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Abstract
Additive manufacturing, especially in regards to 3D printing, is a burgeoning field that has
revolutionized the way we design and manufacture parts. Combining 3D printing with the
benefits gained from using strong and lightweight composite materials presents new potentials
for numerous varieties of structures. This thesis project aims to test and model the mechanical
properties of a thermoplastic PLA and carbon whisker composite used for a type of 3D printing
called Fused Deposition Modelling. Tensile testing is performed on several samples to measure
the elastic moduli of unprinted samples, as well as several solid and semi-hollow printed
samples. The semi-hollow samples consist of a solid perimeter around the sides and solid shells
on top and bottom which enclose a core that can vary according to infill patterns and infill
densities. The project’s modelling aspect involves creating a combination of finite element
analysis (FEA) and rule of mixtures (ROM) to predict the elastic modulus of semi-hollow
samples with given infill patterns and infill densities. Additionally, composites models such as
the Cox and Halpin-Tsai models are utilized to predict the modulus of solid specimens such as
solid unidirectional printed parts and unprinted filament material. For these models, optical and
scanning electron microscopy, density measurements, and thermogravimetric analysis were used
to determine fiber geometry and fiber volume fraction. Using parameters found in literature or
through material characterization, the FEA models created slightly over-predicted the
experimental results of the infilled specimens, while the Cox and Halpin-Tsai models, as well as
the SEM micrographs, showed partial alignment in both printed and unprinted samples.
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Introduction
A Brief History of 3D Printing
Additive manufacturing has made clever inventors out of hobbyists and has expanded the
possibilities for design engineers. Complicated parts, even those nearly impossible to machine,
can be brought into this world using computer aided drawings (CAD) and a 3D printer. The
range of capabilities for additive manufacturing reaches from household plastic printers to
industrial laser sintering for metals.
In its infancy, 3D printing started as technology called rapid prototyping (RP) due to its quick
and relatively cheap ability to build designed prototypes. Charles Hull is credited with inventing
the first commercial RP device. In 1983, Hull invented the stereolithography apparatus (SLA)
and received a patent for his invention in 1986. Hull’s SLA uses ultraviolet light to cure a liquid
photopolymer from the bottom up, one thin layer at a time until it created the desired part. Hull
made further advancements with his company 3D Systems with commercial SLAs and the
STereoLithography (STL) file format, a type of file type that breaks down a 3D CAD model’s
surface into numerous connected triangles. Many modern 3D printers still use the STL file
format to communicate a part’s design from CAD to the printer (3D Printing History, 2014).
In 1989, another 3D printing related patent was issued for Selective Laser Deposition (SLD), a
method using a high-powered laser to sinter metal powder together into shapes. Three years later,
Stratasys Inc. was issued for Fused Deposition Modelling (FDM), a method in which a polymer
ejected through a nozzle lays down material layer by layer. In the following years, numerous
other methods would be created, and the term Additive Manufacturing (AM) was created to
unify all of these methods under one phrase (3D Printing History, 2014).
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The price of 3D printers became affordable for non-commercial users when Dr. Adrian Bowyer
devised a printer that could be made from mostly 3D printed parts. This semi-self-replicating
idea led to the RepRap (Replicating Rapid prototyping) project which combined fused filament
fabrication, a method identical to FDM, with open sourced software. The initial RepRap printers
for public use went on sale in early 2009, and many companies followed their lead; most
beginner 3D printers utilized FDM by 2012 (3D Printing History, 2014).
Today, 3D printing has evolved into several fields varying in levels of difficulty and cost.
Enthusiasts thrive with open sourced software and forums seeking to create everything from
desktop figurines to functional items such as phone holders and jewelry boxes through FDM.
New companies arise to create new printing materials that are stronger, electrically conductive,
or even magnetic to produce multi-functional parts (3D-Printing Blog, 2014). Moreover,
companies such as Space Exploration Technologies Corporation (SpaceX) are using a type of
metal 3D printing (called powder bed sintering) to manufacture functional rocket engines for use
in future spaceflight missions (SpaceX, 2014). Evidenced by its rapid expansion and success, the
future looks promising for 3D printing and additive manufacturing as a whole.
Overview of Composites
In the simplest terms, a composite material is a substance combining different materials. From an
engineering standpoint, composite materials utilize the beneficial material properties (i.e.
strength, stiffness, weight, etc.) from each constitutive material to create a structure. This new
structure, if optimally designed, outperforms the individual constitutive materials alone.
Many composite structures exist in nature. For example, wood and bone are two lightweight yet
strong materials that humans have relied on for early structural applications. Eventually, humans
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began developing unnatural composites such as a straw-clay mix used for constructing buildings.
Once fired into bricks, the clay’s advantageous compressive properties combined with straw’s
strength in tension to create a durable material for civil structures. Straw-clay bricks are a
primitive predecessor to rebar, a modern composite composed of concrete reinforced with steel
bars.
Along with rebar, fiber-reinforced composites have become widely popular for new structural
designs. There are many classes of fiber-reinforced composites including ceramic matrix and
metal matrix composites mostly used for heat or ballistic shielding (Goncalves, 2004). However,
polymer matrix composites (PMCs) are currently the most widespread class of fiber-reinforced
composites. Similar to straw-clay, PMCs contain stiff fibers embedded inside of a plastic
polymer matrix and are manufactured in a thermally controlled environment until the polymer
matrix solidifies.
PMCs are especially attractive in the contemporary marketplace, which seeks strong yet
lightweight structures including fuel-conserving vehicles, ballistic armor, and high-performance
sports equipment (Kelly, 2012). Compared to metals and polymers, PMCs offer a relatively high
strength to weight ratio, but their price and operating cost due to comparatively complex
manufacturing and difficult damage detection restrict PMCs to high paying customers.
Project Background
RepRap printers provide an economical means of printing customized parts for a unique purpose.
FDM printers, such as RepRap printers, rely on thermoplastic filament which is fed into the
printer. This filament is inserted through the printer’s extrusion nozzle, heated in the nozzle
beyond the melting point, ejected precisely onto the heated bed, and allowed to cool.
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Using a 3D printing parameter program, such as Slic3r, specific aspects of the printed part can be
controlled (Ranellucci, 2016). Specimen parameters defining the nozzle’s path over the surface
bed as well as printer parameters such as nozzle temperature, surface bed temperature, and print
speed are manually entered into Slic3r. The user can then convert these settings into G-Code, a
text file that contains coordinates for the printer to follow when printing and motor speeds for
extrusion and printing. A second program, PronterFace, is used to monitor printer temperatures
and print progress in real time while the printing proceeds.
While setting up the print, Slic3r breaks down a model into three sections: core, shells (skins),
and perimeters (sidewalls). Since 3D printing stems from a history of non-functional prototyping,
many programs such as Slic3r have the capability of printing a semi-hollow core surrounded by
solid shells and perimeters. This procedure produces a part with the appearance of the desired
model while reducing unseen material inside the model. Figure 1 illustrates a printing preview
created in Slic3r and shows the solid shell in red and the perimeter in yellow. Images such as
Figure 1 are used to allow the user to view precisely where and how the printer lays material.

Figure 1. Slic3r 3D printing specimen preview
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By varying the amount of material in the core and by changing the core pattern, a user can
manipulate the mechanical properties of the printed specimen. Figures 2a and 2b show portions
of two different sample previews and exemplify possible infill densities and infill patterns within
the core.

Figure 2. Examples of infill orientations and densities: (a) 30% 45 core infill; (b) 70% 0/90° core infill

Other research into 3D printing has encompassed material characterization. Recently, special
printing materials, also called exotic filaments, have become popular among hobbyists and
researchers alike. These new materials offer improved mechanical properties over ABS and
PLA, the two most popular filament materials. One of these exotic filaments includes short
carbon fiber whiskers embedded in PLA, advertised to have exceptional stiffness and thermal
conductivity compared to identical parts printed using solely PLA. This composite PLA as well
as other exotic filaments are further making structurally viable parts possible.
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Literature Review
Varying Internal Parameters
Several research groups have shown that changing the infill density and infill pattern of a
3D printed part significantly affects the specimen’s tensile strength and elastic modulus. Ahn et
al. (2002) describes the process of Fused Deposition Modeling and tensile testing using the
ASTM D638 (2014) type I dog bone specimens and ASTM D3039 (2014) rectangular coupons.
The authors note that the ASTM D3039 was later chosen over the ASTM D638 geometry
because of premature failure thought to be caused by stress concentrations shown in Figure 3.

Figure 3. Stress concentration in ASTM D638 dog bone specimens (Ahn et al., 2002)

The failure analysis shown in this paper is also noteworthy. Throughout the testing, specimens
included [0°]12, [90°]12, [0°/90°]6, [±45°]6 layouts and an injection molded ABS specimen for
comparison. The angles listed refer to the direction that the printer head lays down material with 0°
corresponding to the axial direction (parallel to the specimen’s length) and the subscripts refer to the
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number of layers the printer laid material at the angle listed. The [±45°]6 geometry refers to a

crisscross pattern consisting of 6 pairs of +45° and -45° layouts. Figure 4 illustrates the results from
the coupon tensile testing.

Figure 4. ABS printed coupon strength results (Ahn et al., 2002)

The decrease in strength from the injection molded to the axial printed part was determined to
result from the presence of voids in the printed samples. However, the axial specimens had the
greatest tensile strength compared to the other printed parts. Additionally, the ‘Axial’, ‘Cross’,
and ‘Transverse’ samples failed in tension, while the ‘Crisscross’ [±45°]6 displayed a shear-like
failure spanning from edge to edge at 45°. To show the voids and failure patterns, the team
evaluated the fracture surface of their failed tensile coupons using a scanning electron
microscope and the results are displayed in Figure 5.
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Figure 5. Printed ABS specimen fracture surface micrographs (Ahn et al., 2002)

Bellini and Güçeri (2003) investigated the effects of changing the printing orientation while
keeping the infill parameters constant. Since a 3D printer can print a part several different ways
(i.e. on its side, lying flat, standing up, etc.), the user usually determines the best method to print.
In this testing, a pseudo-isotropic specimen consisting of a [0°/90° /±45°] sequence was used for
the core. The parts were printed in six different orientations (shown in Figure 6) and the results
from the tensile testing are displayed in Table 1. While this method does not directly vary the
infill pattern or infill density, it still demonstrates the anisotropy of a 3D printed part involving
infills with two or more strand directions.
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Figure 6. Illustration of build planes and build orientations for printed dog bone specimens (Bellini & Güçeri, 2003)

Table 1. Varying Build Orientation Tensile Test Results (Bellini & Güçeri, 2003)

To examine the effects of different infills, Blevins sought to model and mechanically test varying
infill density and infill pattern within 3D printed PLA specimens to determine the best
combination for maximizing specific elastic modulus (Blevins, 2015). Although several infill
patterns were initially tested, rectilinear 0/90°, rectilinear ±45°, and honeycomb structures tended
to have higher moduli in tensile tests. For all three infill patterns, samples with infill densities
ranging from 0.1 to 0.9 were printed and tested.
In addition to testing, Blevins produced a mechanical model by using a rule of mixtures method
incorporating a lattice stiffness model created by Wang and McDowell (2004) to determine the
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elastic modulus of the infilled-core. Composites engineers use the rule of mixtures to find
material properties of a composite because it combines the properties of a composite’s
constituents while accounting the amount of each constituent within the composite.
The rule of mixtures model predicted a positive linear correlation between infill density and
elastic modulus for specimens of the same infill pattern. Figure 7 and Figure 8 illustrate Blevins’
findings for rectilinear 0/90° and rectilinear ±45° PLA samples, respectively.

Figure 7. Blevins’ tensile test data vs. rule of mixtures model for 0/90° PLA dogbone samples (Blevins, 2015)
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Figure 8: Blevins’ tensile test data vs. rule of mixtures model for ±45° PLA dogbone samples (Blevins, 2015)

Blevins’ model predicted the rectilinear 0/90° data more accurately compared to the rectilinear
±45° samples and honeycomb samples. The experimental data also showed that rectilinear 0/90°
samples had the lowest modulus of the three infill patterns. One possible explanation for why
Blevins’ model may not have performed as well with rectilinear ±45° samples and honeycomb
samples may be because the model did not account for bending stiffness. Samples with off-axis
(between 0° and 90°) printing directions have members unaligned with the loading direction and
tend to bend. The lack of bending stiffness would tend to make the model under-predict the total
stiffness of the composite. Thus, a model not accounting for bending stiffness would under
predict modulus results as is the case with Blevins’ models. Therefore, a more accurate model
for the core incorporating bending stiffness may produce a more accurate model for the
composite as a whole.
Looking further into the material, crystallization within the thermoplastic printing material may
affect the overall stiffness of 3D printed parts. Crystallization occurs within some polymers such
as PLA, and the rate of heating and cooling of the polymer dictates the degree of crystallinity
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within polymers. If a heated polymer is allowed to cool slowly, crystals may grow at the
molecular level of the polymer. Polymers with less large crystals are less susceptible to fracture
than if the polymer had smaller crystals which cracks could easily propagate around. Perego et.
al (1996) quantitatively determined the relationship between crystallization and elastic modulus
within PLA samples.
The study aimed at evaluating the modulus of two slightly different PLA molecules. In organic
chemistry, it is possible to have a molecule which can take on many different forms if its atoms
are rearranged. Chemists call this chirality and an illustration of right-handed and left-handed
chirality in amino acids is shown in Figure 9. Perego investigated the effects of crystallinity on
mechanical properties for semi-crystalline PLLA (left-handed chirality) and amorphous PDLLA,
a racemic (equal) mixture of left-handed and right-handed PLA molecules.

Figure 9: Example of chemical chirality (Chirality with Hands, 2011)

Perego found that higher crystallinity raised the elastic modulus of the semi-crystalline PLLA.
Annealed samples of PLLA increased up to 500 MPa (from 3600 MPa to 4100 MPa) compared
to samples that were only injection molded. Thus, Perego concluded that crystallization improves
the mechanical properties of PLA samples.

13
3D Printing Composites
Fiber-reinforcement in 3D printing has become an interest to material researchers because of the
potential benefits associated with these composites. Since there are numerous methods of 3D
printing, the fibers can be embedded in several matrix materials. One method involves
synthesizing ceramic-matrix composites by precisely initiating chemical reactions that bond
micron sized powder within a container. Although the nature of ceramic-matrix composites
differs from polymer-matrix composites created using FDM, a study by German researchers at
the University of Würzburg showed a notable improvement in bending strength and fracture
properties when polyacrylonitrile fibers were utilized compared to unreinforced samples (Chirst
et al., 2015). Even with fiber alignment shown in Figure 10, flexural strength quadrupled at a
fiber volume content of 1.5%, but decreased at 2.5%; printing above 2.5% fiber content was
reported as not printable. These researchers also noted that compared to unreinforced samples,
the fiber-reinforced samples had a lower porosity while maintaining approximately the same
density. The authors suggested that the reduced porosity primarily strengthened the material.

Figure 10. Rendering of PAN fibers depicted as unaligned in feed chamber (F) and then aligned in build chamber (B) with
photographs of specimens labeled x and y, respectively (Chirst et al., 2015)
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In addition to quantifying the benefit of reinforcing fibers, numerous studies have evaluated
novel fiber-reinforced 3D printing methods. One notable study conducted at Colorado State
University delves into combining a FDM printer nozzle with a filament winding setup (Radford
& Hedin, 2015). Filament winding usually involves laying fibers (covered in an adhesive matrix)
onto a rotating mandrel to produce tubular parts. The long, unbroken fiber that constitutes tubular
composites display high-performance under mechanical loadings, but complex geometries and
winding patterns require expensive automation technology.
Instead of using the 3D printer to print short fibers already embedded in the printing filament,
continuous fiber glass was laid out in the matrix material (PET), which was deposited on the
rotating mandrel shortly beforehand. Figure 11 shows a cylindrical composite sample created
using this process. Although the quality does not match that of a filament wound part, the
opportunity to include short, non-continuous fiber in filament winding is available using this
process.

Figure 11. Filament Wound PET and Fiber Glass Tube (Radford & Hedin, 2015)

Within industry, fiber-reinforced thermoplastic parts have already started to pique the interest of
research and development teams. In 2014, Composites Manufacturing magazine reported on a
3D printed automobile created by Local Motors and Oak Ridge National Laboratory (O’Leary,
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2014). The team’s custom printing feedstock was manufactured by heating a mixture of ABS
thermoplastic and short carbon fiber pellets. Intriguingly, the structure comprises of only 20
structural parts and this demonstrable ease of manufacturing shows the possibilities for future
use. The car features electric propulsion beneath its lightweight composite structure and
approximately 90% of the car’s total parts comprise of the carbon fiber reinforced thermoplastic.
Figure 12 and Figure 13 illustrate the relative size of the car and the 3D printed texture that
composes the body.

Figure 12. 3D Printed Car (Dyer, 2015)

Figure 13. Texture of Car Exterior (Dyer, 2015)
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Finite Element Modelling of 3D Printed Specimens
Finite Element Analysis follows user guided inputs to determine a material system’s response to
a given event. FEA is thereby helpful for problems where traditional manual calculations are too
difficult to solve such as those involving complex geometries. Modelling internal stresses and
internal strain within a 3D printed part is one area of study where FEA calculations are useful.
One example of this type of model stems from research trying to understand the effect of air gaps
formed during FDM. Figure 14 shows a micrograph of a printed part’s cross section where beads
of filament were intentionally laid directly on top of each other. Since the internal geometry of
the structure is relatively complex, the authors predicted the printed specimen’s mechanical
properties using FEA techniques (Osborn et al., 2015).

Figure 14. FDM Part Cross-Section Micrograph (Osborn et al. 2015)

The dimensions estimated from the micrograph shown in Figure 11 were converted into a CAD
model that was then input into finite element software. Afterwards, this model was subjected to
various applied loads shown in Figure 15 and the results were compared to mechanical testing
data related to the same loading as the model. Stiffness and strength corresponding to normal and
shear loadings were the focus of the model and the mechanical testing results.
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Figure 15. Finite Element Loading Diagrams (Osborn et al., 2015)

The authors of this study concluded that the model matched the testing data well with a
maximum percent error of 7.36%. This research demonstrates how well executed finite element
models can properly predict the mechanical properties of parts made with FDM.
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Research Opportunity
Few studies have demonstrated the impact of adding fiber reinforcement into a thermoplastic 3D
printing filament. Even fewer studies have examined the effect of varying internal parameters
that could lead to maximizing specific strength and specific stiffness of 3D printed parts.
Therefore, an opportunity exists to characterize the mechanical properties and the material
properties of short-fiber reinforced thermoplastics currently popular throughout the 3D printing
community. Comparing the benefits and detriments of the anisotropic composite printing
material compared to a widely used isotropic thermoplastic may further the understanding of 3D
printed structures.
For mechanical testing, lapses in understanding exist within the internal structure of 3D printed
structures. As shown in the review of literature, many research teams have simply shown
dependence on build parameters, or relied on models restricted to one specific geometry.
Currently, an equation that can show the strength, stiffness, or elongation of a non-solid 3D
printed part does not exist. Approaching such an outcome requires more mechanical testing and
quantitative analysis of 3D printed mechanical responses.
Additionally, laboratory material characterization analyzes the composite PLA printing filament.
The manufacturer did not specify carbon whisker length, fiber volume ratio, or the presence of
fiber alignment in pre-printed filament or post-printing parts. These properties allow for a
comparison of newly developed models to present composite mechanical analysis techniques.
Lastly, finite element modelling of 3D printed architectures has been an area of focus for several
research groups. Most of the current literature includes 3D finite element models attempting to
demonstrate the effect of natural voids within printed parts. However, investigations into
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utilizing 2D finite element results in a micromechanics composites model have yet to appear in
literature.
Research Objectives
This research project is focused on examining the mechanical properties of 3D printing PLA
filament with embedded carbon whiskers. The composite filament is printed on a 3D printer
capable of printing rectilinear 0/90° and rectilinear ±45° dog bone samples, as well as axial
unidirectional and transverse unidirectional straight-sided samples. The rectilinear infill patterns
have infill densities ranging from 30% to 70% and the unidirectional samples have a near-solid
infill approximated to 100% infill. To maintain consistency in the printed specimens, the bed
temperature, nozzle temperature, print speed, and build height are constant for all samples to
ensure the only variation exists within the specimens’ core.
Measuring the elastic modulus and tensile strength of each specimen is vital to the project.
Tensile testing utilizing a MTS servo-hydraulic testing system and a laser extensometer measure
each specimen’s modulus and strength. To examine variance, testing of each sample type
requires a minimum of three samples.
Further investigation of the printing material includes unprinted and printed composite filament
in several laboratory experiments aimed at finding carbon whisker length, fiber volume ratio, and
fiber alignment. Neutralization of the poly-lactic acid matrix with lye (sodium hydroxide) in
addition to microscopy determines carbon whisker length and demonstrates alignment while
specimen density measurements using a buoyancy method approximates fiber volume ratio.
From the fiber volume ratio, composite micromechanics were applied to model the elasticity of
whisker reinforced composites with aligned whiskers and randomly oriented whiskers.
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Two-dimensional finite element analysis predicts the elastic response of these different specimen
cores. Specifically, FEA reveals stress concentrations and internal forces caused by a specified
applied loading. The results of FEA predict the elastic modulus of specimens and illustrate the
difference between specimens of different infills.
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Procedure
Additive Manufacturing/3D Printing
The experimental procedure begins with the manufacturing of the ASTM D638 tensile testing
specimens. Although Ahn et al. (2012) showed that straight-sided coupon testing outperforms
dog bone specimens, dog bone specimens tend to focus stress in the narrow gauge length and
tend to fail less-frequently within the grips. Therefore, at the ASTM D638 type I specimen was
chosen for rectilinear ±45° samples because its relatively large size minimizes stress
concentrations that Ahn et al. (2012) mentioned. However, due to foreseen stress concentrations
and printer errors developing from printing at 100% infill around the curves of a dog bone
specimen, the unidirectional samples were printed using a straight-sided sample with the same
width and thickness as the type I sample. For this project, CAD models were developed using
SolidWorks and are shown in Figure 16 and Figure 17.

Figure 16. Dimensions in mm of ASTM D638 type I dog bone specimen

Figure 17. Dimensions in mm of modified ASTM D638 type I straight-sided specimen
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The carbon fiber reinforced PLA feedstock used in this project was manufactured by ProtoPasta
a subsidiary of ProtoPlant INC., in Vancouver, Washington. The feedstock was loaded into the
printer using a gear-assisted feed mechanism that forces the feedstock down into the heated
extruder. This is common for fused deposition modelling based printers. The slender black fiberreinforced feedstock and the feed mechanism are shown in Figure 18.

Feedstock/Filament
Feedstock Stepper
Motor

Gear Feeding
Filament

Figure 18. Gear-assisted filament printing mechanism

Once the CAD models were saved as a .STL file, they were input into Slic3r. Slic3r is a program
that allows a user to input a CAD model and select specific printing parameters and output a GCode which contains this information. Table 2 displays the printing parameters chosen for this
study. The G-Code was then loaded into PronterFace, a program with a GUI that allows the user
to control and observe the printer’s temperatures and start the print. The printer utilizes Slic3r
and PronterFace as printing software.
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Table 2. Printing Parameters

Build Height
Bed Temperature
Nozzle Temperature
Number of Perimeters
Number of Skins/Shells
Total Number of Layers
Core & Sidewall Print Speed
Shell/Skin Print Speed
Nozzle Diameter
Filament Diameter

Rep Rap Printer
0.25 mm
70 ̊C
215 ̊C
2
4 (2 per side)
4 skin + 12 core = 16 layers
45 mm/s
22.5 mm/s
0.5 mm
2.85 mm

Once the user initiates the print in PronterFace, the user has to set the correct nozzle/bed vertical
separation by manually adjusting the jack screws which control the vertical movement of the
bed. Once set, the computer signals the Arduino-based microcontroller board attached to the
printer, which in turn signals four stepper motors on the printer that control the two vertical jack
screws, one connected to the horizontal timing belt, and the last to control the feedstock input.
Initial tests showed that the RepRap printer required the user to also manually adjust the vertical
position during testing to ensure the best quality specimen. Additionally, the nozzle output on the
RepRap printer was found to produce the most solid skins/shells with the extrusion multiplier set
to 1.3, meaning that the motor controlling the feed rate was sped up to extrude 30% more
feedstock than its default setting. Once the specimen was completed, it was difficult to remove
from the heated bed without warping the specimen if the bed was still heated, or difficult to
separate from the bed if there was no medium between the bed’s glass surface and the specimen.
To best remove the sample, tape was laid on top of the bed prior to printing. After the print was
complete, the bed was allowed to cool to 50 °C before removal.
Twenty-four samples in total were printed. The mechanical test plan for the infilled specimens is
listed in Table 3. In addition to printed samples, three unprinted filament samples were
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mechanically tested and compared to the unidirectional printed samples. Since raw filament is
wound into reels for packaging, the filament was heated to 70 °C and straightened prior to
testing. The raw filament was also tested with sandpaper folded around the ends to prevent
slipping since the filament has little contact area with the grips. The rectilinear dog bone samples
were used to investigate infill properties while the unidirectional samples provide data on axial
and transverse properties of the printed material. The rectilinear dog bone samples also include
two perimeters on each side and two skins which follow to the specimen’s infill pattern (±45°
samples have two ±45° on top and on bottom). The unidirectional samples have neither skins nor
sidewalls.
Table 3. Specimen 3D printing and tensile testing plan

Filament Rectilinear 0/90 Rectilinear ±45
30%
Infill
50%
Infill
70%
Infill
100%
Infill
Total

Unidirectional 0

Unidirectional 90

-

3

3

-

-

-

3

3

-

-

-

3

3

-

-

-

-

-

3

3

3

9

9

3

3

Mechanical Testing
Mechanical Testing was performed using a Material Testing System (MTS) and followed ASTM
D638 standard. All specimens had retroreflective tape adhered 25 ± 5 mm apart prior to loading.
Strain was measured using a laser extensometer which senses the distance between the gap in the
two pieces of tape. The extensometer outputs a rapidly scanning vertical laser beam, and after the
retroreflective tape returns the light to its source, the light is input into the extensometer. Figure
19 shows the extensometer setup.
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Load Cell
Laser
Extensometer

Specimen

Actuator

Figure 19. Mechanical Testing Setup

Mechanical wedge grips were used to align and clamp the untabbed ends of the dog bone
specimens printed using the RepRap printer. While the MTS was in displacement control mode,
the specimen was attached first to the fixed top grip, then to the actuated bottom grip. This order
is important to avoid damaging the specimen before testing. Once the specimen was tightened
into both grips, the initial distance between the pieces of retroreflective tape was recorded for
later use in strain calculations. The gripping process typically exerted a small tensile load on the
specimen. Next, the extensometer was zeroed so that displacement could be measured during the
test. After verifying that the previous steps had been completed and ensuring the safety of the
testing area, the specimen was loaded using a computer generated predefined ramp set to 5
mm/min until failure.
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Data acquisition was performed using National Instruments’ LabView software, which records
voltage signals from the laser extensometer and from the load cell attached to the top grip of the
MTS. These voltage signals were later converted into displacement and load data using 2 mm/5
V and 3000 lbf/10 V respectively. Upon failure, the data recording was manually ceased and the
specimen was removed from the bottom grip and then the top grip. The failure regions of the
specimens were preserved for documentation and any possible later analysis.

Finite Element Model
FEA modelling aids in analysis of complex and non-intuitive parts. In regards to this project, a
structural FEA analysis was applied to calculate the modulus of the core of the several rectilinear
printed samples. More specifically, ABAQUS’ FEA software was used to analyze local and
global stresses/strains using Hooke’s Law equations and the direct stiffness method. One way to
model the infill pattern is creating a 2D beam model matching the crisscross geometry of the
core and finding the average modulus from this data. Beam elements have non-linear cubic shape
functions which allow for more precise analysis than linear truss elements. Beam elements also
have six degrees of freedom at each node, three translational and three rotational. At each node,
(connection point) the beam elements account for axial forces like truss members, but include
rotational moments too. Six specimens were modeled in order to compare the two infill patterns
(0/90° and ±45°) and three infill densities (30%, 50%, and 70%).
The 2D parts consisting of deformable wires were created in ABAQUS to match the geometry of
the 3D printed part’s infill pattern and infill density. Next, the wires were assigned beam
elements with a circular cross-sectional area. In reality, the printed members tend to flatten out
due to the heat, whereas a simplified part used in modelling would have a round cross-section
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with a diameter equal to the build height (an input parameter that sets the height of each member
and therefore controls the quality of the print). The model input included an elastic modulus
corresponding to measured properties of unidirectional 0° composite samples (3.60 GPa) and a
Poisson’s ratio (0.36) found in the literature (Moldflow, 2007). These two values serve as inputs
that set every beam elements’ mechanical properties.
Two models were created for each specimen – one which includes the side walls and one which
does not. Two different models are made for each specimen to see which model more accurately
reflects the mechanical testing data. Since each printed sidewall includes double member (two
side-by-side) perimeters instead of single member, the FE model including sidewalls accounts
for the two adjacent members by using a circular cross section with twice the area of the other
members. Once the solutions were found, each model was included in a composite sandwich
model utilizing rule of mixtures that includes experimentally determined properties of the skins.
The rule of mixtures solution uses a proportional sum of each constituent in a specimen and is
illustrated in Figure 20 and Figure 21. This means that all of the model’s constituents undergo
isostrain; that is, they all deform the same amount in the loading direction. The rule of mixtures
equations are shown in Equations 1 and 2 below. In the equations, the E parameter describes the
elastic modulus of the subscripted section, and the V parameter describes the volume fraction of
the subscripted section.
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Core

Sidewall

Sidewall

Skin

Skin
Figure 20: Rule of mixtures model including separate core and sidewalls

Skin

Core & Sidewall
Skin
Figure 21: Rule of mixtures model including core and sidewalls combined

𝐸𝑐 = 𝑉𝑠𝑘𝑖𝑛 ∗ 𝐸𝑠𝑘𝑖𝑛 + 𝑉𝐶𝑜𝑟𝑒 ∗ 𝐸𝐶𝑜𝑟𝑒 + 𝑉𝑆𝑖𝑑𝑒𝑤𝑎𝑙𝑙 ∗ 𝐸𝑆𝑖𝑑𝑒𝑤𝑎𝑙𝑙

(1)

𝐸𝑐 = 𝑉𝑠𝑘𝑖𝑛 ∗ 𝐸𝑠𝑘𝑖𝑛 + 𝑉𝐶𝑜𝑟𝑒&𝑆𝑖𝑑𝑒𝑤𝑎𝑙𝑙 ∗ 𝐸𝐶𝑜𝑟𝑒&𝑆𝑖𝑑𝑒𝑤𝑎𝑙𝑙

(2)

For Equation 1, 𝑉𝑠𝑘𝑖𝑛 is 0.25, 𝑉𝑆𝑖𝑑𝑒𝑤𝑎𝑙𝑙 is 0.659, and 𝑉𝐶𝑜𝑟𝑒 is 0.091 and for Equation 2, 𝑉𝑠𝑘𝑖𝑛 is
0.25 for skin and 𝑉𝐶𝑜𝑟𝑒&𝑆𝑖𝑑𝑒𝑤𝑎𝑙𝑙 is 0.75. Next, the beam sections were assigned directions and the
default directions were chosen. This step is depicted in Figure 22.
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Figure 22: Illustration of beam section orientation input

Next, an independent assembly was created and a general, statics step was created in order to
prepare for mesh generation. In the ABAQUS FEA software, the assembly and step define how
the model calculations run so that the appropriate mesh can be generated. Following the step, the
mesh was generated utilizing beam elements. Since the default mesh size was determined to be
sufficient through a sensitivity analysis, the default size was used for each specimen’s mesh.
The mesh generation is depicted in Figure 23.
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Figure 23: Mesh Generation

Figure 24: Boundary Conditions

Once the mesh was generated, the boundary conditions were applied. The bottom nodes of each
of the specimens were fixed in the y-direction (vertical) and pinned (the rotations are fixed). The
x-direction was not fixed in order to allow for Poisson’s effect. Additionally, the topmost lines of
the specimen were displaced upwards by 0.000026 meters, which corresponds to 0.2% strain of
the original specimen length (0.013 meters). These boundary conditions are displayed in Figure
23 as they are shown in ABAQUS. Previous experimental work determined that 0.2% strain
served as a proper upper bound when evaluating the stress-strain slope so 0.2% strain was used
for the modulus calculation shown in Equation 3 (Blevins, 2014). Although 0.2% strain was
used, any strain can be used since this is a linear analysis. Equation 3 shows how the FEA stress
is calculated using the reaction forces (Fi), specimen model width (w), model length (L), and
twice the diameter (d) to account for the model representing two layers. In ABAQUS, the
summation was calculated by summing all of the upper-most reaction forces exemplified in
Figure 25.
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𝐸𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛

𝐹𝑖
𝑁
(
)
𝜎 𝜎0.2% 𝑆𝑡𝑟𝑎𝑖𝑛
𝑤
∗
2𝑑
= =
=∑
𝜀 0.002 − 0.0
0.002𝐿

(3)

𝑖=1

Once the mesh and boundary conditions were complete, a job was created and submitted to run
the analysis. Due to the relative simplicity of these 2D models, the job time was not expected to
take more than a few seconds, and thus did not require advanced computational power.
There are two hypotheses for these models: (1) there is a direct correlation between infill density
and elastic modulus and (2) models including sidewalls will have a higher elastic modulus than
models without sidewalls.

Figure 25: Example of ABAQUS reaction force shown in results visualization with enlarged reaction force result
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Optical and Scanning Electron Microscopy
The microscopy portion of the project relied on an optical microscope to view fibers. However,
since the filament is black and opaque, viewing the fibers without separating the PLA from the
carbon whiskers was difficult. A chemical separation method using an agitated three molar
solution of heated, of sodium hydroxide (lye) was shown to dissolve 88% of PLA over the
course of five hours (Dissolving PLA, 2014). In order to determine whether this method would
suffice, a carbon reinforced PLA sample was placed into solutions of three molar and six-molar
sodium hydroxide and heated/stirred for 12 hours at 70 °C. From this preliminary experiment,
the six-molar solution dissolved the most PLA within 12 hours so this concentration was chosen
for following experiments.
Next, the optical microscope was calibrated using a micrometer calibration slide. The optical
microscope comes equipped with a digital camera that photographs a region in the field of view.
Figure 26 shows the calibration slide. Once calibrated, the microscope software, Infinity Analyze,
can measure a custom distance anywhere within the field of view.

Figure 26. Micrometer calibration slide at 50X with labels every 100 µm
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After the PLA is dissolved, the contents of the dissolved solution were filtered through filter
paper and left for 12 hours. Once the filter paper dried, a portion was removed and the filter
paper was placed beneath the optical microscope. The specimen was brought into focus using the
course adjustment at 50X. Figure 27 shows an example view of carbon whiskers in the filter
paper. More than 100 samples were measured to determine a mean length of the carbon whiskers
for use in the Cox composite model to predict elastic properties.

100 µm

Figure 27. Example of field of view for carbon whiskers in filter paper

Scanning Electron Microscopy (SEM) was also performed to evaluate the size and shape of the
fibers and to examine the failure surface of the 3D printed samples. SEM was used because of its
capability to examine objects on the scale of millimeters to nanometers. The microscope scans a
specimen’s surface with electron beams and, in the case of non-conductive materials such as
PLA, the SEM deposits a charge on a specimen’s surface to produce better results.
SEM was performed on four samples that had already fractured through tensile testing: an
unprinted filament, a unidirectional 0°, a unidirectional 90°, and a 30% infill ±45° dog bone
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sample. A technician from Penn State’s Materials Characterization Laboratory controlled the
SEM using a connected computer with specialized software for specimen movement and
imaging. Before the specimens were placed in the SEM, they were cut to approximately a halfinch in length and placed in a spring-loaded specimen holder which secured the specimens in
place. The technician then placed the specimen holder in the SEM, closed a hatch, and aligned
the specimen using internal side-view cameras.
To exemplify the capabilities of the SEM, Figure 28 shows a zoomed in picture of a carbon
whisker embedded in the filament sample. The magnification scale is shown in the bottom-right
corner of each picture and some measurements, shown in green, were taken using a measurement
tool in the SEM software.

Figure 28: SEM micrograph of carbon whisker within filament sample
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Some of the key objectives of using the micrographs include determining the presence of voids,
the geometry of the carbon whiskers, and the alignment of the carbon whiskers compared to the
printing direction.
Density Measurements and Thermogravimetric Analysis
Before micromechanics-based models can be utilized, the fiber volume fraction, matrix volume
fraction and fiber dimensions must be determined experimentally. The fiber dimensions were
found through optical and scanning electron microscopy. However, there are two methods for
finding the fiber volume fraction and matrix volume fraction.
The first way to find volume fractions is by determining the density of the composite if the
density of the fiber and density of matrix are known, or in this case, assumed to be common AS4
carbon fibers. To find the density of the composite, a specimen’s weight and volume must be
determined. The specimen was first put on a scale to measure the composite’s dry mass (mc).
Then, following practices described in ASTM D792-13 standard, the specimen was weighed
while submerged in water to determine the buoyancy force applied to the specimen. The
composite specimen’s volume (∀𝑐 ) was determined by dividing the difference between the
specimen’s dry mass and submerged mass by the density of the fluid, which in this case is deionized water at 21.5 °C (0.99788 g/cm3). Once the density of the composite was known,
Equation 4 could be applied to find the volume fraction of the fiber and the volume fraction of
the matrix.
𝑉𝑚 𝜌𝑚 ∀𝑐 + (1 − 𝑉𝑚 )𝜌𝑓 ∀𝑐 = 𝑚𝑐

(4)

The term (1 − 𝑉𝑚 ) is used in the place of 𝑉𝑓 so that the equation can be solved based on the
assumption of a specimen with zero voids. The volume fraction returns a number between zero
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and one that represents the volumetric proportion of fiber or matrix within a given composite
sample. The density of the PLA matrix (𝜌𝑚 ), listed by Moldflow (2007), is 1.25 g/cm3 and the
density of the AS4 fiber (𝜌𝑓 ), listed by Hexcel (2016), is 1.79 g/cm3.
Thermogravimetric Analysis (TGA) provides an alternative method to calculate volume
fractions. TGA involves heating a sample at a constant rate while simultaneously measuring the
mass of the sample throughout the entirety of the test. Additionally, the test can run in air, or an
inert environment such as N2. In the case of a PLA/Carbon mixture, PLA vaporizes between 300
to 400 °C in either air or N2, while carbon fiber vaporizes between 400 and 800 °C while not
vaporizing in an inert atmosphere until at least 600 °C.
For this project, three different TGA tests were used for three different purposes and all tests
used unprinted filament. The first test involved a 20 °C/min ramp rate in air to find if inorganic
fillers remained after the carbon has fully burned off. The second test used a 20 °C/min ramp rate
in N2 to determine the maximum temperature needed for a slower, more accurate third test which
employed a 5 °C/min ramp rate in N2 for more accurate results. The initial mass and the final
mass from the second and third tests were recorded and averaged. The average final mass
represents the mass of fiber in the sample, and the difference between the averaged initial and
final masses gives the average mass of PLA in the sample.
While the initial test plan involved using a standalone TGA machine, this system malfunctioned
and a combined DSC-TGA was used by a Materials Characterization Lab technician instead. The
major difference between the two machines was the sample mass, as the TGA-DSC machine
requires a sample of less than 15 mg.
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Fiber Alignment Models: Cox Model and Halpin-Tsai Model
In order to predict the elastic modulus of aligned carbon whiskers within the reinforced PLA, a
model derived by H. L. Cox was used (Cox, 1952). The Cox model is known for its applicability
to short fiber composites such as carbon whiskers and relies on the theory of shear lag which
defines the kinematic relationship between shear strain in the fibers and shear strain in the
surrounding matrix material. The model requires prior knowledge of several material parameters
including the shear modulus of the matrix (Gm), the elastic modulus of the matrix (Em), the
elastic modulus of the fiber (Ef), the fiber volume fraction (Vf), the matrix volume fraction (Vm),
̅ which were used to solve Equations 5-7 to find the
and ratio of fiber length to fiber diameter (𝑙 ),
predicted composite elastic modulus (𝐸𝐿∗ ).
1

2√𝑉𝑓 𝐺𝑚 2
𝛽=[
]
1 − √𝑉𝑓 𝐸𝑓
𝜂1 =

1 − 𝑉𝑓
𝛽𝑙 ̅

(5)

(6)

( ̅
− 𝑉𝑓 )
̅
(𝛽𝑙 − tanh( 𝛽𝑙 ))
1
𝐸𝐿∗ = (
) (𝜂1 𝑉𝑓 𝐸𝑓 + 𝑉𝑚 𝐸𝑚 )
𝜂1 𝑉𝑓 + 𝑉𝑚

(7)

The Halpin-Tsai model was also used to predict a lower-bound for short-fiber composites as this
model approximates elastic modulus of randomly aligned short-fiber composites (Halpin &
Kardos, 1976). Similar to the Cox Model, the Halpin-Tsai model requires prior knowledge of
mechanical properties including the elastic modulus of the matrix (Em), the elastic modulus of the
fiber (Ef), and the fiber volume fraction (Vf). Equations 8-11 depict the Halpin-Tsai model which
were solved for Ec, the composite modulus of elasticity. E1 and E2 denote the axial and transverse
composite moduli, respectively.
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𝜉1 =
𝛾𝑖 =

2𝑙
𝑑

𝜉2 =

𝐸𝑓 − 𝐸𝑚
𝐸𝑓 + 𝜉𝑖 𝐸𝑚

1 + 𝜉𝑖 𝛾𝑖 𝑉𝑓
𝐸𝑖 = 𝐸𝑚 (
)
1 − 𝛾𝑖 𝑉𝑓
3
5
𝐸𝑐 = 𝐸1 + 𝐸2
8
8

3
2

(8)
𝑖 = 1,2

𝑖 = 1,2

(9)

(10)

(11)
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Results and Discussion
3D Printer Troubleshooting
Throughout the first month of printing samples, many problems arose that delayed specimen
production. Using print settings in Slic3r tailored to unreinforced PLA, holes developed in the
top skin which alluded to the fact that the printer was not extruding enough material. Daylight
could be seen when looking through the specimen’s holes which meant that a gap existed
throughout the entire length of the gauge section which would significantly weaken the specimen
and cause an imprecise mechanical test. The size of the holes can be seen in Figure 29.

10 mm

Figure 29. Holes present in initial dog bone samples

These holes were fixed by changing the extrusion multiplier setting in Slic3r from 100% to
130%, thus increasing the speed of the extrusion stepper motor by 30% compared to the default.
However, other challenges regarding the extrusion stepper motor were faced. Shown in Figure
30, the stepper motor shaft directly connects to a small gear made from printed PLA. Due to the
low glass transition temperature of PLA, the increased extrusion multiplier, and the relatively
high operating temperature of the stepper motor, the small gear tended to overheat within 45
minutes of printing and slipped on the stepper motor’s shaft. Although the printed gear came
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with a set-screw, tightening the set-screw would not reduce gear slippage once the part had
overheated. Since each specimen took an average of approximately 30 minutes to print, only one
part could be printed at a time. Following this, a cooldown period of another 30 minutes was
necessary to allow heat to dissipate from the overheated gear.

Small printed gear
connected to motor

Figure 30. Picture of RepRap printing mechanism depicting overheated gear

Another issue faced when printing involved the soldered connections to the nozzle below the
printing mechanism. Two of the four soldered connections to the nozzle and heater of the printer
are shown in the foreground of Figure 31.

Solder connection #2
(beneath tape)
Solder connection #1
Thermal insulation

Figure 31. Nozzle and heater soldered connections
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These connections link the printer controller to thermistors embedded within a gray, puddy-like
thermal insulator surrounding the heater/nozzle. On occasion, while the printer was running and
the nozzle heated to over 200 °C, some soldered connections would weaken and disconnect due
to the movement of the printer. At any point during a print, if these connections failed, the printer
would keep moving as normal, but the heater would shut off and the filament would stop
extruding. After several failures, the soldered connections were moved farther away from the
nozzle and the problem went away.
Mechanical Testing
Once enough of the samples had been printed, mechanical tensile testing was performed. The
printed specimen tensile tests did not include sandpaper tabbing and this may have caused some
of the specimens to differentially slip within the wedge grips and causes slight bending in the
sample. The slipping is evident in the beginning of the test where the elastic region has an
abnormally low or high slope since strain is measured on only one side of the sample.
Figure 32 depicts the unprinted filament tensile test stress-strain curves for four specimens.
Although the initial test plan only called for three specimens, an extra sample was created and
tested. An additional sample was also made for the unidirectional 0° and due to printer
overheating problems, the unidirectional samples varied in thickness depending on where the
printer failed. The thicknesses of the unidirectional 0° samples varied from 1.05 mm to 3.49 mm.
Sample dimensions for every tensile test sample are listed in Appendix A.
Three unidirectional 90° samples were printed and tested and these samples also had varying
thicknesses ranging from 1.43 mm to 2.72 mm. Figures 33 and 34 depict the mechanical test
results for the unidirectional 0° and unidirectional 90° samples, respectively.
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Figure 32. Unprinted filament tensile test stress-strain curves
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Figure 33. Unidirectional 0° tensile test stress-strain curves
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Figure 34. Unidirectional 90° tensile test stress-strain curves
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In an attempt to find an average elastic modulus, the PLA material was assumed to display a
linear stress-strain curve. Therefore, this assumption would allow for the determination of elastic
modulus in any portion of the stress-strain curve. This assumption does not take into account a
possible decrease to stiffness caused by the slipping in the grip and does not account for a
possible non-linear elastic region. The estimated moduli from the shortened stress-strain curves
are summarized in Table 4 and displayed in Figures 35-37. The samples in the table are labelled
in order of increasing elastic modulus and not the sequence of testing. The cross section for each
sample used in the stress calculation can be found in Appendix A.
Table 4. Summary of shortened mechanical testing moduli for filament and unidirectional samples in MPa

Sample 1
Sample 2
Sample 3
Sample 4
Mean Modulus

Filament
4040
5330
6250
7200
5700

Uni-0°
3000
3250
3430
3540
3300

Uni-90°
2840
2910
3150
2970

Using the shortened stress-strain curve assumption, the unprinted filament samples have elastic
moduli ranging from 4040 to 7200 MPa. Interestingly, the modulus of unreinforced PLA has
been reported as 2400 MPa (Moldflow, 2007). Therefore, the experimental data suggests that the
fibers do stiffen the material through fiber reinforcement, but the printing process may cause a
reduction in elastic modulus since the average unidirectional sample has a lower elastic modulus
than the average unprinted filament sample. Additional SEM micrographs would be required to
determine void content of printed and unprinted samples.
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Figure 35. Unprinted filament stress-strain curves shortened for modulus calculation

There is significantly less slipping in the filament specimens compared to all other tensile tested
specimens and this suggests that all future tests should be completed using sandpaper tabbing. In
fact, the shortened stress-strain curve technique was not even required for the filament samples
so the full range of 0 to 0.2% strain can be plotted.
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Figure 36. Unidirectional 0° stress-strain curves shortened for modulus calculation
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The three unidirectional 90° samples had a slightly lower elastic modulus on average compared
to the unidirectional 0° samples, which suggests anisotropy within the composite. This is useful
information for future composite models that take axial and transverse properties into account to
produce an overall composite modulus.
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Figure 37. Unidirectional 90° stress-strain curves shortened for modulus calculation

Dog Bone Results
The first set of printed specimens only included three 30%, three 50%, and two 70% ±45° dog
bone samples. Similar to the filament and unidirectional sample test results, evidence of slipping
is apparent especially at the beginning of some of the tests. The results of the mechanical dog
bone testing are shown in Figure 38 and color coded by their infill density.
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Figure 38. Tensile test data curve for 30% infill (blue), 50% infill (red), and 70% infill (green) ±45° dog bone specimens

In order to evaluate the data, the shortened stress-strain curve method that was used for the
filament and unidirectional samples was also used for the ±45° dog bone samples. The most
linear ranges for these curves fell approximately within 0.4% to 0.8% strain. These curves are
shown in Figure 39. Again, linear trend lines were added to the model to find the elastic modulus
of each sample. The calculated elastic moduli from Figure 39 are summarized in Table 5.

47
30
25

y = 1958.1x + 8.8107
y = 1963.1x + 12.423

y = 2156.2x + 4.3553

Stress (MPa)

20

y = 1614.9x + 7.1921

y = 1580.8x + 10.908
15

y = 2012.1x + 7.7825
y = 2691.4x + 4.4213

y = 1491.7x + 6.1162

10
5
0
0

0.001

0.002

0.003

0.004 0.005
Strain (m/m)

0.006

0.007

0.008

0.009

Figure 39. Shortened stress-strain curves for 30% (blue), 50% (red), and 70% infill (green) ±45° dog bone specimens

Table 5. Summary of shortened mechanical testing moduli for ±45° dog bone specimens in MPa

Sample 1
Sample 2
Sample 3
Mean Modulus

30% Infill
1580
1610
2010
1730

50% Infill
1490
2160
2690
2110

70% Infill
1960
1960
1960

The relatively high variance within such a small sample size of test specimens makes it difficult
to interpret the data. Therefore, a second set of tests utilizing tabbed specimens was determined
to be necessary to show if the initial filament, unidirectional, and ±45° dog bone modulus results
could be repeated. Unfortunately, due to time constraints, the second set of testing will occur
outside of the time frame of this thesis.
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Finite Element Analysis Results
Before solving for stiffness using the finite element method, the default mesh size was
investigated to determine if it was within 1% of the converging maximum stress. To test this, one
±45° model was chosen and its finite element mesh size was varied from courser meshes to finer

Maximum Stress (Pa)

meshes. Figure 40 shows the default mesh size was found to be < 1% of the asymptotic value.
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Figure 40. Mesh refinement analysis showing default mesh size in green and asymptote of convergence

Since the results were within the < 1% converging range of values, the results could be evaluated
and viewed through ABAQUS’ results visualization feature. The 0/90° models show an even
distribution of stress within the axial members, while the transverse members carry nearly zero
load. Even when side walls are added, the stress in each axial member remains the same due to
the axial displacement boundary condition. The results visualization for the 0/90° models are
shown in Figure 41and Figure 42.
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Figure 41. Stress distribution for 0/90° core without sidewalls

Figure 42. Stress distribution for 0/90°combined core and sidewalls

The benefits of FEA software are demonstrated in ±45° samples since these models have a more
complex stress distribution. In the model without side walls, stress is concentrated at the nodes
where diagonal members intersect, while the lowest stresses exist at the midpoint between two
intersecting nodes. When side walls are added to the model, the greatest stress can be found in
the sidewalls as these are the only axial members in the model. Smaller stress concentrations can
still be found at intersection nodes, but the stress at these nodes are approximately half that of
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stresses found in the sidewalls. The global stress map for the ±45° models is shown in Figure 43
and Figure 44.

Figure 43. Stress distribution for ±45°combined core without sidewalls

Figure 44. Stress distribution for ±45°combined core and sidewalls

After viewing stresses, reaction forces were selected for results visualization. Reaction forces
display the forces necessary at each node caused by the boundary conditions and are equal and
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opposite on each side of the model to maintain static equilibrium. For this project, reaction force
in the upwards direction (RF2), was used.
For 0/90° models with and without sidewalls, vertical reaction forces were present at every
uppermost node on an axial member and equal within each individual model. Every 0/90° model
had the same reaction force at each node; the magnitude did not change depending on the infill
density or on the presence of sidewalls. This equivalence between models of the same infill is
displayed in Figure 45, which depicts 0/90° models with and without sidewalls at 30% infill.

Figure 45. Reaction forces of: (A) 0/90° model with sidewalls and (B) Reaction forces of 0/90° model without sidewalls

The FEA models for samples with the ±45° infill pattern demonstrated a different pattern of
reaction forces. Models with sidewalls showed only two reaction forces at the uppermost node of
each sidewall and the reaction forces’ magnitudes slightly increased with increasing infill
density. An example of this type of model is shown in Figure 46.
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Figure 46. Example of concentrated reaction forces for specimen with sidewalls

Models without sidewalls had an uneven distribution of reaction forces at the uppermost nodes
(intersections between two diagonal nodes). Nodes on the ends, however, experienced no
reaction forces. Again, as infill density was increased, the magnitude of the reaction forces
increased as well. The symmetric but uneven nodal reaction force distribution is illustrated in
Figure 47.
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Figure 47. Example of distributed reaction forces for ±45° FEA model without sidewalls

The estimated modulus was calculated using Equation 1 as stated in the procedure. Figure 48
displays the results from all 12 of the FEA models. The modulus of each beam element was input

Elastic Modulus, E (MPa

as 3.60 GPa (the average measured modulus of the 0° unidirectional samples).
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Figure 48. Results of the 12 FEA models with calculated elastic modulus

The effects of sidewalls, infill density, and infill pattern within the core are made apparent in
Figure 48. The 0/90° models became incrementally stiffer as infill density was increased. This
rise in stiffness was due to the increasing number of axial members associated with increased
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infill percentages. Additionally, adding sidewalls to 0/90° models increased the core-only
model’s stiffness by approximately 120 MPa (independent of the infill density). The ±45° coreonly models appear to provide nearly negligible stiffness at low infill densities but increased by
an order of magnitude at higher infill densities. As shown before in the results visualizations
(Figures 43 and 44), ±45° models that included sidewalls tended to have stress concentrated
within the sidewall. This provides a reason for the limited increase in stiffness as infill density
was increased.
Next, the FEA calculated stiffness results were placed into a rule of mixtures calculation to find
the estimated stiffness of the dog bone specimens. Models which included sidewalls consisted of
volume fractions of 0.25 for skin and 0.75 for core & sidewall. Models excluding sidewalls
consisted of volume fractions of 0.25 for skin, 0.659 for core, and 0.091 for sidewall. These areal
proportions were used for the rule of mixtures calculations and the modulus of the solid
unidirectional 0° samples were used as the modulus for the skin and the sidewall. Equations 6
and 7 demonstrate how the rule of mixtures model is calculated and Figure 49 displays the
results from the rule of mixtures calculations. The experimental results are also displayed for
comparison with error bars representing the maximum and minimum moduli values found.
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Figure 49. Predicted elastic moduli using FEA core stiffness results and rule of mixtures

Microscopy Results
After the PLA was chemically separated from the carbon whiskers, microscopy was performed
to evaluate the average length of the carbon whiskers. The calibrated optical microscope was
used to measure several pictures of fibers and the lengths were recorded. These images can be
found in Appendix B. An example of one of the fiber measurement pictures is shown in Figure
50. The magenta colored dimension lines in the image show the Inifity Analyze software’s
measurement tool. From these 114 total measurements, the mean fiber length was found to be
approximately 73.7 µm long. The total fiber length distribution is shown in the histogram in
Figure 51, although, only the mean is used to calculate the modulus. The number of bins used in
the histogram derives from Sturge’s Rule used for statistical analysis.
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100 µm

Figure 50. Example of fiber size microscopy measurement at 50X magnification
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Figure 51. Histogram depicting 112 carbon whisker length measurements found using microscopy

In addition to the fiber length measurements, attempts at proving alignment of printed fibers
using the optical microscope at 50X magnification only showed evidence but did not confirm
alignment. Several fibers were shown to be aligned with the printing direction as shown in
Figure 52. However, there were several issues with this analysis. Many of the fibers were out of
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focus since the fibers were not all within the same viewing plane. Additionally, several sections
of the ±45° were difficult to view because of the unfocused view and it was determining
alignment in this region proved problematic.

Fracture Surface

Printing Path

100 µm

Figure 52. Possible fiber alignment within fracture surface of dog bone specimen’s sidewall

Due to the possible alignment found using the optical microscope, SEM was determined to be
the next step in evaluating fiber alignment in the specimens. All images captured with the SEM
can be found in Appendix C. One of the most important results to come from the SEM images
was finding alignment in the unprinted filament samples. Furthermore, there was not a clear
change in the quantity of aligned fibers when comparing the unprinted filament samples to any
of the printed samples.
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Figure 53. SEM micrographs showing (clockwise from top-left) a dogbone core 45° member, unprinted filament,
unidirectional 90°, and unidirectional 0° samples

In all four categories of samples shown in Figure 53, a majority of fibers were aligned with the
printing direction while an observable few whiskers were not aligned. More imaging is required
to determine whether printed or unprinted samples have a higher number of aligned fibers. In
both unprinted and printed samples, cavernous voids surrounding the carbon whiskers were
present and can be seen in micrographs such as Figure 54. These voids may have been formed
during fracture and may not be the result of the printing process.
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Figure 54. SEM image of carbon whiskers and surrounding voids within filament

Zooming in further allows for the evaluation of the fiber geometry. Although the average fiber
length was determined using optical microscopy, the fiber diameter and shape were determined
through SEM with images including Figure 55. The fibers were found to have a diameter of
approximately 7 µm and have a ribbed surface as opposed to a smooth surface.
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Figure 55. SEM micrograph of carbon whisker with diameter measurement (from filament sample)

The fiber geometry found using microscopy completes half of the necessary information needed
for the Cox and Halpin-Tsai model. However, the models also require fiber volume fraction.
Density Measurement and Thermogravimetric Analysis Results
To reiterate, the density measurement procedure determines the density of a sample by dividing
the dry mass of the composite sample by its measured volume found using a buoyancy
technique. By assuming the fibers have the same density as common AS4 carbon fibers, and
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assuming that nothing besides PLA and carbon fiber are in the sample, the result of the density
measurement procedure led to estimate fiber volume fraction of 0.036 and a matrix volume
fraction of 0.964. The results from the density measurement method can be found in Appendix F.
However, the TGA results produced a different fiber volume fraction. First the TGA test
performed in air led to the conclusion that there were no fillers left over since the final mass of
the sample was approximately zero as shown in Figure 56.
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Figure 56. TGA temp vs. mass curve in air at 20 C/min

The TGA tests performed in the inert N2 environment were successful in determining the mass
fractions of PLA and carbon within the filament sample. Since both tests produced flattened ends
at either end of the TGA curve, both data sets were used in calculating the mass fraction for the
filament material. The test data is shown in Figure 57 and Figure 58 and can be found in
Appendix G.
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Figure 57. TGA temp vs. mass curve in N2 at 20 °C/min
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Figure 58. TGA temp vs. mass curve in N2 at 5 °C/min

Mass fractions were found by averaging the first 20 data points and the last 20 data points in the
data. As shown in Figure 58, the average of the last 20 data points represents the mass of the
carbon fiber and the difference between the first 20 and last 20 data points represents the mass of
the PLA. The calculated masses were converted into mass fractions by dividing the mass of the
constituent by the average initial mass. These mass fractions were then converted into volume

63
fractions by using the density of PLA and the density of AS4 carbon fiber literature values found
in the procedure.
The average fiber volume fraction found was 0.0869 and, with an assumption of no voids, the
corresponding matrix volume fraction was 0.9131. The density calculation and the TGA
measurements producing different volume fractions may hinge on the assumption of no voids,
which from SEM images, was shown to be a false assumption.
Interestingly, for the 5°C/min test in N2, there was a small bump in the TGA data that is shown
in Figure 59. This slight increase in mass is noteworthy, but the cause is unknown.
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Figure 59. TGA temp vs. mass curve showing slight increase in mass between 50 and 150 °C in N2 at 5 °C/min

Cox, Halpin-Tsai, and Blevins Model Data
The Cox and Halpin-Tsai models were transferred from the literature into MATLAB code and
solved using the fiber dimensions found using microscopy and volume fractions found using the
density calculation and TGA and by assuming the absence of voids. The MATLAB code can be
found in Appendices C and D. Table 6 shows the results from both model types and both volume
fractions.
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Table 6. Cox Model and Halpin-Tsai Model Predicted Moduli (units in MPa)

Density Measurement
(Vf = 0.036)
Model Type

Cox

Random
H-T

Composite
Modulus,
𝐸(𝑀𝑃𝑎)

4710

4500

TGA Data
(Vf = 0.0869)

Aligned
Aligned
Axial Transverse
H-T
H-T
5630

3810

Cox

Random
H-T

8240

6010

Aligned Aligned
Axial Transverse
H-T
H-T
8860

4300

To further illustrate how the Cox model works, Figure 60 depicts the dependence of predicted
elastic modulus based on the length of carbon whiskers for constant fiber diameter, material
properties, and fiber volume fraction which in this case is Vf = 0.036, the fiber volume ratio
found using the density measurement technique. Through optical microscopy, the lengths of the
carbon whiskers within the samples for this study were found to lie between 0 and 200 µm in
length. Figure 61 plots the same thing as Figure 60, but for the TGA determined fiber volume
ratio of Vf = 0.0869.

Average Filament
Modulus
Average Uni-0°
Modulus

Whisker Length
Range

Figure 60. Chart showing Cox Model (aligned whiskers) dependency on length of carbon whiskers (Vf = 0.036)
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Figure 61. Chart showing Cox Model (aligned whiskers) dependency on length of carbon whiskers (Vf = 0.0869)

Similar charts are shown for the Halpin-Tsai model in Figures 62 and 63. Both the Cox and
Halpin-Tsai models had significant effects with varying carbon whisker length, especially at
lengths below 100 micron. Also, both lower Vf models slightly under-predicted the average
experimentally determined filament modulus while slightly over-predicting the average
unidirectional 0° modulus. However, the higher Vf models more accurately predicted the average
filament modulus while more significantly over-predicting the unidirectional 0° modulus. This
finding may suggest that whiskers in the unprinted filament may be more aligned than in the
printed samples. More SEM micrographs would need to be captured in order to further
investigate this claim.
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Figure 62. Chart showing Halpin-Tsai random alignment model dependency on length of carbon whiskers (Vf = 0.036)

Figure 63. Chart showing Halpin-Tsai random alignment model dependency on length of carbon whiskers (Vf = 0.0869)

While the Cox and Halpin-Tsai models were compared to filament and unidirectional samples,
the Blevins’ model was compared to the dog bone specimen experimental data as well as the
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FEA models. The summary of results found using these rule of mixtures based models, as well as
the experimental data found for the ±45° dog bone specimens, can be found in Figure 64. Both
the FEA models and the Blevins’ model under-predicted the measured modulus of the
specimens, however, this may be caused by a low modulus input into the models. The FEA
elastic modulus was input as the measured modulus of the unidirectional 0° samples. However,
the samples may have slipped in the grips during experimental testing causing a reduction in the
experimental modulus, thereby reducing the model modulus as well.
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Figure 64. Summary of moduli found using FEA & ROM models, Blevins’ models, and experimental data
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Conclusions
For this project, an initial attempt at printing composite samples using a RepRap 3D printer
proved challenging to create solid, uniform test samples. Most of the project time went into
manipulating printing parameters, failed print jobs, and printer troubleshooting.
However, several noteworthy findings were made. A new method of using 2D FEA analysis was
developed to predict the core modulus of printed samples with different infill patterns and infill
densities. Every FEA model under-predicted the experimentally determined modulus of the
infilled specimens, but this may have been caused by a low input modulus which originated in
unidirectional specimen experimental data. Future tensile tests with tabbed specimens will be
required to find a more accurate unidirectional modulus for improved models. Additionally,
older composites models such as the Cox and Halpin-Tsai models were used in a modern
application and relatively accurately predicted the modulus of the unprinted filament and printed
unidirectional 0° samples. Since the moduli fell in between the ranges of both the Cox and
Halpin-Tsai models, which are based on perfect alignment and random alignment respectively,
the experimental data suggested that printing created only partial alignment. In every type of
specimen tested throughout this project, partial alignment of the carbon whiskers was confirmed
through SEM micrographs.
Also, a procedure for removing carbon whiskers from the unprinted filament was produced and
used to determine average fiber length using optical microscopy. Although less experimental
testing was performed than expected, the several models and procedures of this project can be
used in later studies.
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Recommendations for Future Work
Most of the recommendations for improving future work in 3D printing composite materials
relate to printing and testing processes. Of primary importance, the most accurate printer should
be obtained and used to print composite samples. Using a reliable, high quality printer reduces
the time lost by failed print jobs and printer troubleshooting. Additionally, time should be
utilized at the beginning of a project to try different printing parameters such as the extrusion
multiplier, print speed, and nozzle/bed temperature in order to maximize the sample quality.
For mechanical testing, tabbed specimens should be used as opposed to un-tabbed specimens to
prevent slipping within the grips. Elastic moduli data relies on the initial portion of the stressstrain curve, which can be ruined if the specimen slips within the grips. If using a laser
extensometer setup, the retroreflective tape used for measuring strain should be evenly spaced,
straight, and as perfectly parallel as possible. For specimens with narrow widths, such as
unprinted filament, it is advisable to lay the tape over the specimen so that it hangs over the edge.
To further the work completed in this project, more infill densities and infill patterns could be
tested to give a wider range of tensile test data. New ABS and polycarbonate composite materials
could also be tested to compare to composite PLA data. New types of testing, such as impact
resistance and fracture toughness tests, could also be performed on 3D printed composites to
further quantify the material behavior.
As for the FEA models, cross section geometries developed from the SEM images could lead to
more accurate models since this project used simplified circular cross sections. Additionally,
other programs such as ANSYS or NASTRAN-based software could be used to verify the FEA
results produced in ABAQUS.
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Appendix A
Mechanical Testing Specimen Data Sheet
Specimen
±45 30% 1
±45 30% 2
±45 30% 3
±45 50% 1
±45 50% 2
±45 50% 3
±45 70% 1
±45 70% 2
Uni-0 1
Uni-0 2
Uni-0 3
Uni-0 4
Uni-90 1
Uni-90 2
Uni-90 3
Filament 1
Filament 2
Filament 3
Filament 4

Initial
Displacement
(mm)
26.057
26.225
25.271
27.476
28.010
26.857
25.612
28.595
28.185
28.381
29.231
28.826
30.473
31.222
30.001
25.150
25.410
25.351
25.362

Mass
(g)

W1
(mm)

W2
(mm)

W3
(mm)

AVG W
(mm)

t1 (mm)

t2 (mm)

t3 (mm)

AVG t
(mm)

AVG CS Area
(m^2)

8.673
8.335
8.730
10.211
10.616
10.698
12.395
11.820
8.550
2.305
4.900
5.319
6.759
7.028
4.662
1.183
1.190
1.184
1.148

15.023
14.633
14.232
14.483
14.260
14.546
14.207
13.961
14.020
13.690
13.488
13.500
14.415
14.690
14.461
-

14.867
14.404
14.317
14.623
14.126
14.679
14.312
14.034
14.012
13.709
13.211
13.337
14.191
14.493
14.749
-

14.642
14.233
14.201
14.424
14.314
14.619
14.213
14.122
14.002
13.654
13.347
13.240
14.326
14.747
15.182
-

14.844
14.423
14.250
14.510
14.233
14.615
14.244
14.039
14.011
13.684
13.349
13.359
14.311
14.643
14.797
-

3.905
3.230
4.269
3.766
4.202
4.338
4.828
4.236
3.467
1.030
2.056
2.302
2.860
2.704
1.838
2.794
2.794
2.819
2.845

3.923
3.354
4.333
3.818
4.160
4.362
4.690
4.098
3.476
1.048
2.168
2.312
2.717
2.883
2.146
2.794
2.845
2.794
2.819

3.994
3.398
4.231
3.778
4.044
4.440
4.734
4.121
3.529
1.079
2.209
2.410
2.652
2.575
2.077
2.819
2.870
2.845
2.794

3.941
3.327
4.278
3.787
4.135
4.380
4.751
4.152
3.491
1.052
2.144
2.341
2.743
2.721
2.020
2.802
2.836
2.819
2.819

5.84953E-05
4.79912E-05
6.09568E-05
5.49542E-05
5.88596E-05
6.40122E-05
6.76685E-05
5.82852E-05
4.89089E-05
1.44005E-05
2.8624E-05
3.12779E-05
3.92542E-05
3.98396E-05
2.98955E-05
6.16779E-06
6.31836E-06
6.24285E-06
6.24285E-06
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Appendix B
Optical Microscopy Images

Figure B-1. Optical microscopy measurements image #1

Figure B-2. Optical microscopy measurements image #2
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Figure B-3. Optical microscopy measurements image #3

Figure B-4. Optical microscopy measurements image #4
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Figure B-5. Optical microscopy measurements image #5

Figure B-6. Optical microscopy measurements image #6
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Figure B-7: Optical microscopy measurements image #7

Figure B-8. Optical microscopy measurements image #8
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Figure B-9. Optical microscopy measurements image #9

Figure B-10. Optical microscopy measurements image #10
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Figure B-11. Optical microscopy measurements image #11

Figure B-12. Optical microscopy measurements image #12
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Appendix C
Scanning Electron Microscopy Images

Figure C-1. SEM cross section of ±45 30% dog bone specimen

Figure C-2. SEM image of printed segment within ±45 30% dog bone specimen and location of segment in Figure B-1
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Figure C-3. SEM image of printed segment within ±45 30% dog bone specimen and location of segment in Figure B-1

Figure C-4. Zoomed out image of Figure B-3 further showing 45° fibers
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Figure C-5. Zoomed in image of dog bone bottom skin

Figure C-6. Second image of dog bone bottom skin
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Figure C-7. Image of dog bone sidewall fracture surface

Figure C-8. Image of bottom of dog bone sidewall
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Figure C-9. Image of top of dog bone sidewall

Figure C-10. Dog bone top skin image
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Figure C-11. Zoomed out view of Figure B-10

Figure C-12. Zoomed in view of fibers in filament
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Figure C-13. Figure B-12 with fiber diameter measurements

Figure C-14. Cross section of entire piece of filament
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Figure C-15. Second image of fibers within filament

Figure C-16. Zoomed in view of fiber within filament
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Figure C-17. Figure B-16 with fiber diameter measurement

Figure C-18. Third image of fibers within filament
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Figure C-19. Zoomed out view of Figure B-18

Figure C-20. Cross section of unidirectional 0° sample
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Figure C-21. Image showing fibers within unidirectional 0° sample

Figure C-22. Zoomed out view of Figure B-21
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Figure C-23. Second image showing fibers within unidirectional 0° sample

Figure C-24. Third image showing fibers within unidirectional 0° sample
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Figure C-25. Image showing fibers within unidirectional 90° sample

Figure C-26. Second image showing fibers within unidirectional 90° sample
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Figure C-27. Zoomed in image of Figure B-26 showing fibers and molds from missing fibers

Figure C-28. Figure B-27 with fiber diameter measurements
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Figure C-29. Cross section of unidirectional 90° sample
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Appendix D
MATLAB Code for Cox Model
clear all
clc
format short e %Report Solutions in sci. notation
size=500;
Vf
Gm
Ef
Em

=
=
=
=

0.036;
2.4e9;
231e9;
3.5e9;

%Number of points plotted in chart
%Fiber Volume Fraction
%Matrix Shear Modulus from literature
%Fiber Elastic Modulus (AS4)
%Matrix Elastic Modulus (PLA)

l(1:size)=linspace(0,500,size); %Create plot domain
d=7;
%Set average diameter of fiber
Vm=1-Vf;
%Calculate Matrix Volume Fraction
%Cox Model Calculations
for(i=1:size)
lbar(i)=l(i)/d;
Beta(i)=((2*sqrt(Vf)/(1-sqrt(Vf)))*Gm/Ef)^(1/2);
n1(i)=(1-Vf)/((Beta(i)*lbar(i))/((Beta(i)*lbar(i)-tanh(Beta(i)*lbar(i))))Vf);
El(i)=(1/(n1(i)*Vf+Vm))*(n1(i)*Vf*Ef+Vm*Em);
end
%Create Cox Model plot of length vs. El
El=El/1e9;
plot(l,El,'black')
title('Cox Model')
xlabel('Length of Carbon Whisker (um)')
ylabel('Predicted Elastic Modulus (GPa)')
%%%%%%% Optional Frequency Plot %%%%%%%
% freq=[0,24,30,33,13,4,6,0,4];
% freq1=freq/sum(freq);
% El=El/1e9;
% plot(El,freq1,'black-o')
% title('Cox Model')
% xlabel('Predicted Elastic Modulus (GPa)')
% ylabel('Normalized Frequency')
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%Cox Model Solution for E1 with user input l and d
l=77;
lbar=l/d;
Beta=((2*sqrt(Vf)/(1-sqrt(Vf)))*Gm/Ef)^(1/2);
n1=(1-Vf)/((Beta*lbar)/((Beta*lbar-tanh(Beta*lbar)))-Vf);
El=(1/(n1*Vf+Vm))*(n1*Vf*Ef+Vm*Em)
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Appendix E
MATLAB Code for Halpin-Tsai Model
clear all
clc
size=50;

%Number of points plotted in chart

Ef = 231e9;
Em = 3.5e9;

%Fiber Modulus (AS4)
%Matrix Modulus (PLA)

Vf=0.036;

%Fiber Volume Fraction

l(1:size)=linspace(0,500,size); %Create plot domain
%l(1:size)=73.7; %Optional domain for solving for one length
d=7;
%Set average diameter of fiber
for (j=1:size)
xi(j,1)= 2*l(j)/d;
xi(j,2)= 1.5;
%Calculate E1 and E2
for (i=1:2)
gamma(j,i)=(Ef-Em)/(Ef+xi(j,i)*Em);
E(j,i)=Em*(1+xi(j,i)*gamma(j,i)*Vf)/(1-gamma(j,i)*Vf);
end
Ec(j)=(3/8)*E(j,1)+(5/8)*E(j,2);
end
E
Ec=Ec/1e9
plot(l,Ec,'black')
xlabel('Length of Carbon Whisker (um)')
ylabel('Predicted Elastic Modulus (GPa)')
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Appendix F
Density Measurement Method Results Table

Initial Composite Mass (g)

0.2615

Immersed Composite Mass (g)

0.0560

Temperature of Room (°C)

22.5

Density of Water at
22.5 °C (g/cm3)

0.99788

Density of AS4 Fiber (g/cm3)
(Hexcel, 2016)

Density of PLA Matrix (g/cm3)
(Moldflow, 2007)

Mean Values

1.79
1.25

0.913
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Appendix G
TGA Results Table

N2 atmosphere
20 °C/min
N2 atmosphere
5 °C/min
N2 atmosphere
20 °C/min
N2 atmosphere
5 °C/min
N2 atmosphere
20 °C/min
N2 atmosphere
5 °C/min

Mean
Values

Mass of PLA (g)

Mass of AS4 Fiber (g)

0.0109

0.00158

0.0105

0.00133

Volume of PLA

Volume of AS4 Fiber

0.00868

0.000882

0.00837

0.000744

Matrix Volume Fraction

Fiber Volume Fraction

0.908

0.0922

0.918

0.0817

0.913

0.0869
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