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Abstract

Purpose — This paper aims to present the methodology and results of the experimental characterization of three-dimensional
(3D) printed ABS and polycarbonate (PC) parts utilizing digital image correlation (DIC).

Design/methodology/approach — Tensile and shear characterization of acrylonitrile butadiene styrene (ABS) and
polycarbonate (PC) 3D-printed parts was performed to determine the extent of anisotropy present in 3D-printed materials.
Specimens were printed with varying raster ([+45/-45], [+30/-60], [+15/-75], and [0/90]) and build orientations (flat, on-edge,
and up-right) to determine the directional properties of the materials. Dogbone tensile and Isopescu shear specimens were
printed and loaded in a universal testing machine utilizing 2D digital image correlation (DIC) to measure strain. The
Poisson’s ratio, Young’s modulus, yield strength, ultimate strength, strain at failure, breaking strength, and strain energy
density were gathered for each tensile orientation combination. Shear modulus, yield strength, and ultimate strength values
were collected for each shear combination.

Findings — Results indicated that raster and build orientation had a negligible effect on the Young’s modulus or Poisson’s
ratio in ABS tensile specimens. Shear modulus and shear yield strength varied by up to 33% in ABS specimens signifying
that tensile properties are not indicative of shear properties. Raster orientation in the flat build samples reveal anisotropic
behavior in PC specimens as the moduli and strengths varied by up to 20%. Similar variations were also observed in shear for
PC. Changing the build orientation of PC specimens appeared to reveal a similar magnitude of variation in material
properties.

Originality/value — This article tests tensile and shear specimens utilizing DIC which has not been employed previously with
3D-printed specimens. The extensive shear testing conducted in this paper has not been previously attempted and the results
indicate the need for shear testing in order to fully understand the 3D-printed material behavior.

Keywords digital image correlation, 3D-printing, additive manufacturing, mechanical properties of materials, rapid
prototyping, anisotropy, ABS, Polycarbonate
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Nomenclature

3D = Three-dimensional

AM = Additive manufacturing

ABS = Acrylonitrile butadiene styrene
ASTM = American Society for Testing and Materials
CAD = Computer aided design

CI = Confidence interval

COoVv = Coefficient of variation

DIC = Digital image correlation
FDM = Fused deposition modeling

PC = Polycarbonate

RP = Rapid prototyping

SMP = Shape memory polymer

STL = Stereo lithography

1 Introduction

Fused deposition modeling (FDM) is an additive manufacturing (AM) technique which works by a heated nozzle laying
down molten material in layers to produce a desired part. FDM is one of the most common techniques used for three-
dimensional (3D) printers and has become one of the most popular rapid prototyping (RP) techniques in the last decade.
FDM works by taking a part designed by a computer aided design (CAD) model exported as a stereo lithography (STL) file



and uploaded into a slicer program. The slicer program cross-sections the model into individual layers of a specified height
and converts the desired height and other settings into G-Code to be read by the printer. The printer reads the G-Code, heats
up a liquefier to the desired temperature to melt the polymer filament of choice, and begins extruding the material. The
printing filaments used for this study were acrylonitrile butadiene styrene (ABS) and polycarbonate (PC). These filaments are
fed through the heated liquefier by two drive wheels where the filament is then melted and extruded through a nozzle onto the
build platform. The heating and extrusion of the filament to the specified diameter is all contained within the extrusion head
which moves in the x-y plane depositing material on the build platform. A single line of material is called a road and the
deposition of multiple roads side-by-side produces a single layer of a 3D-printed part. After each layer is finished the build
platform moves down a specified z or layer height and the process repeats for the next cross-sectioned layer until the part is
completed. Figure 1 illustrates this process and highlights some of key parts within the extrusion head as well as the
deposition of the extruded filament.
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Figure 1. Schematic of the standard FDM process with callouts for select parts within the extrusion head

3D printing has increasingly progressed from a strictly prototyping technology to one used for production of final
products intended for everyday use (Berman 2012; Chulilla Cano 2011; Espalin et al. 2014; Chua et al. 2003). 3D-printing
has increasingly been used for advanced applications including the printing of adaptive structures utilizing shape memory
polymer (SMPs) filaments and even printing cell structures in a granular gel medium (Ge et al. 2014; Ge et al. 2013; Raasch
et al. 2015; Yang et al. 2015; Bhattacharjee et al. 2015). This explosion in popularity has come with a proportionate increase
in the study of 3D-printed techniques as it is vital to comprehend the properties and characteristics of the parts which are
created. Several previous studies utilized ASTM standard tensile test methods to determine the tensile properties as a function
of the build and raster orientations the specimens were printed (Bellini & Gligeri 2003; Giannatsis et al. 2012; Hill & Haghi
2014; Tymrak et al. 2014; Wittbrodt & Pearce 2015; Torrado Perez et al. 2014; Torrado et al. 2015; Es-Said et al. 2007; Ahn
et al. 2003; Ahn et al. 2002; Montero et al. 2001). It has been widely publicized that in tension the road-to-road and layer-to-
layer adhesion, shrinkage of the roads, and higher porosity in some orientations influences the material properties of the
printed parts and causes anisotropy (Es-Said et al. 2007; Rodriguez et al. 2003; Torrado Perez et al. 2014). Several
publications have worked to develop methods to reduce anisotropy including the creation of polymeric blends and other
blended materials or post-processing the parts via radiation (Torrado Perez 2015; Shaffer et al. 2014; Torrado Perez et al.
2014; Torrado et al. 2015). Creating polymeric blends and other blended materials did tend to reduce anisotropy but at the
cost of the overall material strength. Radiation tended to have mixed results as some temperature/radiation combinations
resulted in weakening of the parts while others did reduce anisotropy. Other studies did offer a more in depth look at the
anisotropic properties of 3D-printed materials and included the impact, flexural, or compression properties (Ziemian et al.
2012; Lee et al. 2007; Sood et al. 2010). However, most studies on anisotropy of 3D-printed materials generally give the
Young’s modulus, yield strength, and ultimate strength using extensometers and loads from a universal testing machine.
These studies generally do not include other properties such as Poisson’s ratio, strain energy density, or any shear data which
are vital for complete understanding of the material behavior. Some publications did attempt to characterize shear properties
of 3D-printed materials; however, these properties are limited to those determined from the tension tests using the elastic
modulus and the Poisson’s ratio (Ahn et al. 2003; Ahn et al. 2002; Montero et al. 2001). This approach assumes an isotropic
relationship exists in the material on certain planes, which is somewhat of an over simplification. If the assumption is that the
material is an-isotropic, which is why such tests are performed, this approach neglects to take into consideration the
independence of the shear stress/strain behavior from the normal stress/strain behavior. Since the elastic moduli in all
orientations don’t vary significantly the assumption provides reasonably accurate shear moduli values. However, the shear
strength as a function of orientation cannot be determined from tensile testing. In order to determine shear ultimate and yield
strength a direct shear test method (specimen loaded in shear) should be utilized. Accurate shear strength measurements can
only be made using a specimen that is loaded such that the test section is under both pure and uniform shear stress throughout
the entire loading history. Pure shear means that normal stresses are minimized in the test section and shearing stresses



dominate. Uniform shear stress is required to insure that failure, both in yielding and ultimate, occurs through the entire test
section as a whole and is not localized. The most pure/uniform loading condition for shear testing is a hollow cylindrical
specimen loaded in torsion (Lee & Munro 1986). This however cannot be utilized in this study because the specimen
geometry is based on a cylindrical coordinate system whereas the printed material is oriented in a Cartesian coordinate
system.

There are direct shear test methods that are specifically designed to achieve pure and uniform shear loading. Examples
include; losipescu test (Iosipescu 1967; Walrath & Adams 1983; Adams & Walrath 1987; Adams & Lewis 1995), Arcan test
(Arcan 1973; Arcan et al. 1978), Single and double shear rail tests (ASTM International 2012; Whitney et al. 1971; Garcia et
al. 1980). The losipescu specimen was designed for testing anisotropic materials, is the most widely accepted test method for
composites and has been shown to provide accurate shear modulus, when instrumented properly, as well as shear strength.
The specimen is also relatively compact and well suited for 3D-printed plastics. We propose to incorporate the use of the
Tosipescu specimen for characterization of 3D-printed materials in order to measurement of shear modulus, shear yield stress
and shear strength.

In order to accurately measure shear modulus the average shear stress at any load is determined by dividing the load by
the original cross-sectional area of the sample test-section. Typically the shear strain is measured via electrical resistance
strain gages; however for 3D-printed plastic materials gage reinforcement and self-heating complicate their use. Additionally,
for this application with many dozens of specimens in our test program, application of electrical resistance strain gages would
be prohibitively expensive and time consuming. We propose to utilize digital image correlation (DIC) a non-contact, full-
field method instead (Sutton 2008; Sutton et al. 2009; Sutton et al. 1991). This methodology has been used on composites
and plastics including PC and ABS; however, the studies on plastics were of injection molded specimens rather than 3D-
printed parts (Fang et al. 2006; Fang et al. 2008; Daiyan et al. 2012; Qin et al. 2012). Using this experimental technique it is
critical to measure the average shear strain in the test section rather than the shear strain at the center of the test section. This
is because even though the specimen is designed to provide a uniform shear strain distribution in the test section, in reality
the distribution is not perfectly uniform. The shear strain at the notches is zero, since it is a free surface with zero shear stress.
The shear strain rises rapidly from the notches and forms a nearly uniform distribution. However the shear strain at the center
of the test section does not equal the average value. Hence accurate shear stress/strain response can be determined by
dividing the average shear stress by the average shear strain at any load, rather than by dividing the average shear stress by a
local shear strain. This philosophy has been successfully utilized for composite material testing (Ifju 1994) using a
specialized strain gage marketed by Vishay (Micro-Measurments Division 1995). In this study we will use DIC instead of
strain gages similar to (Qin et al. 2012) to measure the average shear strains across the entire test section.

Since the load path in the Iosipescu specimen must be transferred through the test section and since the shear strain is
measured in the test section and not globally (displacement of one side of the fixture with respect to the other) any yielding of
the stress strain diagram is representative of the material behavior. Thus even if the specimen ultimately fails outside of the
test section, the shear stress strain diagram is representative of the material behavior to that point. However the stress/strain
response is cut short and the actual ultimate strength and percent elongation may be higher.

The tensile and shear tests methods in this study utilize the same universal testing machine and digital image correlation
setup for efficiency. The normal strain in the dogbone tensile specimens are measured over an area near the center of both
sides of the specimen, much like the shear tests, and thus compensates for bending about both vertical axis of the specimen.
This methodology is adopted rather than cross-head displacement because the latter is susceptible to errors caused by grip
slippage and compliance in the load cell and loading fixtures.

Both the tensile and dogbone specimens are printed in various orientations within the 3D-printer in order to assess the
effect of build orientation and raster orientation on the anisotropy observed in the mechanical properties of ABS and PC test
specimens. Both the ABS and PC specimens are evaluated for tensile and shear properties to give a complete picture of the
mechanical behavior which will benefit researchers and undergraduates looking to incorporate 3D-printed parts into their
respective projects. This paper will describe fabrication methods, experimental procedure, and results from the
characterization of ABS and PC.

2 Fabrication methods, experimental set-ups, and procedures

2.1  Materials and specimen fabrication

The materials tested in this study were polycarbonate (PC) and acrylonitrile butadiene styrene (ABS) which were used to
produce samples in a Stratasys® Fortus 360mc™ and an Ultimaker® 2 3D-printer respectively. The specimen geometries
followed specifications outlined in ASTM D-638 for the Type IV tensile specimens and ASTM D-5379 for the shear
specimens (ASTM International 2004; ASTM International 2011). These specimens and select dimensions for both specimen
types are shown in Figure 2. Both specimen types were printed at a thickness of 4 mm (0.160 in). The shear and tensile
specimens were first created in Solidworks®, exported in stereo lithography (STL) format, and then imported into each 3D-
printer’s respective slicer software to create the G-code used to print each specimen type.
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Figure 2. Schematic representation of the (a) ASTM D638 Type IV tensile specimen and (b) ASTM D5379 shear specimen
geometries with relevant dimensions in mm

The specimens printed on the Fortus 360mc™ machine used an extrusion width (the width of each layer of deposited
material, also known as the road width) of 0.508 mm (0.020 in) and a slice height (the height of an individual layer of
deposited material) of 0.254 mm (0.010 in). The Ultimaker® 2 used a default slice height of 0.1 mm (0.004 in) and an
extrusion width of 0.4 mm (0.016 in). The slice height, extrusion width, air gap (the space between the bead of material),
printer environmental temperature (the temperature of the air around the part and the bed temperature), build temperature (the
temperature of the liquefier), nozzle size (width of the hole through which the material is extruded), and color (white for ease
of use with DIC which is discussed in detail later) were all held to constant values. The entire list of constant or default
values used during this study are shown in Table I for each printer. In order to completely understand the design space used
by the printers, both the layer extrusion path, otherwise known as raster orientation and the part build orientation were
selected as the parameters to vary during testing. These parameters were determined to be the most important and have been
investigated by several other authors (Bellini & Giigeri 2003; Montero et al. 2001; Tymrak et al. 2014; Smith & Dean 2013;
Hill & Haghi 2014). The raster orientations selected for investigation were [+45/-45], [+30/-60], [+15/-75], and [0/90]. The
majority of specimens were printed in the [+45/-45] or [0/90] raster orientations unless large difference in material properties
were discovered for a specific orientation. These orientations were selected instead of unidirectional orientations as a
majority of 3D-printers using an alternating raster pattern as the default printing scheme. Therefore, the data from this study
will be directly relatable to the manufacturing of 3D-printed parts. In addition to the four raster orientations, three build
orientations were also investigated. These orientations are based upon which plane the front face of the specimen resides and
were named accordingly. The three orientations investigated were flat (XY plane), on-edge (XZ plane), and up-right (ZX
plane) and for clarification purposes are illustrated in Figure 3 along with the raster orientation. An important item to note in
Figure 3 is that the primary printing axis differs from the primary raster axis by an angle of 45°. When a sample is printed
parallel to the X or Y build plane the printers default raster orientation is [+45/-45]. Therefore, when a sample is printed at a
raster orientation of [0/90] the sample is positioned at an angle of 45° on the printer bed surface. Ten specimens were printed
for each printer/raster orientation and the results for all ten tests averaged to find the properties in each orientation.

Table I. Constant 3D-printing process settings for the Fortus 360mc™ and Ultimaker® 2 printers
Ultimaker® 2 Fortus 360mc™

Parameter ABS Value PC Value
Air gap (mm) 0.0 0.0
Slice height (mm) 0.1 0.254
Extrusion width (mm) 0.4 0.508
Nozzle size (mm) 0.4 0.4
Filament color White White
Fill (%) 100 100
Liquefier temperature (°C) 235 345

Environmental temperature (°C) 105 (Bed) 145 (Ambient)
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Figure 3. Graphic representation of the printer bed orientations (flat, on-edge, and up-right) and raster orientations ([+45/-45]
[+30/-60], [+15/-75], and [0/90]) investigated

2.2 Testing machine and experimental set-up

A single test setup was developed for testing both tensile and shear properties of the material systems tested. The specimens
were tested at a rate of 1.5 mm/min for both test methods at room temperature (~23 °C). Custom fixtures were manufactured
to load the specimens in a Test Resources® 315 electromechanical universal testing machine equipped with a 22 kN load
cell. The fixtures, shown in Figure 4a and Figure 4b, utilized multiple clevis joints to insure the load path through the sample
was free of bending. Load values were recorded by Test Resources® Testbuilder™ software at a rate of 10 Hz. For tensile
testing the average stress in the specimen, at any given load, was determined by dividing the load by the cross-sectional area.
Collection of the necessary strain data was accomplished through the use of digital image correlation (DIC), a non-contact,
full-field shape and deformation measurement technique. The strains were measured on both sides of the specimen using DIC
over a rectangular region centered in the test section. This method compensates for a number of potential imperfections in
loading and specimen geometry incurred during testing that cause inaccuracies. DIC was chosen for strain measurement
rather than utilizing crosshead displacement because of potential grip slippage, loading mechanism compliance and load cell
compliance, which is typical in such tests. Also, for testing polymers, electrical resistance strain gages mechanically reinforce
the specimen as well as lead to strain gage self-heating issues. Additionally, extensometers typically only measure axial strain
and in this study both axial and transverse strains are required to determine the Poisson’s ratio. Although there are dedicated
extensometers that measure both axial and transverse strain, such devices are bulky and the test section chosen for these
studies is rather small. DIC strain measurement on both sides of the sample compensate for any bending during loading.
Generally DIC can be performed either using a single camera or a pair in stereo. A single camera setup is susceptible to errors
due to out-of-plane rigid body motion unless accounted for while the sterco setup can compensate for such motion. The DIC
set-up used for this study consisted of two Point Grey® Research, 5-megapixel, grayscale cameras positioned on either side
of the samples which simultaneously captured images of both sides of the samples. Using this single camera setup on both
sides of the specimen allowed for compensation of rigid body motion by averaging the strain from the two sides. Specimen
preparation only required a light speckle pattern of black paint over a light coat of white paint on the white plastic
background, therefore had a negligible reinforcement effect. Images of the samples were captured via VIC-Snap™ 2009 at a
rate of 1 Hz and later processed via VIC-2D™ to determine the strains. During processing in VIC-2D™ the standard subset
size of 29 and step size of 5 were used which provided adequate strain and deformation data. After a sample was loaded into
the testing machine and a preload applied, a pair of reference images (one image per camera) were taken of each side of the
sample. These reference images were contrasted against images taken from the corresponding sides of the sample to
determine the strains over the duration of the testing cycle. This methodology proved to be efficient and testing of a single
specimen could be performed in a matter of minutes including mounting the specimen in the loading fixtures, taking initial
undeformed DIC images, and loading the specimen through failure. The complete DIC and universal testing machine setup
used for both tensile and shear testing is shown in Figure 4c.
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Figure 4. Photographs of the (a) tensile specimen fixture, (b) shear specimen fixture, and (c) the experimental set-up and DIC
camera set-up

2.3 Experimental procedure

Each shear and tensile test followed the same general experiment procedure throughout this study. After applying the high
contrast DIC speckle pattern to the sample, it is loaded into its respective shear or tensile fixture shown in Figure 4a and
Figure 4b. Once the specimen is loaded into the fixture the fixture/specimen combination is secured into the Test Resources®
testing machine with multiple clevis joints. A preload of ~10 N is then applied and reference images are taken of both sides
of the sample via the VIC-Snap™ software. The testing machine is set to a displacement rate of 1.5 mm/min and the VIC-
Snap™ DIC software set to a rate of | Hz. The DIC and testing machine systems are started simultaneously and the testing is
conducted through specimen failure. After specimen failure the test is concluded and the process repeated. Once all ten tests
in a data set are completed the stress and strain behavior is analyzed via a MATLAB script, relevant properties determined,
and stress-strain curves created for each specimen or set of specimens. For the tension tests, the DIC images were analyzed to
extract the average strain over a rectangular area of 3 mm wide by 7 mm long centered on the two faces of the specimen.
This methodology provides a robust means to determine the average strain with good precision (repeatability). For the
Iosipescu shear specimens the average shear strains on both sides of the specimen over a rectangular area of 3mm wide by 11
mm (almost spanning the entire distance between the notches) was analyzed, This method insured accurate and repeatable
average shear strain results.

3 Experimental results

3.1 Tension

The tension specimens were tested in batches of ten printed for each printer/raster orientation and the results for all ten tests
averaged to find the properties in each orientation. Previous literature was primarily concerned with Young’s modulus, yield
strength, and failure modes for tensile specimens (Montero et al. 2001; Hill & Haghi 2014; Giannatsis et al. 2012; Tymrak et
al. 2014; Smith & Dean 2013; Wittbrodt & Pearce 2015; Torrado et al. 2015; Torrado Perez et al. 2014). However, to give
better insight into the complete material behavior the breaking strength (strength at sample failure), strain at failure, and the
strain energy density were all calculated for each sample set. Each of these material properties are highlighted in Figure 5
which illustrates where each property was calculated. The Young’s modulus was calculated along the linear portion of the
stress-strain curve, yield strength calculated using the 0.2% offset method, and ultimate strength at the maximum stress value
acquired. Strain at failure was calculated from the last DIC image available before sample failure. Breaking strength
corresponds to the stress at that failure strain. Strain energy density was calculated by integrating the specimen stress strain
curve. All seven of these properties were evaluated for each orientation combination and the results presented below.
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Figure 5. Illustration of the relevant tensile stress-strain properties evaluated during this study

The data from testing the ABS specimens showed some tensile properties appeared to behave isotropically while other
properties exhibited anisotropic behavior with property differences of up to 91%. All of the ABS tensile properties evaluated
and orientation combinations tested are presented in Table II. The Poisson’s ratios and Young’s moduli showed no
statistically significant differences when comparing raster or print orientations as all values were within the 95% confidence
interval (CI). When evaluating the yield strength of each combination the [0/90] flat specimens had the highest value and
raster orientation appeared to affect yield strength in the flat build orientation as the [+45/-45] flat specimens were 5.3%
weaker. Additionally, the [0/90] flat specimens had the highest ultimate strength; however, there were no statistically
significant differences between the raster orientations. The up-right specimens had the lowest ultimate strengths and were on
average 8% weaker than the flat specimens. The up-right printer orientations also had the lowest strains at failure, averaging
5.6% lower strain values than the flat orientation and 3.8% lower values than the on-edge orientations. Like the yield and
ultimate strength values explained previously, the [0/90] flat specimens again had the highest breaking strength and was 3.6%
higher than the [+45/-45] flat specimen. The only other statistically significant difference was between the [0/90] flat and on-
edge specimens were there was a 0.1 MPa difference in the 95% confidence intervals and a 4.2% difference in the means.
Finally, the property which exhibited the largest differences in values was the strain energy density. The flat orientations had
the highest energy densities which were up to 91% higher than the up-right orientations and 54% higher than the on-edge
orientations. Overall the [0/90] flat orientation had the highest tensile property performance while the [+45/-45] up-right
orientation had the weakest properties. Anisotropy was found more often when varying printer orientation than when
changing raster orientation and some ABS tensile properties exhibited isotropic behavior.

In addition to the results being detailed in Table II each tensile test was analyzed and plotted as a stress-strain curve to
illustrate the data graphically. All ten tests from each orientation combination were plotted together to give an idea of the data
spread and then averaged together to a representation of the typical stress-strain behavior for that combination. Two examples
of the data scatter are shown in Figure 6a and Figure 6¢. Figure 6a illustrates the relatively uniform behavior of the [+45/-45]
flat ABS specimens through ultimate strength. The [+45/-45] flat specimens do have a large variation in strain at failure but
have one of the lowest 95% ClIs for breaking strength. Figure 6¢ shows the behavior of the [0/90] up-right specimens which
have a confidence interval nearly twice as wide as the [+45/-45] specimens. Furthermore, the [+45/-45] flat specimens
behave in a ductile manner while the [0/90] up-right specimens appear to behave in a more brittle manner as many specimens
fail at the ultimate strength. This brittle behavior and higher CI is most likely due to the up-right printing orientation as
failure strain is entirely dependent upon the adhesion between layers rather than the ABS roads themselves. The average
specimen orientation behaviors shown in Figure 6b and Figure 6d respectively further illustrate these findings as the [+45/-
45] specimen average has a clear ultimate strength peak followed by a long period of plastic deformation while the [0/90]
specimen average has an elastic region quickly followed by failure of the specimens. Finally, all six orientation combinations
are shown in Figure 6e which helps to visually present the entirety of the data displayed in Table II. The [0/90] flat
orientation specimen clearly outperforms the other five orientation combinations with respect to strength, followed closely by
the [+45/-45] flat, and then the on-edge orientations. The flat and on-edge orientations exhibit ductile material behavior while
both up-right orientations behavior in a brittle manner.



Table I1. Tension properties and 95% ClIs for the ABS specimen orientations tested

Orientation
Pronert [+45/-45] [0/90] [+45/-45] [0/90] [+45/-45] [0/90]
perty flat flat on-edge on-edge up-right up-right
2 b
P‘Eft‘;: s 0364003 0374004 038+003 0364002 036003 0.36%0.03
Young’s
Modulus (MPa) 20060 2020260 2020110 191060 2040+90 2050+ 110
Yield
Strength (Mpay  303E06 320408 300411 200406 293408 29916
Ultimate
Strength (Mpa) 28506 335505 319509 307507 300408 309+13
Strain at 889234 7044279 S41+1.13 5824126 1724016 1.84+0.15
Failure (%)
Breaking
Strength (vipa)  206F05 307505 301409 294207 299408 308+13
Strain Energy
Demsity Moy F17E104 2145105 1465037 1L66+041 0294004  032+0.03

The data collected from the testing of the PC specimens, like the ABS specimens, showed that several tensile properties
exhibited anisotropic behavior with property differences of up to 74%. The flat printer orientation presented such a large
degree of anisotropy when varying raster orientation between [+45/-45] and [0/90] that two additional orientations ([+30/-60]
and [+15/-75]) were printed to be evaluated resulting in a total of eight orientation combinations being tested for PC. All of
the PC orientation combinations and their respective tensile properties are presented in Table III. The Poisson’s ratio displays
anisotropic behavior when evaluating raster orientation as the [+45/-45] flat orientation has a Poisson’s ratio that is 26%
higher than the [0/90] flat orientation. While not all Poisson’s ratios in the flat printer orientation had statistically significant
differences there was a pattern of increasing Poisson’s ratio through the raster sweep from [0/90] to [+45/-45]. The same
results were found when evaluating Young’s modulus as the [+45/-45] flat orientation was 14% greater than the [0/90] flat
orientation. The same increase in Young’s modulus was found when sweeping through the raster angles in the flat orientation
while the on-edge specimens appeared to be isotropic with respect to raster orientation. In the upright printer orientation
anisotropic behavior was found as well as the [+45/-45] specimens had a Young’s modulus that was 8% higher than the
[0/90] specimens. Furthermore, there were significant differences between print orientations as the [+45/-45] on-edge had a 6
% higher Young’s modulus than the flat orientation and an 11.5% higher modulus than the up-right orientation. The [0/90]
on-edge orientation had a 17% higher modulus than the other two print orientations whose moduli where approximately
equal.

Anisotropic behavior was also present when evaluating the orientation combinations with respect to yield strength. Both
the flat and on-edge orientations exhibited significant differences in raster orientation. The yield strength of the [+45/-45]
raster specimen in the on-edge orientation was 8% higher than the [0/90] specimen. The [+45/-45] raster specimen in the flat
orientation had a yield strength that was 14% higher than the [0/90] orientation and 23% higher than the [+30/-60]
orientation. This was an unexpected result as the yield strength did not appear to correlate with the raster orientation and
actually alternated through the raster sweep. Varying the printer orientation also resulted in statistically significant
differences in yield strength as the on-edge print orientation was up to 21% greater than the up-right and up to 30% larger
than the flat orientations. Ultimate strength and strain at failure yielded similar behaviors as the [+45/-45] raster orientations
generally yielded higher ultimate strength and strain at failure values. Additionally, the same alternating pattern of material
behavior was seen in the flat orientation with the [+45/-45] flat samples having 55% higher strain at failure values than [+30/-
60] yet being only 30% higher than the [+15/-75] orientation. Breaking strengths were similar for the [+45/-45] and [+15/-75]
flat orientations which were 23% higher than the breaking strengths of the [+30/-60] and [0/90] orientations. The on-edge
specimens produced the highest breaking strengths while the upright specimens produced values similar to the weaker flat
orientations. Finally, significant differences were seen in the strain energy density with respect to both the raster and print
orientations. Again the on-edge orientations have much higher strain energy densities when compared to the up-right
orientations. Overall the [+45/-45] on-edge orientation performed the best overall and had the highest or second highest
tensile properties of the orientation combinations tested. The [+45/-45] flat and [0/90] on-edge orientations provided similar
but slightly lower tensile properties. The on-edge specimens appeared to be isotropic in nature while large amounts of
anisotropy were found when varying raster angle in the flat print orientation.
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Figure 6. Stress-strain curves for (a) ten [+45/-45] flat ABS tension specimens illustrating the data scatter of the samples
tested and (b) the average of the ten [+45/-45] flat ABS tension specimens. The stress-strain curves illustrating (c) the data
scatter for ten [0/90] upright ABS tension specimens, (b) the average of the ten [0/90] upright ABS tension specimens, and
(d) the six major ABS raster/print orientation combinations



Table I1II. Tension test results and 95% ClIs for the PC specimen orientations tested

Orientation
Property [+45/-45] flat [+30/-60] flat [+15/-75] flat [0/90] flat
3 b
Poisson’s 0.39 +0.03 0.36+0.02 0.33+0.02 0.29 +0.02
Ratio
Young’s
Modulus (MPa) 1890 + 60 1840 + 20 1780 + 30 1620 £+ 60
Yield
Strength (MPa) 39.7+0.9 304+1.3 38.8+1.2 343+1.5
Ultimate
Strength (MPa) 56.6+0.5 41.5+23 54+0.4 443+04
Strain at
Failure (%) 6.72 + 0.94 3.01+0.19 4.57+0.07 3.78+0.21
Breaking
Strength (MPa) 54.0+0.7 415+£23 53.7+0.5 443+ 04
Strain Energy n n n N
Density (MJ/m3) 2.91+0.55 0.73 +£0.09 1.49 £ 0.18 1.01 +0.08
Orientation
Property [+45/-45] on-edge  [0/90] on-edge  [+45/-45] up-right  [0/90] up-right
Poisson’s 0.37 % 0.02 0.38 % 0.03 0.35+0.03 0.31+0.02
Ratio
Young’s
Modulus (MPa) 2000 + 30 1950 + 80 1770 £+ 30 1630 + 30
Yield
Strength (MPa) 435+1.1 40.0+1.9 35.8+ 0.6 345+ 0.8
Ultimate
Strength (MPa) 61.1+£0.5 579+1.8 443 £ 1.1 424+04
Strain at
Failure (%) 6.03 +0.57 472 +0.44 3.07+0.11 3.18+0.05
Breaking
Strength (MPa) 58.0=+1.4 57.8+1.9 447+12 422+04
Strain Energy n n n N
Density (MJ/m3) 2.52+0.19 1.75+0.21 0.78 £ 0.06 0.76 +0.02

Generally the PC tests yielded confidence intervals and coefficients of variation (COVs) which were much smaller than the
ABS specimens tested. The COV for the PC specimens averaged around 3.4% for the Young’s modulus while the COV for
ABS specimens was nearly double at 6.5%. This reduction in uncertainty was most likely due to the higher quality of the PC
specimens printed by the Fortus 360mc™. This reduced scatter is clearly illustrated in Figure 7a as all ten [+45/-45] flat
samples have almost identical stress-strain curves with the exception of the strain to failure behavior. Figure 7c shows the
average behavior of the six primary orientation configurations which illustrates that the on-edge specimens outperform the
other two printer orientations. The [+45/-45] flat orientation has properties similar to the on-edge specimens and then there is
a marked decrease in moduli and strength properties when observing the remaining orientations. The on-side and [+45/-45]
flat specimens exhibit a more ductile material behavior while the other three primary orientations behave in a brittle fashion.
Finally, Figure 7d displays the raster sweep in the flat printer orientation which shows the discernible differences in material
behavior with respect to raster orientation. The [+30/-60] and [0/90] orientations have much lower strength properties than
the [+45/-45] and [+15/-75] orientations. The striking differences in material behavior could be due to a variety of factors like
printer motor mechanics causing excessive air voids at the specimen boundaries or poor adhesion between PC layers.
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Figure 7. Stress-strain curves for (a) ten [+45/-45] flat PC tensile specimens and (b) the average of ten [+45/-45] flat PC
tensile specimens. The average stress-strain curve behavior for (c¢) the six major PC raster/print orientation combinations and
(d) a sweep of the flat PC raster orientations tested

While evaluating the PC and ABS specimens for the tensile material properties, the DIC images from each test were also
evaluated to determine if patterns were present that could provide reasons for certain material characteristics. The PC
specimens provided excellent DIC patterns and insight into material behavior; especially in the flat build orientation as
individual PC roads in each layer could be seen when looking at the DIC results. Two sets of images depicting the
longitudinal displacements and the strain fields for the [+45/-45] flat and [0/90] flat orientation combinations are shown in
Figure 8. These images clearly show the loading conditions of the raster and the strain variations within each specimen. The
[+45/-45] orientation specimen has a more uniform strain pattern with slight peaks in strain along the PC roads while the
[0/90] flat orientation specimen has a bimodal strain pattern. The [0/90] specimen has an alternating pattern of 0% and 2.5%
strain indicating that the individual roads are more likely to see higher strain values resulting in failure sooner than the more
uniform [+45/-45] specimens where the entire structure is bearing the tensile load. This strain pattern also makes specimens
more susceptible to failures due to printing imperfections as an imperfection could be printed along a road which would
cause premature failure of the specimen due to the strain being concentrated in the individual roads. These observations
support the results shown previously as the [0/90] flat specimens appear to perform worse than the [+45/-45] flat specimens
in every tensile property category.
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Figure 8. DIC results showing the longitudinal displacement and strain fields results for [+45/ 45] and [0/90] flat PC tensile
specimens

In addition to the stress-strain curve results, the fracture surfaces of the tensile specimens were evaluated for both the ABS
and PC. The ABS specimens all behaved in a similar manner at fracture. These specimens all fractured cleanly in the plane
perpendicular to the loading direction. The PC specimens fractured in a variety of ways and the most common failure modes
for each orientation combination are shown in Figure 9. Most specimens appeared to fracture cleanly in the same
perpendicular plane that the ABS samples did. However, there were some notable differences as both on-edge specimens had
jagged perpendicular fracture surfaces. The [+45/-45] flat PC specimen was also notably different from most fracture
surfaces as the PC roads tended to tear apart rather than break cleanly resulting in a saw tooth-like pattern. Overall the
specimens that exhibited cleaner fractures surfaces had markedly lower strain at failure values when compared to the three
previously mentioned specimen orientations. Additionally, these specimens had a lower Young’s modulus, ultimate strength,
and strain energy density. These results indicate that some insight into the overall material properties can be gained from
simply observing the specimen failure modes.
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3.2 Shear

Like the results in the previous section, the shear specimen results were derived from ten tests for each printer/raster
orientation and averaged to give a mean value as well as a 95% confidence interval for each parameter evaluated. The results
of these tests are displayed in Table IV. During shear testing only the shear modulus, yield strength, and ultimate strength
were calculated as some specimens did not fail before the destruction of the DIC speckle pattern, making strain to failure
calculations for some samples impossible. The PC specimens were more apt to fail during testing while the ABS specimens
were ductile and very few ABS specimens failed completely. Unlike the results seen in tensile testing, there were several
cases of anisotropy seen during shear testing in the ABS specimens. Despite the Young’s modulus appearing isotropic in
nature during tensile testing, differences of up to 25% were found when comparing shear moduli. There was no significant
effect on the shear modulus when varying raster orientation; however, when print orientation was varied the flat orientation
was found to have a 25% higher modulus than the on-edge samples and 12% higher modulus than the up-right samples. The
same results were seen when evaluating yield strength as raster orientation did not appear to have an effect on the sample
strength. When evaluating printer orientation the flat orientations featured the highest values and the on-edge and up-right
specimens being approximately equal in value. Finally, assessing the ultimate strengths revealed that the [0/90] on-edge
specimens had 32% lower values than the [0/90] flat specimens. This dissimilarity appeared to be due to weak adhesion
between the deposited layers of material as the [0/90] on-edge specimens appeared to delaminate along the notched area
while most specimens had shear flow along the notched region. The ultimate strength of the up-right specimens was also
lower than the flat specimens; however, no delamination occurred and the maximum difference was halved to 16%.

The PC specimens shear properties were much more varied and did see some anisotropy when comparing the orientation
combinations. The [+45/-45] flat and [+45/-45] on-edge orientations had the highest shear moduli while the [0/90] flat
orientation had the lowest modulus value. Raster orientation did have an effect on shear modulus as the [+45/-45] samples
had the highest moduli values across all printer orientations. Printer orientation appeared to have less of an effect on shear
modulus as only the [0/90] flat and [0/90] up-right specimens were significantly different from the other orientations. Yield
strength and ultimate strength showed similar results when evaluating raster orientation as the [+45/-45] flat orientation yield
strength was 36% higher and its ultimate strength was 20% higher than the [0/90] orientation. The exceptions were the on-
edge samples, which were isotropic in nature. Overall the [+45/-45] flat orientation had the highest material properties while
the on-edge printer orientation appeared to be the most isotropic. When sweeping through the raster angles in the flat
orientation, all of the shear moduli were nearly identical with the exception of the [0/90] orientation. However, when
evaluating the ultimate and yield strengths the same alternating pattern seen in the tensile results was also present in the shear
samples. The highest values were seen in the [+45/-45] raster orientation, followed by the [+15/-75], [+30/-60], and [0/90]
orientations respectively.



Table IV. Shear modulus, yield strength, and ultimate strength average values with 95% Cls for the ABS and PC specimen
orientations tested

ABS
Orientation Shear Yield Ultimate
Modulus (MPa)  Strength (MPa)  Strength (MPa)
[+45/-45] flat 740 £ 30 19.1+0.5 28.8+0.2
[0/90] flat 770 + 40 21.5+£2.0 29.1+0.3
[+45/-45] on-edge 610+ 30 16.0+ 1.1 23.9+0.7
[0/90] on-edge 580 £20 145+1.3 199+1.8
[+45/-45] up-right 670 £ 30 155+1.3 25.8+0.3
[0/90] up-right 680 + 40 154+1.5 24.4+0.5
Polycarbonate
Orientation Shear Yield Ultimate
Modulus (MPa)  Strength (MPa)  Strength (MPa)
[+45/-45] flat 670+ 10 22.8+1.0 36.9+0.3
[+30/-60] flat 640 +20 15.8+0.6 304+1.9
[+15/-75] flat 650 +20 182+0.7 34.0+0.8
[0/90] flat 540 £ 10 147+0.8 29.5+0.5
[+45/-45] on-edge 660 £ 10 199+1.0 32.6+0.7
[0/90] on-edge 650+ 10 18.1+0.9 30.0+0.7
[+45/-45] up-right 680+ 10 21.1+£0.6 340+1.1
[0/90] up-right 630 + 20 18.0+0.6 30.0+0.5

Images illustrating the scatter seen in the shear stress-strain curves and the average stress-strain behavior of ten [+45/-45] flat
orientation ABS samples are shown in Figure 10a and Figure 10b respectively. The scatter and confidence intervals for the
PC samples resulted in a Young’s modulus COV of 3.5% while the ABS specimens produced an average COV of 7.7%,
again nearly doubling that of the PC tests. Figure 10c shows the average behavior for the six primary orientation
configurations for the ABS specimens. This figure helps to clearly illustrate the strength and superior properties of the flat
orientation in shear. The up-right ABS specimens were the second best printer orientation and finally the on-edge specimens
which appeared to perform poorly due to weak adhesion between the layers of material. Generally, the [+45/-45] specimens
appeared to perform better in shear with the exception of the flat specimens were nearly identical. Figure 10d illustrates the
average performance of the PC specimens in the six primary orientation configurations. The graph shows that [+45/-45]
specimens are clearly superior specimens in shear as all three have ultimate values which are higher than the [0/90]
specimens. There is less certainty when comparing printer orientation as in the flat configuration the [+45/-45] specimen has
the best properties of the six specimens but the worst when oriented in the [0/90] orientation suggesting shear is more
dependent upon raster orientation. Finally, Figure 10e presents the raster sweep in the flat printer orientation for the PC
specimens. Again the results are mixed as the [+45/-45] configuration has the highest strength properties followed by the
[+15/-75]. However, the moduli are similar for three of the four orientations despite the irregularity of the yield and ultimate
strength properties.

Identical to the tensile testing procedure, DIC images were collected from each test to examine the strain fields during
loading. The [+45/-45] flat and [0/90] flat orientation combinations showed some of the most noticeable patterns and images
throughout the testing cycle. DIC results which display the longitudinal displacements and the strain fields at a point in the
elastic portion of the stress-strain curve are shown in Figure 11. The images were taken at similar points in the stress-strain
curve and clear patterns can be seen in both the [+45/-45] and [0/90] flat specimens. Both strain patterns show the road
orientation within the specimen as the peak strains follow the roads. The difference in the specimens is, like in the tensile
tests, the [0/90] specimen has an alternating peak and valley pattern while the strain appears to be more uniform in the [+45/-
45] specimen. The [+45/-45] specimens strain is averaged over the entire specimen while the [0/90] specimen has
concentrated loads at individual roads. These images support the outcomes shown previously as these concentrations appear
to cause the [0/90] specimens to have a lower modulus and poorer strength values.
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Figure 10. Stress-strain curves for (a) ten [+45/-45] flat ABS shear specimens illustrating the data scatter and (b) the average
of ten [+45/-45] flat ABS shear specimens. (c) The average stress-strain curve behavior for the six ABS raster/print
orientation combinations tested. The average stress-strain curve behavior for (d) the six major PC raster/print orientation
combinations and (e) a sweep of the flat PC raster orientations tested
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Figure 11. DIC results displaying the longitudinal displacement and strain fields for [+45/ 45] and [0/90] flat PC shear
specimens

Finally, the fracture surfaces of the shear specimens were also evaluated. Due to the ductile behavior of the ABS specimens
very few specimens were brought to complete failure as destruction of the DIC speckle pattern occurred well before
specimen failure. Therefore, the ABS specimens fracture surfaces were not evaluated. However, the PC specimens were
much more brittle in nature, and nearly all specimens experienced complete failure during testing. The PC specimens
fractured in two distinct ways which are pictured in Figure 12. Most specimens failed a short distance away from the notch
on the tension side which is still considered a valid test as only the ultimate strength could be marginally affected by this type
of failure. Far fewer specimens were observed to fail across the notch area and failure across the notch often indicated lower
yield and ultimate shear strengths. The [+30/-60] and [0/90] flat samples saw the most specimens with failures in the notch
area while the other orientations featured failures just outside the notch area.

Figure 12. Typical failure modes seen during the testing of PC shear specimens



4 Conclusion

Polycarbonate (PC) and acrylonitrile butadiene styrene (ABS) specimens were created and evaluated according to ASTM
standards D-638 (tensile) and D-5379 (shear) to determine if the specimens were anisotropic in nature. Four raster ([+45/-45],
[+30/-60], [+15/-75], and [0/90]) and three build/printer orientations (flat, on-edge, and up-right) were selected to determine
the directional properties of the materials. Images of the specimens during loading were captured via digital image correlation
and processed to evaluate the properties of each raster and build orientation combination. The ABS specimens were isotropic
in nature when comparing Young’s modulus and Poisson’s ratio; however, evaluating only these properties provides an
incomplete and incorrect account of the behavior of ABS 3D-printed materials. Anisotropy was found when comparing the
ultimate strength, strain at failure, and strain energy density of the ABS specimens. The largest degree of anisotropy found
was when comparing the strain energy densities as the [+45/-45] flat orientation had a density that was 91% higher than the
[+45/-45] up-right orientation. Raster orientation did not seem to affect the tensile and shear properties of the ABS
specimens; however, printer orientation did appear to affect both the on-edge and up-right specimens. When evaluating the
ABS shear specimens for anisotropy, differences of up to 25% where found when comparing shear modulus with similar
dissimilarities in the shear strengths reported. Performance of the ABS specimens in tension was a poor indicator of
performance in shear as properties varied significantly across the same orientation combinations.

The PC tensile specimens revealed large amounts of anisotropy when varying raster orientation in the flat and upright
printer orientations while appearing nearly isotropic in the on-edge orientation. An additional sweep of the raster orientations
in the flat build orientation revealed a linear increase in Poisson’s ratio and Young’s modulus when rotating from [0/90] to
[+45/-45]. Strength and strain energy density showed mixed results as the [+30/-60] and [0/90] raster orientations performed
significantly worse than the [+15/-75] and [+45/-45] orientations. The on-edge PC specimens had the highest overall tensile
properties while the [+45/-45] flat orientation appeared to have the highest shear strengths. The shear modulus was nearly
identical for all [+45/-45] raster orientations regardless of print orientation. Identical to the tensile results, the [0/90] flat
orientation had the worst material properties with a shear modulus which was 18% lower than any [+45/-45] raster
orientation. The PC specimens generally produced confidence intervals which were half the magnitude of the ABS
specimens. This was likely due to the higher quality Fortus 360mc™ printer used to print the PC specimens. Overall
specimens from both 3D-printers displayed large amounts of anisotropy when build and raster orientation where varied which
cannot be ignored when producing or modeling 3D-printed parts.
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