree plate has a mode index (3,
2), while the 90-degree plate has a mode index (2, 2).
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Figure 4.13: Mode shapes of carbon-fiber reinforced ABS with respect to the orien-
tation of the lamina plies for case with fixed left and right edges.
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Figure 4.14: Mode shapes of carbon-fiber reinforced ABS with respect to the orien-
tation of the lamina plies for case with fixed top and bottom edges.

4.4 Comparison of experimental data and simulated results

To further verify the FEM results, the simulated modal frequencies are compared
to the results found using the LabVIEW experiments. The manufactured test sam-

ple ideal dimensions and simulated geometries were identical with the same loading
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conditions. Just as with the FEM analysis two loading conditions were used for the
experimental analysis, a fixed top and bottom side condition and a fixed left/right
side condition. The rectangular samples would thus have a longer span between the
two fixing points with the fixed top and bottom sides due to the geometry of the sam-
ple; meanwhile, the square samples would have equal distance between fixed points
for both conditions.

Consistent with the experimental results, the computational predictions also show
an increasing first mode frequency with increasing lamina ply orientation angles [4.15]
The magnitude of the frequency varied from the simulated values yet a correlation
can be seen. Just as in the FEM simulations, the change in orientation of the 3D
printed infill would results in a change in the recorded modal frequencies. The results
showed clear trends of continuously increasing or decreasing first modal frequencies
depending on loading conditions and infill orientation. For the case with fixed top
and bottom sides the highest first modal frequency magnitude occurs when the infill
orientation is at the zero degree angle and the lowest with the 90 degree infill [4.16]
The comparison shows how the magnitude of the experimental results varied much
more considerably for the fixed top and bottom case. It is theorized that with the
top and bottom secure, the increase in length between the two fixed points allows
the introduction of more defects along the length of the sample. The results are thus
more inconsistent as the dynamic response becomes more susceptible to manufactur-
ing defects and artifacts of the 3D printing process. Due to the symmetrical geometry
of the square samples, the top/bottom boundary conditions ended up mirroring the
left /right loading conditions with overlapping data sets|4.17} The results showed cor-
relation between the orientation of the square sample and its first modal response.
The difference between the experimental results and computational model remained
nearly constant with the computational model simulating a modal frequency 50Hz
less than what was recorded for all orientations. The model showed correlation be-

tween the orientation and modal frequency but do to the assumptions needed for the
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empirical equations, such as the structure remaining homogeneous throughout the

part, error is introduced into the system and the magnitudes vary.
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Figure 4.15: Modal frequency of sample for the fixed left and right side case with
respect to infill orientation angle.
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Figure 4.16: Modal frequency of sample for the fixed top and bottom sides with
respect to infill orientation angle.
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Figure 4.17: Modal response of the square sample with respect to infill orientation
for both cases when mirrored.

4.5 Conclusion

The anisotropic dynamic mechanical properties of 3D printed fiber composites have
been studied. Rectangular composite plates are 3D printed at various build orienta-
tions (0°, 15°, 30°, 45°, 60°, 75°, 90°) and then tested at various boundary conditions.
The dynamic characteristics of the plates are further investigated by using finite ele-
ment method. Results show that the changes in the build orientation have significant
influence on the in the mode frequencies of the plates. For the rectangular plates,
the mode frequency increases as the increase of the build orientation at the fixed left-
right edges and the mode frequency decreases as the increase of the build orientation
at the fixed top-bottom edges.The build orientation also has considerable impact on
the mode shapes. The building orientation can cause the vibrational shapes to be

asymmetric and further changes the mode indices.

Copyright© Jordan Garcia, 2023.
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Chapter 5 EFFECT OF FIBER CONTENT AND FIBER ASPECT
RATIO ON ANISOTROPIC BEHAVIOR OF 3D PRINTED SHORT
FIBER COMPOSITES

5.1 Introduction

Continuous fiber composites tend to have the most preferable mechanical properties;
however, they are often synonymous with high cost due to the expensive equipment
and material cost used for manufacturing these composites [64]. Discontinuous or
short-fiber composites are traditionally less expensive and are normally less difficult
to manufacture while still retaining some of the benefits of reinforcing fibers [65].
Similarly to continuous fibers, the volume ratio influences the mechanical properties of
the composite [66]. In addition the ratio of the length and diameter of the reinforcing
fibers also plays a significant role [67]. This ratio (also known as the aspect ratio)
adds another variable to the anisotropic properties of lamina plies where now not
only the content of fibers but also the dimensions of the fibers themselves play a
role. Short fiber reinforced composites are already used in additive manufacturing
techniques; however, the amount of carbon fiber and the length of the discontinuous
strands in the filaments are normally not stated or vary greatly [68]. This paper
investigates how the dimensional properties of the carbon fiber, (volume fraction and

aspect ratio), affect the mechanical properties of 3D printed parts.

5.2 Mass Produced Fiber Filaments

Currently there exist commercial filaments with discontinuous carbon fiber strands
suspended in the polymer matrix (typically ABS and nylon) [69]. Traditionally me-
chanical testing shows how the orientation of the infill behaves similarly to a tra-
ditional short-fiber composite, but the internal geometries of the fiber and matrix

remained a mystery. The CF-ABS wire roll from 3DXTECH was used to investigate
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the ratio of fiber to matrix and the geometric characteristics of the reinforcing fibers.
The manufacturer states the filament contains approximately 15 percent of carbon
reinforcing fibers; however, the dimensional information on the fibers is either not
presented or vague. The website simply states that the fibers are approximately 5-10
micrometers wide and claims the fibers are aligned following the axis of the mate-
rial [70]. More precise information can be helpful to better determine the mechanical
properties of 3D printed composites but are not readily available. For a better un-
derstanding of this material, samples were produced and examined visually under a

microscope and analyzed using an image processing software.

5.2.1 Microscopic analysis

A batch of samples in both the 0 degree and 90-degree orientations were produced
following the same nominal dimensions and slicing patterns as the samples in the
sample dimensioning section. These samples were then cut in the center of the sample
where the failure would occur in the bending tests [71]. These new ends would then
be sanded using varying grit sandpapers starting at a grit of P320 and ending on a
P2400 on a ECOMET3 variable speed polisher. The sanded ends were then placed

in the Keyence VHX microscope and images of the fibers inside the matrix material

were taken (Figure [5.1)).
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Figure 5.1: Keyence HVX microscope used for observing the reinforcing fibers inside
the polymer matrix at the cut and sanded ends.

While the carbon fiber strands and the ABS plastic are both a similar dark color,
the light from the microscope reflected on the fibers and gave them a brighter gray
color in the images below. Figure and show the 90 degree orientation where
the fibers are aligned along the direction of the cut while Figure and show
the samples with the fibers oriented against the direction of the cut. The 90-degree
figures show how the fibers do tend to align with the direction of extrusion and they
appear to be uniform through the sample. The images also show how the length of the
fibers tends to vary through the samples though the diameter does tend to be mostly
uniform. The 0-degree figures tell a similar story with only the ends of the fibers
being present in the images. These figures show that there are only dots representing
the cut ends of the fiber and no long fiber sections are present. This further confirms

that the reinforcing fibers are in fact aligned with the printing direction.
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Figure 5.2: Cross section of the 90-degree sample showing the fibers length across the

extruded filament (magnified x250).
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Figure 5.3: Further magnified image of the 90-degree samples cross section (magnified
x1000).
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Figure 5.4: Magnified image of the 0-degree samples cross section showing only small
reflective dots of carbon fiber (magnified x500).
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Figure 5.5: The further magnified cross section shows how the reflective carbon
strands are dispersed can greatly vary in size (magnified x1000).

5.3 Image processing

The image processing program ImageJ was then used to post-process the microscope
images to determine what the percentage of filament was reinforcing fiber and some
of the fiber’s general dimensions. By importing one of the microscopic images and
setting a threshold color, the reinforcing fibers can be separated from the matrix
material due to its bright coloration from reflecting the light source (Figure. The
90-degree sample showed that approximately 9 percent of the surface of the sample
was brightly reflective carbon fiber. Assuming the sample was homogeneous it could
be stated that the samples showed to have an approximately 1/10 volume fraction

though this is most likely not the case, instead it only shows that trying to find the
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average length of the fibers would prove difficult to find. The fibers appear to be
oriented along the vertical axis; however, the vast diversity in fiber lengths can be
attributed to the samples being un-oriented in the axis out of the cut edge and resulted
in truncated fibers. Another possibility is that the samples simply vary in length due
to its method of manufacturing. Regardless the microscopic imaging software would

not be able to give a reliable solution and more intrusive methods would need to be

used to determine fiber dimensions (such as burning off the encasing matrix).

Figure 5.6: ImageJ altered microscopic image with the bright colored fibers selected
due to their reflection of the microscopes light.

The imaging software was also used to assist in determining the diameter of the
fibers using images of chopped fiber ends in Figure Using the scale in the corner
of Figure found that 50 pm was 250 pixels in length, meaning a pixel represent
approximately 0.2 pm (or 200 nm). Meaning a fiber with a diameter of 5 pm would

have a minimum area of approximately 500 square pixels. A fiber with a diameter of
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Figure 5.7: Image processed microscope image used to calculate the average size of
fibers in the reinforced filament.

15 pm would have an area of approximately 2000 pixels. To ensure the minimization
of noise in the images, the boundaries are set to ignore any particles smaller than
300 pixels (approximately 4 pm), and any particles over 3000 pixels (approximately
12 ym). The image processor reported a total of 17 fibers present in Figure with
an average diameter of 5.08 pm (507 pixels) and a fiber diameter standard deviation
of .68 pm (140 pixels in area). These numbers imply that the actual diameter of the
reinforcing fibers tends to be less than the minimum specified by the manufacturer

after printing.

5.4 Materials and methods

Fiber reinforced 3D printer filaments for both commercial and industrial use do exist,

the reinforcing fiber dimensions and content can vary by manufacturer in 3D printer
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filament [72]. Thus custom filament was manufactured to ensure the quantity and
aspect ratio of the reinforcing fibers are properly investigated. Pure ABS 3D printing
filament was purchased from 3DXTECH in 1kg spools and chopped into pellets with
a nominal dimension of 1-2 mm (Figure [5.8)).

Figure 5.8: ABS filament into bulk material form after being chopped into 1-2mm
pellets.

A 500g roll of a wound continuous wire of carbon fiber (Figure was purchased
from Markforged and fed into a set of gears shown in Figure breaking the strands.
The gears are designed to break the carbon fiber wire being fed into them into a

specific length depending on the spacing of the gear teeth.
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Figure 5.9: Roll of continuous carbon fiber from Markforge used to create discontin-
uous fibers with set aspect ratios.

Figure 5.10: Set of 3D printed gears used to dhear the carbon fiber wire to a specified
length to determine aspect ratio.
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Once broken into small strands, these fibers are combined with the ABS pellets
and fed into the Wellzoom filament extruder (Figure [5.11)). This extruder turns the
pellet ABS, combines it with pre-cut fibers and creates a single continuous filament
for use in the 3D printer. The filament extruder uses a single screw feed that pushes
the ABS pellets into a heated die that melts the material into the filament diameter.
Then an Arduino controlled roller winds up the extruded filament material into a roll
used for traditional 3D printing applications. The fiber content of the filament can
then be controlled by the quantity of the fibers inserted; the size of the fibers can also

be controlled by cutting the fibers to different lengths using different sized gears.

Figure 5.11: Filament extruder and Arduino controlled auto-roller for creation of 3D
printer filament with specified aspect ratio.

The two major contributing factors to short fibers composites are the volume
fraction and aspect ratio [73]. The composite volume fraction is the percentage of
reinforcing fibers inside the matrix creating a fiber reinforced composite matrix, and
the aspect ratio is the ratio of the length to diameter of the short fibers used as
reinforcement. This factor is controlled by chopping the reinforcing fibers to a fixed
length with the diameter of the fibers given by the manufacturer. The fibers are
chopped using a dual gear mechanism where the fiber is fed in and fibers in the

desired length are chopped and collected. To calculate the aspect ratio the simple
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Equation [5.1] is used where L is the length of the fibers and T is the thickness.

R= % (5.1)

Methods to find the volume fraction of reinforcing fibers often involve removing the
matrix material by use of acids or heat [74]. Since the filament material will be manu-
factured in-house, the volume fraction can be calculated and controlled by measuring
the bulk materials before combining them in the extruder. The volume of the fibers
can be difficult to find without altering its mechanical properties, thus the weight of
the fibers and polymer matrix are measured, and the weight fraction is used [75]. The
weight fraction of the fiber is the weight of the reinforcing fibers introduced into the
composite vs the weight of the entire composite structure. This weight fraction can
then be converted to the volume fraction based on the density of the materials used as
seen in Equation 6. To create samples with a specific volume fraction, the quantity of
reinforcing fibers and polymer matrix pellets need to be predetermined to be mixed
in the extruder. Knowing the material densities of both the polymer and fibers, the
volume fraction can be converted to a weight fraction and vice versa [76]. Once the
weight of each material needed is calculated, they can be added to the extruder and

the filament produced will have the desired volume fraction.

Vi = _ WiPm (5.2)
Wt Pm + WmpPf

Where w, p, v are the weight fraction, density and volume fraction, with the subscript
f denoting the properties of the fiber and m for the matrix material.

Once the 3D printer filament has been manufactured it is then fed into the 3D
printer for sample fabrication. The Mattercontrols PulseXE printer (Figure[5.12) was

used along with the Simplify3D slicing software to produce oriented fiber samples.

86



Figure 5.12: PulseXE FDM printer used for sample production coupled with a roll
of reinforced filament produced using the filament extruder machine.

5.4.1 Slicing settings

Due to the control needed to create composite samples with variable infill fiber orien-
tations, the Simplify 3D slicing software was used. The slicing software was designed
to extrude material oriented in a single global orientation and thus orient the short
fibers along with the filament based on the users input (Figure . These layers
are then printed and combined one upon another creating a structure composing of
individually oriented layers. Each of these layers can then be treated as individual
lamina plies and the Classical Laminate Composite Theory (CLCT) can be applied
to the 3D printed samples . Just as fiber orientation can be controlled for each
layer in hand-laying techniques, the slicing software can specify which global angle

the fibers are oriented with in each layer of the entire composite. Based on the fiber’s
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direction, the forces applied to the final product can be more optimally distributed.
To create these individually oriented layers, the filament material needs to be ex-
truded in a way that the reinforcing fibers will face a certain direction. When the
filament material is in a molten state the fibers are freely suspended in the molten
plastic being fed through the extruder. Once the material begins to get extruded,
the frictional forces of the plastic unto the nozzle as well as the viscus forces of the
plastic align the fibers in suspension [78]|. The material containing the aligned fibers
is then extruded as a single strand through the nozzle with each strand combining
to form a layer of material. In short, the slicing software directs the 3D printer in
which direction to lay the strands of material to create a layer and the reinforcing
fibers align with these strands. Thus aligned short-fiber composite layers are possible

to construct using 3D printing technology.
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Figure 5.13: Layer-by-layer infill orientation specification in Simplify 3D used to
create the oriented fiber reinforced test samples.

The process of extruding the material depends on adequately melting the polymer
so the reinforcing fibers are free to align by the friction/viscus forces. Each extruded
material has different thermal properties and the temperatures of both the extruding
nozzle and heated bed need to be adjust for optimal performance . For the
ABS plastic used, the extruder was set to 260 degrees Celsius and the print bed to
105 degrees Celsius. These values are higher than the pure polymer versions as the
material needs to be fully melted in a large portion of the extruder for the fibers to
align [80]. The thermal conductivity of the reinforcing fibers can cause issues as well
if the temperature of the block is not high enough to fully melt the polymer in the

specified locations before it cools. Once the material is immediately extruded, the
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fiber reinforced version has a higher thermal conductivity but like the pure version it
still needs to be pliable to properly adhere itself to the bed [81] To accommodate for

this the bed temperature is also raised.

5.4.2 Sample dimensions and testing

Rectangular bending specimens are manufactured with the nominal dimensions of 45
x 15 x 2.8 mm (length, width, height) consisting of 14 oriented layers .2mm each. The
samples would be 3D printed one sample at a time in the center of the PulseXE print
bed. Each sample will then be allowed to cure before being removed of the bed and
the process repeats until multiple samples are ready to test. On a desktop computer,
the PASCO Capstone software was installed and linked with the load and deflection
sensors on the materials tester. Calibration proceeded by manually rotating the crank
to move the force applicator on the materials tester. The Capstone software would
then record the load and deflection measurements and plot them in real time as the
samples are being tested. The crank was rotated until the sample snapped into two
separate pieces and the software was stopped. The coupon fragments were removed
from the tester and the load/deflection data was saved as a .cap file as well as a
text file for subsequent analysis. Prior to testing the actual parts, each part was
labeled by batch number and degree number on both ends to ensure each part could
be matched once fragmented. Using the classical Euler-Bernoulli beam theory, the
force and displacement data of the applicator can be converted to a tensile stress
perpendicular to the neutral plane and a strain from the deflection of the neutral
axis. This theory makes the assumptions that the beam bends into an arc shape and
the neutral axis does not elongate during the testing process. To calculate the stress
of the rectangular cross section at the location of failure, Equation is used with
the width and height variables. Note these simplified equations only relate to simple
rectangular geometries and its stress/strain relations perpendicular to/on the neutral

axis.
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(5.3)

Where F is the applied force, L is the length of the sample between the deflectors,
b is the width of the sample and d its height. To calculate the flexural strain on the
neutral axis, a different equation (Equation is required with a new variable D,
where D is the distance the beam has deflected from its original position [82] This

value is represented by the distance the force applicator traveled during testing.

6Dd

€

(5.4)

5.5 Experimental results

The Halpin-Tsai model equations show how the aspect ratio of the fibers and the
volume fraction of the reinforcing fiber can greatly alter the products mechanical
properties [83] To experimentally investigate just how much these variables affect the
final product and if the theoretical method is accurate, multiple aspect ratios and
volume fractions are produced. As mentioned in the previous sections, the original
printing fiber was chopped into small pellets and fed into the filament extruder.
To investigate how this process affects the filament a control spool is manufactured
without the introduction of reinforcing fibers. This filament spool with a volume
fraction effectively being zero will be used to see if the secondary processing method
has an effect on the products mechanical properties and be used to compare how
the reinforcing fibers affect the samples. To investigate how the volume fraction
affects the sample, two types of filament rolls are produced with varying quantities
of carbon fiber strands. The first roll with attempt to replicate the fiber quantity
of the commercial filament used in the dynamic analysis and the image processing.
This fiber roll manufacturer states that the amount of carbon in the system should
be approximately 15 percent, yet further investigation through testing and image

processing implies this quantity is considerably less in small strands (about 5-10
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percent) and the remainder might be scattered particles. Thus for the first set of
samples, the rolls were produced with a fiber reinforcing quantity of 5 percent and
2.5 percent by mass. This should ideally be similar to the mass-produced version
and the lower quantity will show how the increasing/decreasing quantities change the
final products mechanical properties. The volume fraction of the filament can then be
altered in increasing or decreasing quantities by adding or subtracting the quantity
of fibers. The aspect ratio changes require a new set of gears to be produced for each
length of fibers to be manufactured. The new gears will shear the fibers at a specific
length and thus change the aspect ratio since the diameter is predetermined by the
manufacturer. The smallest aspect ratio the gears can reliably shear at a consistent
length is a value of 5. Beginning with the smallest consistent ratio the length that
the fibers would be cut at could then be increased with ease and the varying aspect
ratios can be investigated. As previously mentioned, the smallest aspect ratio of
5 was produced (with a fiber length of approximately 1.5mm) and increasing fiber
lengths such as 2mm were also produced. These two aspect ratios and two volume
fractions required 5 rolls of filament to be produced for preliminary results. Two
rolls of 1.5mm length fiber rolls with varying fiber percentages, one at 5 percent
and one at 2.5 percent. Then two more rolls with a fiber length of 2mm with fiber
volume percentages of 5 percent and 2.5 percent. Finally a single control roll with
no reinforcing fibers was also produced to set a “zero value” for theoretical analysis
(Figure & p.15).

Filaments of varying volume fraction were produced and bending samples were
manufactured and tested. For the 1mm samples, volume fractions of the follow-
ing percentages were produced: 2.5%, 5%, 7.5%, and 1%. Each batch of samples
contained samples with the 0, 45, and 90 degree infill orientations. Starting with
the samples containing the lowest quantity of reinforcing carbon, the 2.5% samples
showed that by adding the small amount of fiber drastically impacted the mechanical
properties (Figure & . When comparing to the 0% fiber control group, me-
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Figure 5.14: Stress/strain response of control samples with no fiber reinforcement.
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Figure 5.15: Young’s modulus of each control sample without fiber reinforcement of
the re-extruded pellet filament.
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chanical testing showed that the fiber reinforced sample had a 30% higher modulus
of elasticity. Interestingly the maximum stress the material endures remained con-
stant, yet the fiber reinforced version had a 54% reduction in final product toughness.
These results agree with the composite theory of increasing a materials modulus at
the sacrifice of becoming more brittle. There is also the anisotropic properties in the
fiber reinforced sample due to its orientation that are amplified by the inclusion of
reinforcing fibers. By changing the orientation of the reinforcing fibers in the 2.5%
Imm samples, the change in the modulus of elasticity from the 90 degree samples (all
fibers are perpendicular to the loading direction) to the 0 degree samples (all fibers
are parallel to the loading direction) resulted in an average increase from 1.51 GPa to
3.13 GPa. A change of 108% due to the direction of the reinforcing fibers in reference

to the loading condition.
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Figure 5.16: Mechanical response of 2.5% by volume reinforced samples in various
orientations.
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Figure 5.17: Young’s modulus of the 2.5% samples based on orientation of reinforcing
fibers.

Further increasing the amount of reinforcing fibers in the samples results in a
larger gap between the 0 degree and 90 degree sample properties as seen in Figure
17. The change in the modulus of elasticity from the perpendicular fiber orientation
and the parallel fiber orientation resulted in a 425% change from .428 GPa to 2.25
GPa (Figure 18). Interestingly enough the drop in the modulus is more drastic with
moderate misalignments resulting in a 278% from the 0 degree to 45 degree infill
orientations. This change in modulus from 0 degrees to 45 degrees is more than
double the largest change in the 2.5% fiber reinforced samples. This implies that
increasing the amount of reinforcing fibers in the 3D printer materials causes higher
sensitivity in the change in mechanical properties due to fiber orientation. It should
also be noted that the samples printed in the 0 degree orientation tend to have less
variance in recorded results compared to the 45 and 0 degree orientations. This can
be attributed to the fact that when the reinforcing fibers are aligned with the force
of the direction, the mechanical properties are dominated by the material properties

of the carbon fibers. In the misalignment orientations, the products with higher
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quantities of reinforcing fibers are more greatly affected by the artifacts of the 3D

printing process and thus have higher disparities.
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Figure 5.18: Stress strain responses of the further reinforced 5% samples with the
same lmm length reinforcing fibers.

96



4E+09

=
[
2 3E+09 |
=
3
B 2 E+09 |
S 2
2 1E+09 |
2
0.E+00 ' '
0 45 90
Orientation (Degree)

Figure 5.19: Young’s modulus of the 5% samples showing the drastic difference be-
tween the 0 degree and 90 degree samples.

In the 7.5% 1mm samples, similar results are recorded with the high sensitivity to
misalignment and the higher modulus of the final products. The change in modulus
from the 90 degree to the 0 degree samples resulted in a 468% change in the modulus
which corresponds to the 5% results and follows the trend of increasing sensitivity

due to the misalignment of the fibers.
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Figure 5.20: Stress/strain responses of the 7.5% fiber samples and the increase in its
brittle mechanical response.
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Figure 5.21: The 7.5% fiber reinforcement sample Young’s modulus showing how
drastic the change into a brittle response the samples exhibited.n

In the highest fiber volume fraction tested, the 10% samples only had a 311%

increase in the fiber modulus from the 90 degree to the 0 degree orientation and
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Figure 5.22: Stress/strain response of the samples containing the highest reinforcing
fiber content volume ratio of 10%.

a 161% increase from the 45 to 0 degree orientations. One thing to note is that
although the difference in the orientations is not as great as the lower volumes, the
overall magnitude of the 0 degree 10% samples are significantly higher than all other
fiber ratios. This implies that the highest fiber content results in the highest modulus
of elasticity and agree with Laminate Composite Theory.

When comparing the overall results of each batch of samples we see how they
compare to each other with respect to infill orientation and fiber content. It is shown
how (with the exception of the 2.5% 1mm samples), there is a notable trend where
the increasing fiber content results in a higher modulus for all infill orientation angles
(Figure [5.24). Whilst it is uncertain why the 2.5% samples seemed to break this
trend, it still performed better than the 0 percent control samples and followed the

continual decline in magnitude with fiber misalignment.
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Figure 5.23: Young’s modulus response of the 10% fiber content samples exhibiting
the highest magnitude compared to the other sample sets.
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Figure 5.24: Summary of the average Young’s modulus for each fiber percentage and
infill.

With the Young’s modulus of each the samples determined, it can be seen there
is a varying level of “steepness” in the responses of each sample in relation to its 0

and 90 degree orientations. To better illustrate this relation a graph representing the
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normalized modulus responses is plotted below (Figure . This graph shows how
the increasing fiber content resulted in the samples becoming more dependent on fiber
orientation as fiber content increased. As the fiber content increases, the variation of
modulus vs orientation becomes greater, thus the anisotropic behavior also becomes
greater. The only exception was the 10 percent samples slightly underperforming the
7.5% samples. This is mostly attributed to the 7.5% samples having an unusually
low 90 degree response and thus further amplifying the normalized modulus quantity.
The cause of this poor response could be attributed to a bad batch of samples with all
three orientations exhibiting a lower modulus magnitude due to the manufacturing

artifacts of using a non-enclosed 3D printer.
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Figure 5.25: Normalized Young’s modulus for each fiber content ratio compared to
the 90 degree sample for each orientation.

With the volume fraction testing of the Imm samples concluded, now the aspect
ratio is observed with 1.5mm samples being tested at varying volume fractions. The
same parameters and testing conditions were used with only the length of the rein-

forcing carbon fibers being changed to give a higher aspect ratio. In the previous
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Imm samples, an aspect ratio of approximately 3.33 was used. This aspect ratio was
increased to 5 due to the use of longer 1.5mm reinforcing fibers. In the previous sub-
section the effects of altering the fiber volume fraction were already explored and thus
only the lower three infill orientations are observed instead of all four. The experi-
mental results showed similar results to the shorter fiber counterparts with the main
differences being the magnitude of its mechanical properties. Whilst the 2.5% samples
both share a similar trend of decreasing modulus with increasing misalignment to the
applied force, it is noted that the 1.5mm counterpart exhibited an average increase of
61% between the 90 degree samples and the 0 degree samples. The Imm counterpart
had a larger difference of 108% between the 0 and 90 degree infill orientations, yet
the 45 and 0 degree difference is 54% which is smaller than the 104% difference for

the 1.5mm samples.
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Figure 5.26: Varied stress/strain responses of the 2.5% low volume fraction reinforcing
fiber samples with the longer 1.5mm fibers.
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Figure 5.27: Young’s modulus response of the 2.5% samples exhibiting varied results
in the transverse 90 degree orientation.

The experiments are then repeated for the 5% samples with the longer 1.5mm
reinforcing fibers and the data is shown in the Figure below. These results are consis-
tent with the 2.5% samples with the exception of one of the 45 degree samples that
exhibited a drastically higher toughness than the other samples. Despite this, it still
performed similarly to the other 45 degree samples and is considered an anomaly due
to the artifacts of inter-layer fusion of 3D printed layers. One thing to note is that
although there is still a high sample disparity for each orientation (similarly to the
2.5% samples), there is a greater difference or “gap” between each infill orientation.
Figure [5.29| shows how each infill orientation follows a steady trend of a decreas-
ing Young’s modulus with 2/3 samples consistently following the decline and having

similar properties.
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Figure 5.28: Stress/strain response of the 5% samples with two sample anomalies of
the first 0 degree sample and the first 45 degree sample.
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Figure 5.29: Young’s modulus responses of the 5% samples further showing the 0
degree anomaly affecting the average value with a considerable drop.

Finally, the 7.5% samples show an increase in stability and consistency in the
3D printed samples stress/strain results and follow the same trend stated for the
2.5% and 5% samples. An increasing in alignment of the reinforcing fibers showed
consistent gaps in the mechanical responses recorded and the orientation is shown
to greatly impact its mechanical properties. Although the results appear to be more
consistent than the 2.5% or 5% results, it still has a toughness anomaly with a 90
degree sample and further reinforces the statement that the 1.5mm samples are more

susceptible to 3D printing artifacts.
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Figure 5.30: The 7.5% sample stress/strain response show more distinct separations
between fiber orientation and sample response.
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Figure 5.31: The Young’s modulus for the 7.5% samples showed a more balanced
distribution of values and seemed to be free of the anomalies seen in the 2.5% and
5% samples.
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To the summarize the 1.5mm reinforcing fiber samples, Figure 31 shows the aver-
age change in the Young’s modulus with respect to the filaments volume fraction for
the fiber reinforced samples. The results show how the fiber orientation is still the
dominating variable when comparing the 0 degree samples, yet with the misaligned
samples this no longer holds true. With the fibers not aligned with the direction
of loading the mechanical responses become less predictable with the longer fiber

samples compared the shorter Imm samples.
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Figure 5.32: Mechanical response of the 1.5mm samples which behave more chaoti-
cally with the misaligned fiber orientations compared to the Imm samples.

When normalizing the Young’s modulus for the 1.5mm samples we see how anisotropic
the response of the samples can be based on the fiber content and orientation. One
thing interesting to note is how much more distributed the values appear to be for the
1.5mm samples compared to the Imm samples. It is theorized that the longer fibers
might not have the same aligning properties as the lmm samples and as a result are

more diverse in their responses.
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Figure 5.33: Normalized modulus response of samples with 1.5mm reinforcing fibers.

5.6 Theoretical analysis (Haplin-Tsai)

As mentioned in a previous section, the aspect ratio and volume fraction of the rein-
forcing fiber plays a considerable role in the mechanical properties. The Halpin-Tsai
model is a popular theoretical analysis model used to predict the mechanical proper-
ties of composites, specifically short fiber composites . The Halpin-Tsai model is
often used as an empirical method to solve for the micromechanics of discontinuous
(short) fiber composite laminas for both the aligned and randomly distributed fiber
orientations. For the case of the aligned fibers, the two major moduli that need to
be determined are the longitudinal and transverse modulus. Equation [5.5| represents
the equation to solve for the longitudinal modulus while Equation [5.6| represents the
transverse modulus. These equations share a few constant values that repeat and are

thus shown as Equations [5.7] & [5.8| to simplify the moduli equations.
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Where c is the volume fraction contribution of the fiber and R as mentioned before
is the aspect ratio. Constants 1; and 7y are defined by fiber properties calculated
using Equations [5.7] & [5.8 where Ef and Em are the elastic modulus for the fiber and

matrix respectively.

E/Epn—1
_ L/ 5.7
=B JEy + 2R (5.7)
Ey/E, —1
= Ly/tm = 2 5.8

For instances with randomly distributed fibers a new equation is used to determine
the modulus for the whole matrix (Equation [5.9) using the previous equations for a
single lamina.

3 5

E=°FE +°E 5.9
gt ghe (5.9)

For the Halpin-Tsai approximations, the mechanical properties of the manufac-
turing materials are used. The modulus of the bulk ABS used as the polymer matrix
was used based on the manufacturer specifications of 2.41 GPa. For the reinforcing
fibers the manufacturer specified 60 GPa and thus the ratio of the fibers modulus
to the matrix modulus would be 60 GPa/2.41GPa or a ratio of 24.7 [85] The aspect
ratio is then determined by using the manufacturer specified thickness of .36mm and
the length of the reinforcing fibers varied between 1mm and 1.5mm to replicate the
experimental testing. With the aspect ratio and material properties defined, the only
remaining variable still needed is the volume fraction of fibers to matrix. This is var-

ied similarly to the physical samples tested with reinforcing fiber quantities between
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1.25% and 10% volume fractions. Figure shows the computational longitudinal
modulus for both the 1mm and 1.5mm fiber lengths with respect to the volume frac-
tion of reinforcing fibers. The results appear to be mostly linear in the ranges tested
with the 1.5mm having an increase in the modulus at a slightly faster rate than the

1mm.
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Figure 5.34: Theoretical longitudinal Young’s modulus response for varying infill
percentages and fiber length.

For the transvers modulus, the Halpin-Tsai equation only use the fiber volume
ratio and ignore the aspect ratio. According to the Halpin-Tsai criteria, the 90
degree orientation is perpendicular to the fiber direction and the length of the fiber
is irrelevant for this failure method. This can be seen in Figure [5.35| where both the

Imm and 1.5mm calculations overlap.
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Figure 5.35: Theoretical transverse modulus for varying fiber content despite varying
fiber lengths.

The results from the Halpin-Tsai approximations are then compared to the exper-
imental results shown from the previous sub-sections. Figure 35 shows the ratio of the
Odegree sample modulus with respect to the unreinforced modulus of the plastic ma-
trix for both the experimental results and the Haplin-Tsai calculations. The results
show a trend of an increasing longitudinal modulus with comparable magnitudes for
the actual vs theoretical results. This gives credibility to the idea of using short fiber
laminate composite theories to predict the mechanical responses of 3D printed short
fiber composites.

The same analysis was then conducted for the 1.5mm samples and the results are
plotted in Figure |5.37 The results appear to be similar to the Imm samples with
a steeper increases per fiber content with the 5% being an anomaly as stated in the
previous subsection.

Finally for the transverse samples, the 1.5mm and lmm transverse (90 degree)

moduli are compared to the constant Haplin-Tsai values (Figure 37). These results
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Figure 5.36: Comparison of the Imm fiber length samples vs the Halpin-Tsai theo-
retical values.
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Figure 5.37: Comparison between the theoretical and measured values of the 1.5mm
samples and the Halpin-Tsai calculations.
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Figure 5.38: The transverse responses of the samples showed no correlation to fiber
content as expected with the Halpin-Tsai calculations and was dominated by artifacts
of 3D printing instead of fiber content /length.

show the chaotic responses of the samples and how they are considerably more sus-
ceptible to 3D printing artifacts. For the 90 degree samples, the failure mode is the
separation between the extruded strands and inter-layer delamination which is de-
pendent on the physical movements of the printer and the dimensional quality of the

input filament.

5.7 Conclusion

The results show how a 3D printed objects mechanical properties can vary greatly
based on its fiber volume fraction, fiber aspect ratio and orientation of reinforcing
fibers. By studying the microstructure of commercially available carbon-fiber rein-
forced 3D printer filament, it is seen that there can be a considerable variance in
carbon content and fiber aspect ratio in a printed part. This study used custom fila-

ment with discontinuous reinforcing fibers to control the content and length of these
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fibers in an effort to capture the effects of these parameters on a 3D printed object in
bending. The findings showed that increasing the fiber volume fraction can greatly
increased the longitudinal modulus of the final part when comparing to the transverse
modulus. This is especially noticeable when looking at the normalized modulus. The
Halpin-Tsai model is used to predict the mechanical behavior of short fiber reinforced
composites and compared to short fiber 3D printed composites. When the theoretical
results were compared to the experimental results a correlation is noticeable. These
results however do have anomalies present. The shorter fibers tended to outperform
the theoretical analysis and the longer fibers tended to underperform. It was also
noticed that the longer fibers tended to have more variance in the results compared
to the shorter fiber counterparts. This is likely due to the longer fibers having a
more considerable and detrimental impact on the parts final mechanical properties.
The fibers could become entangled or extruded in a non-linear direction. There is
also the ever present variation due to the nature of 3D printing. As the transverse
results show, in theory the fiber aspect ratio should have no effect on the transverse
mechanical properties. The experimental data shows that although there is no clear
distinction between the two, there is much variance in the Young’s modulus regardless
of fiber length. This is attributed to artifacts of the 3D printing process overwhelming

any relation that the fiber volume fraction may have imposed.

Copyright© Jordan Garcia, 2023.
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Chapter 6 ANISOTROPIC BEHAVIOR OF 3D PRINTED
CONTINUOUS FIBER COMPOSITES

Continuous fiber composites traditionally have the best mechanical properties but
can difficult or costly to manufacture, especially when attempting to use additive
manufacturing methods. Traditionally, continuous fiber composites used specialized
equipment such as vacuum enclaves or labor heavy hand layering techniques. An
attractive alternative to these costly techniques is modifying discontinuous fiber ad-
ditive manufacturing methods into utilizing continuous fibers. Currently there exist
commercial systems that utilize finite-deposition (FD) techniques that insert a contin-
uous fiber braid into certain layers of the composite product. One of these machines,
(known as the Mark Forge), has the fiber being introduced into the composite through
the nozzle and a saw-like mechanism cuts the long fiber after it is extruded between
layers. This method does not produce products with fibers homogenous through the
entire product. As a result, traditional Laminate-Composite-Theory (LCT) does not
apply to these composites without implementing further modifications for this incon-
sistency. Just as in the discontinuous fiber composite samples, LCT is implemented to

predict the anisotropic mechanical responses of continuous fiber 3D printed samples.

6.1 Materials and methods

For continuous fiber 3D printed samples, the Markforged mark II 3D printer was
used with its manufacturer recommended materials. The OnyxTM filament polymer
matrix and a continuous carbon fiber reinforcement strand. The OnyxTM filament is
a carbon micro-fiber reinforced nylon material with a manufacturer specified tensile
modulus of 2.4 GPa and density of 1.2 g/cm3. The continuous fiber strand is the
same material used in Chapter 4 for the discontinuous fiber reinforcement. It has a

manufacturer specified tensile modulus of 60 GPa and a density of 1.4 g/cm3. The
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main difference between the samples of this chapter and the previous chapter is the use
of a polymer matrix that is already reinforced with micro-fibers and the reinforcing
fiber strand is continuous for the entire laminate; however, the LCT should be able
to capture the mechanical responses of these materials similarly to the discontinuous

fiber samples.

6.1.1 Slice settings

The MarkForge composite printer uses a proprietary software called Eiger.io slicing
software, this software was used to specify the orientation of the internal reinforcing
fiber and convert the geometry into G-code for the printer. The default settings of
the slicing software is set to use a repeating 0,45,90,-45 degree fiber orientation infill,
with the top and bottom 4 layers absent of any fiber reinforcement. Meaning in
a 3mm rectangular cross section with .125mm thick layers, the bottom 0.5mm and
top 0.bmm are not fiber reinforced and only the center 2mm has continuous fiber
reinforcement. The layers without any fiber reinforcing and only the OnyxTM are
then printed at alternating 45,-45 degree orientations for the top and bottom layers
only. These are the default settings that are used on any imported geometry into
the Eiger.io slicing software. The focus is the application of CLCT thus only the
orientation of the infill and reinforcing fibers will be modified from the default slicing
parameters. As seen in Figure the geometry is imported into the slicer and then
the printing material needs to specified. The default OnyxTM was set up in the
machine and Carbon fiber was used for material reinforcement. It should also be
noted that both of these materials were enclosed in a humidity controlled container

to minimize variation in prints due to changes in humidity in the environment.
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Lock Orientation No

Cloud Slicing Yes D
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Figure 6.1: Eiger.io slicer with materials specified on the right side of the user inter-
face. The materials specified are the OnyxTM as the polymer matrix and carbon as
the reinforcing fiber.

With the printing materials specified, the only parameter changed for each printed
batch was the orientation of the reinforcing carbon fiber; this was done by specifying
the fiber content and orientations in the reinforcement tab. The fiber is set to create
solid parts while minimizing the number of exterior polymer only walls to capture the
change in properties based off the fiber orientation only. Figure then shows how
the reinforcing fiber can be specified by increasing the quantity and specifying the
orientations used for each layer. Combinations of layers can be specified by the user
to set repeating patterns if desired. For this case all fibers are universally oriented in

a singular direction to capture the oriented lamina properties for each angle.
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Figure 6.2: The polymer infill is specified (Left). The Fiber content is then specified
using the reinforcement tab (Right).

The internal view component is used to visualize the orientation of the reinforcing
fibers as well as the quantity of reinforced layers. As previously stated, unless the
code is manually overridden a minimum of 0.5 mm on both the top and bottom of
the samples must be polymer only. As seen in Figure the blue lines on the sample
depict the fiber reinforcement being placed for each layer while the white depicts the

polymer being laid around the fibers to assist with adhesion.
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Figure 6.3: Internal view component of Eiger.io slicing software were the fiber orien-
tations are specified by the user. This image depicts a cross section of the 0 degree
angle fibers shown in blue with the polymer reinforcement shown in white.

First the orientation of the reinforcing fibers will be oriented to all face a single
direction and the entire sample will be composed of continuous carbon fiber reinforced
onyx filament. By testing samples whose fibers are entirely oriented in a singular
direction, (such as longitudinal or transverse), the mechanical properties of a single
composite laminate can be determined. The 0 degree oriented fiber samples would
be used to calculate the longitudinal properties and the 90m degree oriented samples
are used to calculate the transverse properties. The 45 degree orientation is then
used in conjunction with the 0 and 90 degree samples to calculate the shear modulus
using Equation 6.1l The end goal of these tests is to find the individual properties for

each laminate orientation and implementing the CLTC equations to find the products
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anisotropic macroscopic responses using the Tsai-Wu criterion. Once these properties
are calculated they can then be inputted into ANSYS simulations to determine the
products response by treating each layer of the 3D printed part as a laminate. Then
by combining each laminate into the final geometry, the overall response is calculated

for both structural and modal responses of theoretical parts.

1
G12 = 4 11 +2l/12
BT Ei1 Bz | Byl

(6.1)

6.1.2 Sample fabrication and testing

Geometrically identical rectangular bending specimens to those in chapter 4 were
produced to compare to the short fiber composites from the previous chapter. With
nominal dimensions of 15x75x3mm, the rectangular samples are printed in batches of
similarly oriented fibers of increasing misalignment from 0 degree to 90 degree. The
batches also include a control batch of only alternating 45 degree OnyxTM filament
with no continuous carbon fiber reinforcement. The first set of batches were printed
in random order with the final outcome being 0 degrees, control with no fiber, 90
degree, and 45 degrees. As previously stated, the printing parameters are left to
default values from the Eiger.io printing software to simulate manufacturing with the
machine “out of the box” and no modifications. This means the top and bottom
layers are polymer only and the slicer is set to print solid parts. To test the samples,
the PASCO materials tester was used similarly to the discontinuous fiber samples
from chapter 4. The materials tester would collect the force applied data from the
load cell and the deflection data of the applicator.

To calculate the stress of the rectangular cross section at the location of failure,
Equation is used with the width and height variables. Note these simplified
equations only relate to simple rectangular geometries and its stress/strain relations

perpendicular to/on the neutral axis.
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Where F is the applied force, L is the length of the sample between the deflectors,
b is the width of the sample and d its height. To calculate the flexural strain on the
neutral axis, a different equation (Equation is required with a new variable D,
where D is the distance the beam has deflected from its original position

[19]. This value is represented by the distance the force applicator traveled during

testing.

6Dd
€=73

(6.3)

Using the averaged stress/strain responses of the samples, the average stress/strain
curve can be plotted from the calculated data. From this plot, the Young’s modulus,
max stress/strain, and toughness of the material can be calculated based on the re-
sponse curve. The Young’s modulus would be calculated using the stress/strain slope
of the first .lmm/mm of strain experienced by the sample. The max stress/strain
of the samples would be calculated by finding the maximum values of each before
complete failure of the sample (often meaning separation of more than half of the
products layers. The toughness of the samples would be approximated by integrating
the area under the stress/strain response curves. The combination of these three
properties are used to assess how brittle or ductile each orientation response is when

compared to the other orientations.

6.2 Experimental results

The control samples with no continuous carbon fiber reinforcement were tested and
the results were plotted in Figure [6.4, The data from the control samples shows that
the overall response of the samples remained consistent with a gradual elastic response
initially, a mid range plastic response and a ductile failure in the end. The control

responses also showed that using the same printer, print location, and filament still
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resulted in considerably varied mechanical responses (Figures . The Young’s
modulus varied up to 18% from the highest and lowest mechanical responses while
the max stress varied similarly with a 15% variance. Also of note it appears that
the highest and lowest Young’s modulus and max stress correlate with the same
samples, this implies that the mechanical response of a test sample would either be
consistently better or worse based on the sample. Taken into effect, it appears that
there will always be a considerable error margin due to the nature of the printer with
“good” and “bad” samples being periodically produced. Therefore a change of over
20% would imply that the results are not simply due to an artifact of the 3D printer
but actually a change in the mechanical response of the samples. To predict the
mechanical properties of the non-continuous fiber portions of a sample, the average
Young’s modulus between the samples is used instead of the manufacturer’s technical

data to adjust for the specific printer in use.
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Figure 6.4: Mechanical responses of the Onyx only control samples with no continuous
fiber reinforcement from the MarkForge printer.
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Figure 6.5: The calculated Young’s modulus of the control samples based on sample
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Figure 6.6: The max stress of the samples using the same data set numbering as the

Young’s modulus data.

The continuous fiber reinforced samples are now investigated using samples printed

by the same machine. In order to calculate the longitudinal, transverse and shear

moduli, the 0, 45, and 90 degree samples are used. Each sample was tested until
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failure, often meaning the sample would "snap” and each half of the sample would
eject itself in an opposite direction. The exception to this would be the 90 degree
samples which simply separated both halves when the force applicator would reach
its maximum displacement. Three sets of samples were produced and tested, each set
consists of one sample with the fibers aligned to be perpendicular with the direction
of the loading applicator (0 degree) and increasing misalignment until the fibers are
parallel with the load applied by the loading applicator. The data sets were not pro-
duced in order but assigned to a set based on order of testing with the first 0 degree
sample being “0 degree” and once the second 0 degree sample is tested it is assigned
the second set as “0 degree 2”. The samples were tested at random and number
assigned based on the order of testing alone. The three total sets were tested and

had their mechanical properties calculated with the results shown in Figures

68 & [6.9).
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Figure 6.7: First set of data for the continuously reinforced samples and their calcu-
lated responses.
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Figure 6.8: Stress/Strain response from the second set of samples tested from the
Markforge printer.
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Figure 6.9: Third and final set of data from the continuously reinforced samples
tested.
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The calculated results showed a dramatic change in the stress/strain curve from
the 0 degree to the 30 and 45 degree samples. The 0 degree samples showed a very
brittle response with a steep Young’s modulus and a sudden abrupt failure. The
Stress response of the 0 degree sample dwarfed all other samples by almost an order
of magnitude; however, the failure strain of the 0 degree samples were 80% smaller
on average than the max strain of the 45 degree samples. This shows that the
0 degree samples have improved stress performance at the cost losing considerable
plastic deformation, hence becoming more brittle. The results also show how slight
misalignment’s with the fiber loading direction can cause drastic changes on the
overall mechanical responses. A misalignment of 30 degrees causes a drop of the
Young’s modulus by 66% on average, and a drop in the maximum stress by 45%.
These drops are drastic and show just how dependent continuous fiber composites
can be based on the direction of loading, it also shows how much of the materials
mechanical properties can underutilized if not properly oriented. There does appear
to be one possible benefit in misalignment in that the materials behave in a much more
ductile manner. By rotating the fibers to be 30 degrees off from being perpendicular
to the loading direction, the toughness of the material increased by 50% on average.
This could be used when optimizing fiber orientations for builds to avoid any brittle
failures which may not be preferable depending on application. With the testing of
the samples concluded, the data is then used to calculate the mechanical properties of
a single oriented lamina ply. In order to calculate the needed values for representing
3D printed parts as a composite lamina, the 0 degree, 45 degree and 90 degree samples
are further investigated (Figure . The longitudinal, transverse and shear moduli
are needed to calculate the mechanical properties of a single lamina ply and can be
found using these three orientations. This is further covered in the theoretical analysis
section. The data from the samples also shows how the 0 degree samples remain more
consistent in magnitude while the 45 and 90 degree samples showed higher levels of

variation. The 0 degree samples would only have a maximum difference in Young’s
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modulus of 1.7% and max stress of 6.8%. These samples showed extremely varied
results based on how closely the fibers are oriented with the loading condition, since
the loading was perpendicular to the length of the par the 0-degree sample would
be considered longitudinal. The change in the products Young’s modulus can be as
drastic as 737% when comparing the longitudinal 0-degree samples vs. the transverse
90-degree samples. The more misaligned samples from 45-degrees and on-wards would
have very little difference in their elastic response compared to the much more brittle

response of the 0 degree samples.
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Figure 6.10: Focused results comparing the 0, 45, and 90 degree samples from each
batch for CLCT calculations.

The maximum stress of the samples also directly correlates to the Young’s modulus
having a 687% increase from the 90-degree sample to the O-degree sample. The
following misalignments have a considerable affect between the 30-degree and 45-
degree samples, yet any further misalignment appears to have a negligible effect.
This is most likely attributed to the failure mode of the reinforcing fibers switching

from a tensile failure to a more shear-based type of failure.
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Figure 6.11: Change in Young’s modulus based on fiber orientation for continuous
fiber bending samples.

The effect of the fiber orientation for the continuous fiber samples appear to
be much more drastic than the discontinuous fibers. Although the magnitude of
the Young’s modulus for continuous fiber samples outperformed the discontinuous
samples, the moduli were normalized and compared to focus on the effect of the
fiber orientation only. Comparing the normalized results between the two types of
fiber, we see how the use of continuous fibers magnifies the effects of proper fiber
placement based on loading conditions (Figure . These results show how both
the continuous and discontinuous samples had the greatest mechanical response when
the fibers were oriented perpendicular to the loading direction. Furthermore the
continuous fiber samples had similar trends with an even greater sensitivity to fiber
misalignment compared to the discontinuous fibers. This appears to agree with the
Mori-Tanaka theory used in chapter 4 for the discontinuous fiber and increasing aspect

ratio. Another explanation for these results is the possibility of the discontinuous fiber
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samples having the short fibers “mostly” aligned with the print direction while the

continuous fibers have more control over the direction of the fiber.
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Figure 6.12: Comparison of average max stress based on reinforcing fiber orientation.
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Figure 6.13: Comparison of the continuous and discontinuous fibers (2.5% and 5%
Imm samples) normalized Young’s modulus.

6.3 Theoretical Analysis Tsai-Wu

Using the Tsai-Wu failure criteria for unidirectional continuous fiber composites are
investigated and applied for the data gathered. These composites are constructed
by combining multiple multidirectional laminates composed of individual oriented
laminas. The single layer laminas are orthotropic and are stacked one atop another
and combined to create a composite laminate. These laminates can be optimized
for certain applications by changing the orientation or thickness of the individual
unidirectional laminas. For a single layer composite lamina, when the reinforcing
fibers are aligned parallel to one-another this is considered the lamina’s longitudinal
direction as seen in Figure (6.14]). Perpendicular to the direction of the reinforced
fibers is called the transverse direction; the properties of the composite lamina are

dominated by the bulk matrix material instead of the reinforcing fiber.

130



B

Transverse
'
'
(]

v

Longitudmal

Figure 6.14: Sketch of an un-oriented lamina with its reinforcing fibers drawn to be
aligned with the dotted lines

According to the Classical Lamination Theory, the strain-stress relation of an

un-oriented, single-layer unidirectional lamina or ply is defined by Equation6.4]

€11 S Sz 0 o1
€x| = |Sa S O 021 (6-4)
Y12 0 0 Ses| |Ti2

Where 511, S92, 512, and Sgg are the directional compliance’s, defined by the fun-
damental material constants Fyi, Fas, G2 and 7. For the engineering constants,
e is the strain experienced by the lamina and o is the axial stress applied, v is the
shear strain and 7 is the shear stress. The subscripts refer to the principle directions,
1 being the longitudinal direction, 5 being the transverse direction and g being in
plane. To calculate the compliance, certain mechanical properties need to be used.
One such property being E, where E is the Young’s modulus (note the subscripts
are the same as in the engineering constant where ; and 5 refer to the longitudinal
and transverse directions respectively). The symbol v represents the Poisson’s ratio

and G denotes the shear modulus. The 15 and 5; subscripts refer to a combination of
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loading and strain directions; the first number depicts the direction of the loading,

while the second number depicts the direction of the strain.

1
511 == E (65)
1
1
Sy = = (6.6)
2
1% 1%
512 g 521 et —ﬁ = _Ei; (67)
1
Se6 — G_12 (68)

For the unidirectional lamina, the variables si1, S99, 12, and sgg all represent the
compliance due to loading in the longitudinal direction, transverse direction, Poisson’s
effect, and shear loading respectively. It should be noted that due to symmetry the
Poisson’s effect compliance relation holds true for both Poisson’s ratios so long as its
divided by its respective modulus.

These relations are used for a lamina with no orientation dependencies and as-
suming the loading is perfectly in the longitudinal, transverse or shear directions. In
real applications, the applied loads or subsequent strains can vary in directions, thus
an orientation is used to describe these new directions as seen in Figure (6.15)). The
angle of the x direction of the orientation with respect to the longitudinal direction
of the lamina is labelled as #, and the y direction is perpendicular to the x direction.
The strain-stress relation of an arbitrarily oriented, single-layer lamina or ply with
arbitrary loading conditions is defined by Equation where now the compliance matrix

accounts for varying types of shearing.

€y | = [Szy Sy Sys Oyy (6.9)
Yy SS$ sy ss Ty
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Figure 6.15: Orientation of infill fibers with respect to # with the longitudinal and
transverse directions in the 1 and 2 directions respectively.

The values for the compliance components of the oriented lamina use the same
un-oriented lamina mechanical values but incorporates the orientation effects m and

n. The trigonometric function Cos(f) is represented using m and Sin(6) represented

by n.
Spr = m*S11 4 1t Sag + 2m?*n2S1s + m?n?Seg (6.10)
Syy = ’I’L4811 + m4322 + 2m2n2S12 + m2n2566 (611)
Spy = m*n?S, +m?n?Syy + (m* +n*) — Spp + (mn® — m®n)Ses (6.12)
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Sps = 2m*nSiy — 2mn®Say + 2(mn® — m3n) Sy + (mn® — m3n)See (6.13)

Sys = 2mn®Sy; — 2m*nSey + 2(m*n — mn?)Siy + (m*n — mn?®)Ses (6.14)

Ses = 4m*n?S11 + 4m>n?Syy — 8m*n?S1y + (m? — n?)Seg (6.15)

As an arbitrarily-oriented single layer lamina is placed in a xy-plane and subjected

to a load, the moduli of the lamina can be computed from the compliance values.

1
E, = 6.16
5 (6.16)
B, — (6.17)
v Syy .
1
S,,
= ——= 1
Vay 5, (6.19)

As seen from the compliance equations, the moduli of the lamina will be dependent
up the orientation angle of the lamina layer. The longitudinal modulus (E,), the
transverse modulus (E,), and the shear modulus (G,,) are determine by the un-
oriented lamina compliance values (Equations - which are determined by
using the 0, 90, and 45 degree samples in conjunction with Equations [6.516.8|

Markforge provides the longitudinal modulus of its extruded carbon fiber material
to be 60GPa; however, the transverse and shear properties are not specified and thus
the experimental results are used to approximate these values. The 90 degree ori-

ented samples are used for the transverse response and the shear is calculated using
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Equation 6.1} The final values are calculated to be the following: the longitudinal
modulus is given from the manufacturer £,=60GPa, the transverse modulus uses the
data from the 90 degree samples £,= 3.06 GPa, and the shear modulus is calculated
using a combination of the other factors G, = 2.08 GPa. With this data the mechan-
ical responses of a single oriented lamina are calculated using the Tsai-Wu criterion.
Figure [6.16] shows just how the change in orientation can cause a significant drop in
the Young’s modulus for a single lamina of continuous carbon fiber especially in the
first 5-15 degrees of misalignment. As the theory predicted the transverse modulus
would then mirror the longitudinal modulus an increases with orientation angle. This
is due to the fibers orienting themselves with the direction of the loading as the fiber
angle increases. As the fibers rotate the 90 degree transverse response is essentially

the longitudinal 0 degree and the longitudinal 90 degree is the transverse 0 degree

(Figurd6.17).
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Figure 6.16: Longitudinal modulus prediction using the Tsai-Wu criterion for a single
layer continuous fiber reinforced composite lamina.
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Figure 6.17: Lower transverse modulus of an oriented lamina ply for the continuous
fiber reinforced lamina ply which mirrors the longitudinal modulus.

The shear modulus and effect of the Poisson’s ratio instead show their own unique
behavior with the lowest values at the 0 and 90 degree responses. Instead the shear
modulus has its maximum value at the 45 degree orientation. This is when all the
fibers would be oriented in a way that the shear force would be most translated
to a longitudinal force for the reinforcing fibers, while the 0 and 90 degree samples
would rely only on the shear properties of the carbon fiber and polymer matrix. The
Poisson’s ratio then also has the greatest effect on the 45 degree samples for similar
reasons. As the shear force distributes unto the fibers, the material elongates in the
axial direction of the fibers and results in the higher shear stress observed for the

same angles.
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Figure 6.18: Shear modulus calculated using the Tsai-Wu criterion for the oreinted
single play lamina based on reinforcing fiber angle.
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Figure 6.19: Change in effect of Poisson’s ratio with respect to orientation angle
resulting in the shear force being distributed more along the axial direction of the
fibers.
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Using the Tsai-Wu criterion the macroscale mechanical response of an oriented
lamina is determined for each fiber orientation. Having the ability to predict the
mechanical properties of the lamina based on fiber orientation can then be used as
an input for CLC. As previously stated CLC gives the ability to predict the macro
response of the final product of any combination of these laminas and orientations
based on the mechanical properties calculated using the Tsai-Wu criterion. The
equations for CLC were used in chapter 2 for the discontinuous fibers assuming a
homogenous material. Yet for the continuous fiber samples with 4 top and bottom
unreinforced layers, this assumption is no longer valid as these layers would consist
of their own type of lamina response different from the layers with continuous fiber
reinforcement. As a results the mechanical properties of the extruded matrix material
alone must be used to compensate for these unreinforced layers and get accurate
results of combined multi-lamina laminates. To summarize the Markforge printer
can create continuous fiber reinforced 3D printed samples; however, the fiber is not
present in all layers. Each layer has anisotropic mechanical properties independent of
fiber content. The polymer only samples follow the classic 45 & -45 degree orientation
when extruding while the sections with fiber reinforcement are specified by the user.
To accommodate for these layers with different mechanical properties, the data from
the control samples with no continuous fiber reinforcement were used. Using this data
the average Young’s modulus for the polymer only layers was found to be 1.42 GPa,
and seeing as the orientation will not change this value is assumed for the transverse
modulus as well.

By using the Tsai-Wu criteria any lamina orientation the Markforge printer fol-
lows can have it results predicted. With the properties of each lamina known, the
properties of the complete laminate can be predicted and subsequently the actual
final product/structure. This method can predict the mechanical response even if
the fiber content is not homogenous through the laminate. This is valid as long as

the mechanical properties of each material lamina type is known such as the polymer
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only laminas and the fiber reinforced laminas. With this data the Tsai-Wu theory can
then be applied to any combination of lamina plies to predict the mechanical response
of the final structure. Several composite laminate solvers currently exist, especially
in academics; however to assist in application to industry use, a commercial solver is
used instead. One commonly used commercial solver with capabilities of simulating
multiple lamina orientations and materials is by using the ANSYS WORKBENCH
Composite Post/Pre (ACP) module. Using data from the manufacturer, and extract-
ing data from the rectangular bending samples explained earlier in the chapter, the

ACP module can simulate the responses of the composite material using CLCT.

6.4 ANSYS simulations

With the laminate mechanical properties determined from the test specimens, the
theory can then be applied to a composite simulator, in this case ANSYSWORK-
BENCH is used. AnNSYS has a component titled the ANSYS Composite PrepPost
(ACP) that allows the user to input the laminate properties for the composite mate-
rial to simulate. The geometry is then modeled layer-by-layer with each layer having
a defined thickness and material. The solver then combines all these layers using
CLCT and simulates the mechanical responses of the entire structure. To begin, the
materials for the laminates are inputted as having orthotropic elasticity using the val-
ues calculated previously (longitudinal/transverse/shear moduli and poisons ratio).
The geometry of the sample is then modeled in the Geometry Modeler component
using the samples nominal rectangular dimensions of 75X15 mm as seen in Figure
A simple rectangle is created using the sketch feature, then the rectangular

sketch is used to create a surface.
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Figure 6.20: Geometry representation of sample with nominal print dimensions using
a surface element in the ANSYS geometry modeler.

This surface is then used as a mid-plane for the laminates to orient around, with
the thickness of the sample being determined by the number of layers and each layers
respective thickness. In the ANSYS workbench ACP, the number of lamina and their
associated materials/orientations can be inputted into the worksheet defining the
physical part. Below in Figure [6.21] we see the actual laminate layering of a sample
with unmodified 100% infill with a specified fiber orientation of 0-degrees. This
inclusion of the polymer only layers captures how the Markforge actually produces
solid parts if you specify the reinforcing fiber orientation with maximum carbon
content. The top and bottom layers are polymer only and thus if the entire composite
is assumed to be fiber reinforced, the predicted results would be considerably greater

than the actual mechanical response of the samples.
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Layer | Material | Thickness (mm) | Angle (%)

+2)

24 Onyx_polymer 0.125 45
23 Onyx_polymer 0.125 -45
22 Onyx_polymer 0.125 45
21 Onyx_polymer 0.125 -45
20 Carbon fiber 0.125 0
19 Carbon fiber 0.125 0
18 Carbon fiber 0.125 0
17 Carbon fiber 0.125 0
16 Carbon fiber 0.125 0
15 Carbon fiber 0.125 0
14 Carbon fiber 0.125 0
13 Carbon fiber 0.125 0
12 Carbon fiber 0.125 0
11 Carbon fiber 0.125 0
0 Carbon fiber 0.125 0
9 Carbon fiber 0.125 0
8 Carbon fiber 0.125 0
7 Carbon fiber 0.125 0
6 Carbon fiber 0.125 0
5 Carbon fiber 0.125 0
4 Onyx_polymer 0.125 45
3 Onyx_polymer 0.125 -45
2 Onyx_polymer 0.125 45
1 Onyx_polymer 0.125 -45
2

Figure 6.21: Worksheet of each specified individual laminate and its respective ma-
terial, thickness, and reinforcing fiber orientation

The next step is then to mesh the geometry, due to the simplicity of the geometry
a structure mesh is used. To ensure that the refinement of the mesh is not affecting
the simulation results a grid independence study is conducted. Beginning with a
course mesh of 30X6 elements along the geometric edges is applied as seen in Figure
6.24] The 75mm side contains 30 elements along the length of its edge and the 15mm
sides have 6 elements running along the side of its edge. For a finer mesh the number
of elements along each edge is doubled, 60 on the long sides, 12 on the shorter sides.
This results in the finer mesh having a 300% increase in the number of elements.
Both meshes neatly align with quadrilaterals filling in the space in-between the edges
of the geometry, this will assist with gradient reconstruction accuracy and minimize

discretization error in the simulations.
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Figure 6.22: The two types of mesh are used to conduct a grid independence study
to ensure the mesh is not affecting the simulation results.

The center of both the geometries is then loaded with a 10N force while the edges
have a fixed displacement parallel to the load, this allows any displacement due to the
load to occur without the simulation giving a translation error; (If the tested object is
not sufficiently fixed the object is assumed to accelerate/translate indefinitely in the
direction of the load). The solution outputs are recorded and compared, these values
include the Von-Mises stress, Elastic Strain, and total or Z-directional displacement.
Figure shows a graphical result of the displacement of the beam for both meshes
with a 10N force applied at the center. Despite the coarse mesh having a third of
the number of elements the results were very similar and the largest change in value
being the stress at 1.8% difference. With a 300% increase in elements having less than
a 2% difference in the results, the mesh is considered converged for the rectangular

geometry.
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Figure 6.23: Displacement in the 7Z direction for the coarse mesh with a 10 N force
applied at the center (top) and the same force applied at the center for the fine mesh
(bottom).

As the simulations are not computational expensive due to the simple geometry,
the finer mesh is used for further study. The simulator theoretically only uses the 0
and 90 degree orientations as a start and end point and calculates all the values in-
between. Therefore the 30, 45, and 60 degree orientations would need to be simulated
using ANSYS and CLTC to compare the simulated results with the tested samples.
For the mechanical testing of the printed samples, the force and displacement data
was recorded by the tester and used to calculate the stress and strain responses. For
consistency the same will be done with the simulation results, the force is designated

while the displacement is recorded. Both values are then inputted to the same av-
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eraging equations used to calculate the stress strain curve to find the final products
Young’s Modulus (Equations 6.3). On the lower end of the modulus calculations
a value of 17N would cause .lmm/mm of strain which was used to calculate the
Young’s modulus. Therefore a value of 15N was applied to the simulation specimens
to be on par with the weakest samples responses to avoid any bias due to larger force
values being used for the simulated samples. The results for the simulated samples
using 15N of force on the center of the sample and averaging the strain compared to

the experimental results can be seen in Figure [6.24]
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Figure 6.24: Comparison of ANSYS simulation results and physical test samples
using the same averaging methods for calculation stress and strain based on force
and displacement.

The simulation results showed a surprising match to the statistical average of the
experimental results. The greatest disparity between the Ansys simulations and the
experimental results was the 30 degree angle with a less than 5% difference. This is
likely due to the 30 degree angle having the most variation in the mechanical responses
of its test samples. That being said the simulation method very accurately captures

the average response; however as seen in previous sections the samples do tend to
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vary due to the nature of the 3D printer. Utilizing this simulation method would
then come with an admonition; while this method can give the statistical average of
the mechanical response, it is up to the user to incorporate the variations of their

own machines and consider this when designing final products for use.

6.5 Conclusion

As previously stated the 0 degree orientation consistently had the best stress responses
at the cost of behaving as a brittle material. This may not be preferable when
designing structural components as an abrupt failure can cause harm to the user or
attached components. It may be preferable to sacrifice the products stress response by
purposefully misaligning the fibers to allow more gradual and noticeable failures. This
is left to the engineer designing the component to contemplate when deciding on the
fiber orientations to use. With the ACP settings and test values inputted into ANSY'S
workbench, more complex geometries and more abstract orientation combinations
can be simulated without the need for further sample/material testing. According
the CLCT more complex orientations can produce non-anisotropic final products that
additive manufacturing techniques are notorious for. Certain lamina combinations
can product final products that have limited isotropic properties down to the more
complex quasi-isotropic laminates. Another theoretical use for this simulation method
using CLTC is by testing simple rectangular bending specimens, the solver can also
simulate other types of responses such as a force applied in the tensile direction or
even the dynamic responses of these materials. In closing, the simulation can give the
statistical average of the products final mechanical response yet the printing process
itself may cause variation away from this average. Minimizing variation between
printed parts is a widely studied topic although this is not the focus of this study and

therefore this section is concluded.

Copyright© Jordan Garcia, 2023.
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Chapter 7 SUMMARY AND FUTURE WORKS

Literature has shown that 3D printed composites have highly anisotropic mechanical
properties for both continuous fiber and short fiber composites. While there is no
universally accepted method for calculating/predicting the mechanical properties of
3D printed parts, it has been proposed to use laminate composite theory which is
already used for composite products. Ideally the choice of a manufacturing method
should not alter the mechanical properties of a finished product; however, this is not
the case with 3D printing. As a mold-less, pressure-less manufacturing method, 3D
printing produces parts by depositing successive layers in an open environment. As
a result, the 3D printed parts often contain “voids” and have poor adhesion between
strands/layers, which lead to anisotropic structure and mechanical properties.

Starting with the analysis of comparing the printing orientation of premanufac-
tured carbon fiber reinforced filament, the mechanical properties of 3D printed objects
are examined. The 3D printed sample results from chapter 3 show that using the de-
fault slicing software settings the mechanical properties can change not only due to
which 3D printer is used but how the sample is oriented along the printing bed.
The results also show that even the best samples obtained by 3D printing methods
fail to meet the mechanical properties of samples produced by a more conventional
compression molding technique.

The analysis then continued with looking at the dynamic properties of 3D printed
composites. This included printing significantly larger samples and attaching a load
cell. The vibrational data was analyzed and the modal frequencies are recorded. The
data showed that the direction of the extruded strands altered the modal frequencies
even for a sample with the same geometry. Further implying that the fiber directions
significantly influence the mechanical properties of a 3D printed part, for both the

static and dynamic loading types. With the direction of the extruded strands affecting
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the mechanical properties, the composition of these strands is also shown to affect
the mechanical properties of 3D printed composites. For commercially available fiber
reinforced filaments, it was found through microscopic analysis that the fiber content
stated by the manufacturer is not very accurate. In order to apply CLCT the fiber
volume fraction and aspect ratio need to be known for the necessary equations. This
lead to the creation of custom filament with the desired fiber content and geometry.
Using this custom filament it was observed that the fiber content did result in more
brittle behavior in the 3D printed composites. The Halpin-Tsai model is used to
predict the mechanical behavior of short fiber reinforced composites and compared
to short fiber 3D printed composites. When the theoretical results were compared to
the experimental results a correlation is noticeable. These results however do have
anomalies present and the longer aspect ratio samples tended to have higher variance
in results.

Finally the mechanical properties of continuous fiber composites are examined.
The continuous fiber samples showed that the orientation of the fibers had an enor-
mous effect on the mechanical properties of the 3D printed composite. The 0 degree
orientation significantly out performed the other fiber orientations with a drastic drop
in Young’s modulus even with slight misalignment in fiber direction. This did however
result in very brittle responses which may not be preferable. Then using experimental
data from simple testing methods to fill in information not given by the manufac-
turer, CLCT is applied using the simulation software ANSYS WORKBENCH. With
the ACP settings and test values inputted into ANSYS workbench, more complex
geometries and more abstract orientation combinations can be simulated without the
need for further sample/material testing. The results showed considerable correla-
tion for each orientation and can be an accurate predicting method for 3D printed
continuous fiber composites.

Overall 3D printing for composites still has many other variables and artifacts

that need to be investigated for more complex applications before a universal method
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is accepted; however, this paper proposes a method to use already existing meth-
ods for defining composites currently used for both research and industry purposes.
Future works are planned to further capture these variables and apply them in 3D
printed composites. These variables include investigating the effect of fiber in non-
solid infill patterns. Often a solid part with 100% infill may not be the most desired
manufacturing method, and in its current state CLCT would need further refinement
to better capture these types of composites. Sandwich composites which consist of
multiple layers of different materials are also produced and the current model has
only been used for single-material purposes. Repeating the testing and analysis for
multi-material composites is a future work which can help further the design and

production of these types of 3D printed composite materials.

Copyright© Jordan Garcia, 2023.
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Appendix

Traditional 3D printer extrusion systems are not capable of producing products filled
with continuous fibers. To manufacture 3D printed samples that use a continuous
strand of carbon fiber, the extruding mechanism needs to be modified. In order to
design a modification to fit most 3D printing applications, an investigation into the
main components of the extruder is conducted. Beginning from the bottom of the
extruder assembly is the print nozzle, heat block, heat break and heat sink. The print
nozzle is the narrow exit pathway for the extruded filament to lay on the print bed
(Figure. The heat block is used to hold the heating element and thermistor in the
extruder assembly (Figure . The heating element is a high-temperature resistive
heating element that causes the heat block to reach a temperature capable of turning
the polymer material molten. The thermistor measures the temperature and controls
the voltage sent to the heating element to maintain a constant temperature. The two
are secured in the pre-cut channels and held in place via setscrews. The heat break
is a threaded extension of the heat block used to create a thermal barrier between
the molten material in the extruder nozzle and the polymer filamnet being fed into
the system. The extruder system depends on the stiffness of the polymer filament
to push the molten material out of the nozzle; if the filament was entirely molten
this would cause the material to pool itself in the assembly and seek other exits to
relieve the pressure. By keeping the entry to the extruder assembly relatively cold,
the polymer material only remains molten at the end of the assembly. This is why
the heat break (Figure is attached to the heat sink ensuring the entry remains
at a lower temperature than the nozzle. The final assembly of all the components

can be seen in Figure [A.3]
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3

Figure A.1: CAD representation of the extruder nozzle (Left) and heat block (Right)
of the extruder assembly.

Figure A.2: CAD representation of the heat break (left) and heat sink (Right) of the
extruder assembly.
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Figure A.3: CAD assembly of an E3D extruder assembly

By observing the assembly and understanding the function of the components, it
was determined that any modifications to the assembly need to be made from the
heat break above. As the lower assembly contains a pool of molten polymer, any
modification to this section would cause the material to seep through any cracks or
defects caused by the modifications. Due to the limitations, a passive gravity and
friction-controlled system is implemented by inserting the carbon strands directly into
the extruder assembly via a 22-gauge hypodermic needle (Figure . The needle
would be used as a guide for the continuous fiber strands to travel into the extruder
assembly into the pool of molten polymer. This would cause the continuous strand

to be extruded along with the polymer material when the driving filament pushes
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the material through. To implement this, a milling machine was used to drill a small
hole through the heat sink into the heat block and heat break to allow the needle to
be inserted. This method involved the least amount of modification to the extruder
assembly and allow the continuous fiber to be fed into the assembly (Figure .
With the reinforcing fiber being introduced into the extruded material, the nozzle tip
was expanded via drilling to allow the same amount of polymer to be extruded as in

the polymer only system.

LR R ER KT

Figure A.4: CAD assembly of modified E3D extruder assembly with a continuous fiber
injector for coaxial extrusion used for planning needle placement before machining
existing assembly
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Figure A.5: Machined extruder assembly with angled injection needle for continuous
fiber extrusion for coaxially extruded composites

With hardware modifications made to the printer, it is logical that the software of
the printer is also going to need to be modified to accommodate its new functionality.
First the placement of the strands was modified to accommodate for the new extrud-
ing diameter, and the speed of the process was slowed to ensure more predictable
friction/viscus force interactions. To accommodate for the new nozzle diameter and
fiber extrusion, the slicing software parameters were modified accordingly and its

movements were reduced to minimize opportunities for the fiber to shear. The G-
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code of the initial printing script was modified to remove priming actions and instead
a leveling code was added to assist in the bed leveling to minimize errors.

For mechanical testing, the same rectangular bending specimens used for the short
fiber composites were used in the continuous fiber composites. White ABS 3D printer
filament is being used to assist in differentiating the carbon fiber optically and should
have no affect on the mechanical response of the samples. This assisted in seeing
the path taken by the dark continuous fiber inside the 3D printed pat (Figure .
These samples were produced with an oriented infill for directional support and an
outside shell to assist with adhesion of the first layer. While this system showed some
promise it was ultimately left as future work due to the speed of the printing process
being tremendously slower and the tendency to break the continuous fiber strand
during the 3D printing process. The Markforge printer was used for the paper as a

substitute.

Figure A.6: Coaxially extruded continuous carbon fiber samples from modified ex-
truder with white ABS polymer filament.

Copyright© Jordan Garcia, 2023.
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