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Abstract

One of the fundamental characteristics of additively processed materials is that they are naturally anisotropic; this
variance in mechanical properties is primarily generated through the formulation of patterned shell and in-filled regions
within the material during processing. This paper describes the formulation and results of a study to ascertain the impact
strength of various full-infill polymer-based materials processed in various orientations and angles via fused deposition
modeling. Ten different materials were tested using seven different hatch angles and three print orientations. Seven
different pure materials were tested, as well as three composites; these were acrylonitrile butadiene styrene, standard
polylactic acid, high-temperature polylactic acid, high-impact polystyrene, nylon, polyethylene terephthalate 4 glycol,
polycarbonate, aluminum polylactic acid, wood polylactic acid, and carbon—fiber polylactic acid. All experiments were
carried out using ASTM IZOD Type E tests with a 2.7) pendulum. Five replications of each test combination were
collected, for a total of 1050 tests. The results showed that the shell orientation and raster angle were primary drivers in
determining impact properties, as they strongly influenced the crack length and path though the material during fracture.
This was especially clear for the polycarbonate, nylon, and polyethylene terephthalate + glycol which underwent large
plastic deformation during the tests. It was further observed that the impact toughness was inversely correlated with test
repeatability, with the toughest materials having the highest variability between test replications.
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macrostructure.” * This could be either a great benefit

Intreduction or a large impediment to using AM effectively

The rise and rapid maturity of additive manufacturing
(AM) processes in recent decades have bought much
benefit to engineering design, opening up an entire
new series of possible manufacturing processes. The
fundamental characteristic (and most beneficial
aspect) of AM processes is the ability to directly
manufacture products in layers from CAD models
without the need for dedicated tooling. There are a
large number of processes, roughly divided into seven
families'? based on the state of the raw material, the
layering technique, and the layer fusion method.
Despite the great design freedom gained from the
use of AM, however, a serious consideration of the
materials thus produced is their strong natural anisot-
ropy.> ® Due to this variance throughout the bulk,
AM materials have a strongly defined mesostructure,
in addition to the typical micro- and

(depending on the needs and expertise of the user).
Some work has been done to find ways to leverage
this and the internal residual stresses” '* to improve
and tailor the materials, but until the phenomenon for
AM is better understood and controllable, it is
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Figure |. Fused deposition modeling (FDM) process (from
Messimer et al.'” used with permission).

typically considered a disadvantage of using AM. This
must be contemplated carefully during the process-
and material-selection phases of product design.
Significant work has been done to characterize the
properties of AM materials,>'>'® but aspects
remain uncertain, particularly with respect to the
dynamic and fracture behavior.

The most common AM process for polymer mater-
ials is the fused deposition modeling (FDM) process'®
(Figure 1). This is an extrusion-based process which
deposits molten filament in layers to build the part®®;
the fusion between layers is accomplished via poly-
merization reaction between the layers. The materials
produced by FDM are highly anisotropic, primarily
due to the layering method which involve the produc-
tion of shell and infill regions for each layer. As shown
in Figure 2, the shell region is effectively the outer skin
of the part, while the infill is the internal core. The
infill pattern can vary*'*? depending on the desire of
the user, but the most common configuration is the
rectilinear pattern shown. There are a number of par-
ameters that can be specified to produce enhanced
combinations of properties for specific materials.
The most important of these tunable parameters for
an FDM material mesostructure are shown in
Figure 2(a); other important considerations are the
layer thickness and the printing parameters (such as
printing speed, extrusion temperature, and similar
inputs) themselves. All of these, in theory, can be
designed and optimized according to the needs and
wishes of the user.

Many studies®* ?° on FDM materials relate
mainly to the characterization of hollow or sub-full
density parts, but the most useful case in practice is
the full density case; here, the air gaps are set to zero
or a negative value and the infill pattern completely
fills the shell-enclosed region. Figure 2(c) shows man-
ufactured examples of a rectilinear-infill, full
density FDM material mesostructure with different

raster angles. The material shown is transparent
high-temperature (MakerGeeks Raptor) polylactic
acid (PLA). It is assumed that any remaining residual
porosity in the full-density samples (per cross-
sectional unit area) is homogeneous for a particular
raster angle, regardless of the print orientation.”*3"-!
Some work in functionally graded (non-homoge-
neous) materials has been done, but those are created
intentionally and not a consequence of the FDM pro-
cess mechanics.

Due to the extrusion-based layering technique used
in FDM, it is possible to control the mesostructure
pattern via the g-code generated for the printer to
build the material; this level of control over process
parameters and printing pattern possibility of using
FDM to construct layer-based tailored polymer
materials. However, most previous studies have
focused on the macro-scale properties, so the influ-
ence of the mesostructure on the properties, particu-
larly on the fracture properties, does not yet have an
extensive literature. Recent work”**!? has begun to
explore this influence for static testing and modeling,
but the influence on the fracture behavior in these
materials is not yet well understood.

An effective way to begin to explore the influence
of this mesostructure on the fracture behavior of
tailored FDM materials is to subject these materials
to impact testing. One of the most common standard
impact testing methods is the IZOD test** 3% both
the IZOD and the Tvergaard and Needleman®’ test
have been well developed for testing materials, but
the IZOD test has been shown to be generally pref-
erable for testing polymer-based materials.3*3%3
Impact tests are very useful for understanding the
basic fracture mechanics of a material, as they meas-
ure the amount of energy that is absorbed by a
material during high-strain rate conditions before
failure. The test studies the ductile-brittle transition
of the material***% this can be thought of as the
total amount of energy required to initiate a fracture
in the material from impact and propagate it
through the full length of the material in one
cycle.*>3® Clearly, much more work will need to be
done to fully understand the crack behavior in FDM
materials, but an impact test is a quick initial way to
get reasonably accurate comparative results between
materials and orientations. This allows the gener-
ation of a large dataset at a reasonable cost, which
can be used to drive product design decisions and
guide future research into the fracture behavior of
these materials.

Impact testing has been performed previously on
several FDM-processed materials,** ** but a detailed
look at the effect of the mesostructure pattern itself
was not the focus of these studies. Only a small
number of materials and samples were examined
and in the context of macroscale analysis. For the
influence of this mesostructure to be examined rigor-
ously, it is necessary to consider the influence of both
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Figure 2. (a) Rectilinear layer structure, (b) configuration of several layers for FDM materials, and (c) manufactured examples (using

transparent PLA with light behind).

the shell and the orientation of the raster lines in the
print. In the present study, this was examined using a
Type-E (reversed-notch) IZOD impact test based on
ASTM D256. A standard shell was used in three

different orientations relative to the break angle, as
well seven different hatch orientations. Ten different
materials were tested, for a total of 210 different
sample combinations; the tests were replicated five
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times each, as required by ASTM D256, for a total of
1050 tests. The major contributions of the present
study to the AM literature are:

e Presentation of a large impact resistance and
impact energy dataset for multiple FDM materials

e Examination, explanation, and setup of the
reversed-notch 1ZOD test for FDM polymer
materials, which the authors recommend for testing
FDM materials

e Detailed explanation of a feasible setup and condi-
tioning method for FDM 1ZOD samples

e Comparison of 10 different materials under the
same experimental conditions

e Examination of the influence of the shell and raster
angle on impact strength in several combinations

e Discussion of the implications of the results in the
context of fracture mechanics, materials design,
and manufacturing.

Materials under study

The present work examined 10 distinct materials,
tested using seven different hatch angles and three
print orientations. As shown in Table 1, seven differ-
ent pure materials were tested, as well as three com-
posites; these were acrylonitrile butadiene styrene
(ABS), standard PLA, high-temperature PLA, high-
impact polystyrene (HIPS), nylon, polyethylene
terephthalate + glycol (PETG), polycarbonate (PC),
aluminum PLA, wood PLA, and carbon-fiber PLA.
The most commonly printed FDM materials are ABS,
PLA, and PETG, with nylon and PC also being rela-
tively common. HIPS is not a common material for
printing and is most commonly used as a support
material, but it is a useful material on its own.
High-temperature PLA is similar to standard PLA,
except that the polymerization temperature is higher
than simple PLA by 20%. Typical (filament manufac-
turer-defined) mechanical properties of the materials
(excluding composites and high-temperature PLA
(HTPLA)) used here are shown in Section S2 of the
supplemental materials.

The three composite materials under study were
made from PLA matrices with 40% fine aluminum
powder, 40% wood fibers, and 15% chopped
carbon fibers, respectively. This set of materials
covers the most commonly used open-source mater-
ials for FDM with a wide range (200-260 °C) of pro-
cessing temperatures. All of the used filaments
(described in Tables 1 and 2) were standard open-
source (nonproprietary) filament with available data
sheets and which the authors were experienced in
using. Proprietary materials were not used because
the compositions are sometimes unknown, often
containing additives or custom polymerization pro-
cesses to be optimized for specific brands of FDM
machines.

Table I. Materials under study.

WPLA PLA + wood fiber
CFPLA

| ABS Acrylonitrile butadiene styrene

2 PLA Polylactic acid

3 HTPLA High-temperature PLA

4 HIPS High-impact polystyrene

5 Nylon Synthetic polyamide

6 PETG Polyethylene terephthalate + glycol
7 PC Polycarbonate

8 ALPLA PLA + aluminum powder

9

0

PLA + chopped carbon fiber

In order to test the effect of the shell and raster angle
on the impact properties of the materials under consid-
eration, it was necessary to vary these parameters. To
this end, the three fundamental printing orientations
were used, as shown in Figure 3: namely, the flat, hori-
zontal, and vertical cases. The purpose of this was to
explore the effect of the shell, as the different orienta-
tions had different shell/infill ratios when viewed in
terms of each slice normal to the build plate (noting
the pattern shown previously in Figure 2(a)). In the
flat case, the shell was estimated to occupy about 5%
of the total area for each layer, while the horizontal and
vertical cases occupied about 20% and 50%, respect-
ively. Note that these estimates are based on the stand-
ard ASTM 1ZOD dimensions,** a sample thickness of
3.25mm, and extruder size of 0.40 mm. To vary the infill
pattern in a controllable way, a standard rectilinear pat-
tern was used. A sweep of 90° was done with the pattern
in 15° increments. Figure 3(b) shows the sweep patterns
for the seven angles; note that the angle shown is for the
initial layer and that each subsequent layer was pos-
itioned 90° from the previous one. Refer to
Figure 2(b) for a more detailed presentation of the
concept.

Sample preparation
Design and manufacturing

The samples were manufactured using FDM, follow-
ing the parameters shown in Table 2. Figure 4 shows
the specimen configuration, while the first four col-
umns of Table 3 show the dimensions of the final
samples. These dimensions are well within the
required specifications for samples from the ASTM
standard.>* Due to the potential for shrinkage or
dimensional errors when processing the FDM mater-
ials (some of which have not yet been characterized
well in the literature), it was decided to establish a
nominal sample thickness of 3.25mm. This allowed
some shrinkage, while ensuring that all samples are
at least 3.00mm thick as required by the ASTM
standard. Rectangular (instead of square) cross-sec-
tion samples were used as this is the most common
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Table 2. Sample manufacturing parameters.

Material Samples v (mml/s) Te (°C) Ts (°C) Base Nozzle Environment Raw filament

ABS 105 50 225 90 Raft Brass Enclosed Hatchbox pantone blue
PLA 105 60 200 50 Raft Steel Open Hatchbox black

HTPLA 105 60 245 50 Raft Steel Open MakerGeeks green raptor
HIPS 105 60 240 90 Raft Brass Enclosed Monoprice premium (natural)
Nylon 105 50 250 70 Raft Brass Enclosed eSUN ePA (natural)
PETG 105 60 240 80 Raft Steel Open Inland white

PC 105 30 260 90 Raft Brass Enclosed eSUN black

ALPLA 105 60 200 50 Raft Steel Open SainSmart aluminum
WPLA 105 60 210 50 Raft Steel Open Hatchbox wood

CFPLA 105 40 200 50 Raft Steel Open 3D Solutech carbon fiber

ABS: acrylonitrile butadiene styrene; PLA: polylactic acid; HTPLA: high-temperature PLA; HIPS: high-impact polystyrene; PETG: polyethylene tereph-
thalate + glycol; PC: polycarbonate; ALPLA: PLA + aluminum powder; CFPLA: PLA + chopped carbon fiber; WPLA: PLA +wood fiber.

Horizontal

Vertical

Figure 3. (a) Printing orientations and (b) raster angles.

configuration and the one most often shown in the
testing literature. The precautions taken to prevent
bending and buckling of the samples during the test
will be discussed in a later section. The true thickness
of each of the 1050 tested samples was recorded and
used to calculate the impact resistance and impact
energy at the level of each sample.

Due to the properties and behavior of the materials,
it was necessary to print the ABS, HIPS, nylon, PETG,
and PC inside of an enclosure. This necessitated the use
of two printers built by the authors for research pur-
poses, one with an enclosure and a Z-motion printbed
and the other a Prusa-type printer. The Prusa-type
machine was used to process the PLA, PETG, and
PLA composites. Both printers used PC or glass print-
beds,'” cooling fans, Bowden extruders, and aluminum
frames for stability and were well constrained to pre-
vent environmental vibrations. The belts, extrusion
components, and some bearings were replaced before
manufacturing the samples to prevent vibration and
mechanical compliance effects in the samples.

Samples were printed in batches of 21 according to
the parameters shown in Table 2. Each batch con-
sisted of one sample of each parameter combination,

Q Notch angle A

D Notch radius

f— =]

Figure 4. Specimen configuration (per ASTM D256).

ensuring that the statistical error analysis of the data
would not be distorted and the repeatability between
batches could be observed in the dataset. Printing
order and configuration was the same as another pub-
lished study by Messimer et al.*’ on the dimensional
accuracy of FDM parts using most of the same mater-
ials and the same ASTM D256 sample geometry. That
study should be consulted for a detailed description of
the approach and assumptions followed for manufac-
turing of this type of specimens.

Several spare batches of samples were made as well,
in case of a failure during testing, as allowed by the
ASTM standard.* All filament rolls were conditioned
before printing; all materials except nylon were kept in
an air-conditioned ambient environment at approxi-
mately 23°C and 47% relative humidity for two
weeks before printing. The nylon was kept in a sealed
container with silica gel until shortly before printing, at
which time it was placed in a dehydrator at 60 °C until
printing time. This dehydration was repeated each 24 h
until the nylon samples were complete. The completed
samples for all materials were allowed to rest in the
ambient environment two to four weeks before notch-
ing to condition them and allow residual stresses to be
released naturally from the material.

Notching

Several different notching methods for the FDM parts
were attempted during the initial work on this experi-
ment, including with a milling machine, router, and
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Table 3. Sample dimensions and experimental conditions (n= 1050 for A, Z, C, and E and n= 10 for temperature and humidity).

A (mm) Z (mm) C (mm) E (mm) Temperature (°C) Humidity (%)

Mean [SD] Mean [SD] Mean [SD] Mean [SD] Mean [SD] Mean [SD]
Observed 10.16 [0.01] 328 [0.08] 63.50 [0.28] 12.72 [0.147 22.17 [0.81] 51.00 [2.75]
Nominal 10.16 £0.05 325 63.50+2.00 12.70£0.20 23.004+2.00 50.00 + 10.00

I mm

1 mm

Figure 5. (a) Notcher, (b) inspection station, (c) main notch cutter, and (d) notch rounding file.

with a file. All of these methods were observed to
severely damage the samples, making them unreliable
for testing and out-of-spec from the requirement of
the ASTM standard. The notches in previous litera-
ture on FDM materials did not focus on a feasible
method for generating reliable and consistent notches,
so there is not a standard method that has been estab-
lished for FDM materials.

Because of a lack of a standard method for notching
FDM samples that does not destroy the notches, a
custom method was developed by the authors which
proved to be effective. Figure 5(a) shows the tool built
for this purpose, which uses a strong stand and rotary
tool with a 0.25mm tip 45° steel engraving bit
(Figure 5(c)) to make the basic notches in a vertical

configuration. The function was similar to a miniature
high-speed milling machine with a clamp that slid only
in the Y-axes to ensure that the samples were held
securely during the notching process. The steel engrav-
ing tool was very sharp and rotated at a speed of
35,000 r/min, allowing a very fast notch cut and no
observed sample damage due to melting or chipping
when checked using a microscope. In order to make
the notches conform to the requirements of the ASTM
standard, a final finishing of each notch was done using
a 0.5mm guitar bridge file (Figure 5(d)). Note that
each sample was notched using a backing block.

A microscopic inspection station (Figure 5(b)) was
used to ensure that the notches were good quality;
each sample was checked, even though the ASTM
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Figure 7. ASTM Type E IZOD machine/sample setup (a) diagram and (b) hardware.

standard only requires checking each 500 samples.**

Figure 6 shows microscope images of the notches
made for each print orientation.

Conditioning

As required by the standard, the samples were condi-
tioned in an ambient environment after notching for
48-60 h before impact testing. Table 3 shows the con-
ditions for both the sample curing and the testing.
Note that, similarly to the conditioning of the fila-
ment, the nylon samples were kept in a dehydrator
for approximately 40h before notching and again
before testing. A set of the final samples before testing
can be seen in Section 1 of the supplemental materials.

IZOD testing
Experimental setup

The impact test chosen to be performed on the mater-
ials previously described was the ASTM D256 Type E

test, which used a reversed notch (Figure 7(a)). This is
one of the four standard IZOD tests described in the
ASTM standard®* and the one that was anticipated to
provide both the most consistent tests and the best
comparative information for the influence of the
shell. Often, un-notched tests are used to study highly
anisotropic materials,’®>* but it was found during pre-
liminary tests that the un-notched samples did not
behave consistently for several of the materials. The
preliminary work consisted of manufacturing several
samples of each material (including notching and con-
ditioning) for each orientation (raster angles of 0° and
90°) and running mock IZOD tests using them. None
of the preliminary test samples were counted as true
data points and were used only to tune and test the
IZOD machine; the true specimens were much more
carefully manufactured in batches, as described in the
previous section. It was clear from the preliminary
work that a stress concentrator was necessary to gain
consistent results and reliable sample breaks; the type E
test provided the ability to test the influence of the part
shell, as well as the infill.
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Table 4. Friction and windage correction input values.

Variable Value

Em Pendulum energy (J) 27

hm Pendulum mass height at start (m) 0.600

L Length of pendulum (m) 0.322

0 Starting angle (°) 150.0

a) Angle for E4 (°) (mean [SD]) 143.9 [0.57]
Ea Energy lost through friction (J) 0.0153

I Angle for Eg (°) (mean [SD]) 145.3 [0.48]
Ep Energy lost through windage (J) 0.0008
Preparation

Machine calibration. A simple pendulum-dial 1ZOD
machine from ASR Instruments was used for the
experiments. Before the tests, the machine was com-
pletely refurbished, during which all of the bearings
and essential fasteners were replaced and the provided
weights were replaced using ones that were calibrated
by the authors to ensure accuracy. The dial assembly
for the machine was also rebuilt and carefully tuned.
The machine was oiled every 30 impact tests and
checked for calibration after each material (105 sam-
ples). Pointer calibration and error measurement were
done according to Section 10.3 of ASTM D256.3
This was done at the beginning of the tests and
repeated after each material to insure that the
machine remained calibrated. It was found that the
pointer energy loss was consistent throughout the test
series at approximately 1.11% with the small 2.7J
pendulum, which will be accounted for in the friction
and windage correction factor calculated later.

Friction and windage correction. Per the ASTM D256
standard,* a correction factor was calculated to deter-
mine the effects of friction and windage on the experi-
mental results. A single factor cannot be calculated for
the whole experiment and must be calculated for each
sample. As described in the previous sections, careful
calibration of the machine was done before any tests
were completed, so the friction and windage effect is
inherent in the machine design and not due to wear or
degradation of the machine. The values called for in
Section A2 of the ASTM D256 standard are shown in
Table 4; the values are the mean and standard devi-
ation of 10 runs with the freshly calibrated machine.
Clearly, the energy lost from the friction and wind-
age is very small but they are still worth considering in
this experiment to ensure the most accurate data pos-
sible. Per the standard,* these values can be used to
calculate the correction energies for each specimen. The
maximum angle f,,.. of one swing was measured from
the machine as the value of «; = 143.9° in Table 4.
For each sample, the angle Bpe 1S
measured and used to calculate the uncorrected

energy Eg. For each reading, the total correction
energy is

me= (s (3)() (3) o

The impact resistance for each sample is
calculated as

_ Es— Erc

I
K t

)

where ¢ is the sample thickness. Similarly, the impact
energy is calculated to be

_Es—Erc

1,
E At

(€)

where ¢ is the sample thickness and A is the thickness
of material under the notch.

Sample clamping and measurement

Measurement of the samples was completed using a
pair of digital vernier calipers with a resolution of
0.01 mm, using the microscopic inspection station to
verify notch depth as needed. The samples were
clamped into the IZOD machine, (see Figure 7(b)
for the hardware setup) taking extreme care to
ensure that they were straight and correctly aligned.
The notch was positioned using a thin, flat blade to
ensure that it was positioned correctly relative to the
clamp; the blade was blunted and positioning was
done very carefully to prevent notch damage from
the blade. Clamping was done only finger-tight to
provide a secure base for the sample while providing
consistent clamping pressure.

Procedure

For each sample, the pendulum was raised, latched,
and clamped (for safety) with the raised position
being set at an angle of 150° via an adjustable latch.
The pendulum was then released and allowed to strike
the sample. The final position of the pendulum was
recorded at a resolution of 0.5°. Any samples that
were observed to twist or buckle (observed to be
only 0.6% of samples for the present study) were
thrown out and repeated with fresh samples. A 2.7J
pendulum was used, requiring a minimum of 15%
energy remaining at the end of a test; this was an
appropriate energy level for all materials, with the
most energy absorbed by a sample observed to be
71% of the pendulum energy.

Results

A summary of the results by material and print orien-
tation is shown in Table 5. This set shows the average
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Table 5. Summary of mean experimental results by material
and orientation.

Material Orientation n Ir (J//m) Ie (J/m?)
ABS Flat 35 128.69 12,558
ABS Horizontal 35 149.14 14,670
ABS Vertical 35 55.14 5427
PLA Flat 35 152.52 15,008
PLA Horizontal 35 113.21 11,137
PLA Vertical 35 7742 7619
HTPLA Flat 35 139.70 13,745
HTPLA Horizontal 35 98.67 9709
HTPLA Vertical 35 87.77 8639
HIPS Flat 35 143.25 14,106
HIPS Horizontal 35 151.07 14,864
HIPS Vertical 35 45.30 4458
Nylon Flat 35 324.90 31,974
Nylon Horizontal 35 248.86 24,484
Nylon Vertical 35 59.61 5864
PETG Flat 35 238.98 23,525
PETG Horizontal 35 178.09 17,531
PETG Vertical 35 35.45 3489
PC Flat 35 354.15 34,851
PC Horizontal 35 514.90 50,689
PC Vertical 35 42.03 4138
ALPLA Flat 35 93.11 9165
ALPLA Horizontal 35 85.90 8451
ALPLA Vertical 35 48.93 4814
CFPLA Flat 35 79.34 7810
CFPLA Horizontal 35 80.45 7917
CFPLA Vertical 35 41.17 4052
WPLA Flat 35 124.29 12,234
WPLA Horizontal 35 99.93 9835
WPLA Vertical 35 29.46 2900

ABS: acrylonitrile butadiene styrene; PLA: polylactic acid; HTPLA: high-
temperature PLA; HIPS: high-impact polystyrene; PETG: polyethylene
terephthalate 4 glycol; PC: polycarbonate; ALPLA: PLA +aluminum
powder; CFPLA: PLA + chopped carbon fiber; WPLA: PLA 4 wood
fiber.

for each material and print orientation to give a
“nominal” comparison, as raster angle is not typically
considered (or fixed at one or two settings) for impact
testing of polymer materials. The full data set (orien-
tation and raster angle) for the impact resistance and
impact energy is shown in Figures 8 and 9, respect-
ively. The coefficient of variation was calculated as
well and is shown in Figure 10.

Note that the general shapes for the two sets are
similar, but they are not exact scales of each other due
to small variations of the notch depth for each
sample; this was measured and calculated for each
individual sample. The full dataset is too long to tabu-
late here, so it is given in Section S4 of the supple-
mental materials.

Discussion

The mission of the present study was to explore the
effects of the printing orientation, and the raster angle
on the impact resistance and impact energy on a set of
common FDM polymers. The set of polymers to test
was selected based on their usefulness for FDM appli-
cations and their ability to be subjected to impact
testing. Some additional FDM materials were
explored initially, particularly thermoplastic polyur-
ethane (TPU), polyvinyl alcohol (PVA), and high-
density polyethylene (HDPE), but these were found
to be too soft and unsuitable for impact testing during
a series of qualifying trials.

The essential function of an impact test is to get a
“general” measure of the toughness or “‘fracture
resistance” of a material by measuring the amount
of energy required to break a sample>® completely.
I1ZOD is a bending-type impact test, where the metrics
gathered are the amount of energy used to fully break
a sample as a function of thickness (i.e., impact resist-
ance) and as a function of the fractured cross-sec-
tional area (i.e., impact energy). Essentially, the
measured energy is the total energy required to initiate
a crack in the sample and grow it for a length equal to
the length of the sample (for fracture resistance) or
initiate and grow a fracture equal in surface area to
the sample’s cross-sectional area (in fracture energy).
This method of measuring toughness can be con-
sidered to be a ““bulk” method, as it gives the total
energy dissipated in the material and does not allow
the study of local fracture effects or the plastic
deformation around the crack tip. However, it is a
standardized, relatively simple, method that provided
a well-understood metric; therefore, it is an appropri-
ate test, especially for a large number of samples as in
this study. From the information presented, a
designer interested in better understanding the effects
can use the IZOD data to select materials, orientation,
and raster angles for an in-depth study using more
precise techniques.

Since impact tests are a method for measuring the
energy required to fracture a material, then three
essential effects will determine impact properties: plas-
tic deformation before crack initiation and during
crack growth, crack length (for impact resistance) or
crack surface area (for impact energy), and the ability
for the material to absorb energy without deforming
or fracturing. For the anisotropic FDM materials, all
three are determined by both the material properties
and the mesostructure of the material. The ASTM
IZOD standard* defines four different types of tests
available, from which the Type E test was selected for
the present study. The mechanics of this test are
shown in Figure 11; note that the notch is on the
reverse side of the hammer strike. This type of test
is particularly useful for FDM materials, as it allows
the effect of the shell to be measured, instead of
bypassed via the notch is another type of impact
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Figure 11. ASTM D256 IZOD Type-E test stress and fracture steps.

test. As shown, the hammer strike will begin the
deformation of the shell and initiate a crack, which
will then grow through the infill until it reaches the
notch and the fracture is complete. In a real-world
application, the shell would exist around the part
and would influence the initiation of fractures in a
similar way to this impact test.

This study analyzed the three standard FDM print-
ing orientations, as shown in Figure 12, in order to
capture the fracture behavior of all these cases. Note
that the behavior described here was expected for the
standard rectilinear pattern, but may be different for
other kinds of infill patterns. In the case of the flat
orientation (Figure 12(a)), the crack can be expected
to form in the shell, which will then be influenced by
the raster angle as it enters the infill region. The figure
shows some experimental observations which do
behave as predicted.

The infill pattern was expected to have a much
smaller impact on the horizontal orientation
(Figure 12(b)), but the experimental observations
showed that it did indeed have an impact on the
crack growth; it was observed that for this orienta-
tion, the fractures initiated at a point where a stress
concentration existed in the infill pattern, as shown in
the figure, and grew to the notch.

Finally, the vertical orientation (Figure 12(c)) was
not expected show much or any influence from the
infill, as the fracture is expected to follow the print
layer boundary. However, it was observed that the
main effect from the boundary was to create a
random stress concentration to start the crack and
that the notch position did not directly affect the

fracture in many of the cases. The raster angle
seemed to influence the results somewhat, most
likely due to differences in contact time and tempera-
ture during printing of each layer; the layer adhesion
appeared to be the determining factor, so this is a
logical conclusion from the observed behavior.

When these effects are taken into consideration, the
results shown in Figures 8 and 9 can be better inter-
preted; essentially, the anisotropic structure of the
materials directly influenced the crack length, which
in turn was the primary driver of the energy tolerance
of the material. The coefficient of variation, in this
context, is a good measure of how consistent the
crack growth and formulation is within a particular
material angle orientation over the various experi-
mental replications. For example, Figure 10 strongly
suggests that ABS and PLA + wood fiber (WPLA) are
quite consistent, while nylon and PC are quite non-
consistent. Note, however, that the most brittle mater-
ials tended to be more consistent in general than the
ductile ones. This suggests that local plastic deform-
ation within the mesostructure could also be an
important factor and one that was anticipated when
examining the fracture surfaces.

In addition to the mesostructure, the main driver of
the crack behavior was the behavior of the material
itself. One of the fundamental assumptions made
when modeling defined mesostructures is that the
material within each grain or bead is isotropic and
that the source of anisotropy is the arrangement of
these isotropic elements. During the course of the test-
ing, it was noted that the materials under study fell
into one of three categories, based on their general
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Figure 12. Impact of raster angle for (a) the flat orientation, (b) the horizontal, and (c) vertical orientation. Also given are

experimental observations which confirm the models shown.

behavior and not on the relative toughness: (1) brittle
materials, (2) semi-plastic materials, and (3) plastic
materials.

1. Brittle materials: These were the materials with a
“clean” fracture after testing and that did not show
much or any local plastic deformation when exam-
ined. In this study, these materials were PLA,
WPLA, PLA +chopped carbon fiber (CFPLA),
and PLA + aluminum powder (ALPLA).
Semi-plastic materials: These showed some plastic
deformation in the fracture surface, but it was
mostly localized and not very deep into the part.
There was no layer pull-out or warping of the part
during the test. These were found to be ABS,
HTPLA, and HIPS.

Plastic materials: Finally, three of the materials
(PC, nylon, and PETG) showed significant plastic
deformation, including large and deep scars in the
part, stretching, and layer pullout.

For each of these cases and for each orientation,
optical microscope examinations were performed, as

shown in Figure 13. The brittle cases examined were
CFPLA (flat, 30° raster angle) (Figure 13(a)), PLA
(horizontal, 75°) (Figure 13(d)), and WPLA (vertical,
90°) (Figure 13(g)). In all of these cases, the crack
surface is clean and does not show any signs of not-
able plastic deformation. This is due to the general
brittleness of these materials, as well as the presence
of voids (Figure 13, Note [A]) from poor layer adhe-
sion in some areas. Since the same FDM machines
and print trajectories were used for all materials and
these voids were only observed in the brittle materials,
it is reasonable to conclude that the issue is with the
material flow behavior and not manufacturing process
defects.

Next, the semi-plastic cases were analyzed; these
were ABS (flat, 30°) (Figure 13(b)), HTPLA (horizon-
tal, 60°) (Figure 13(e)), and HIPS (vertical, 60°)
(Figure 13(h)). All three cases showed some local plas-
tic deformation, but it was not serious, was mainly
confined to the crack surface, and did not deform
the parts themselves. Note that the HTPLA, unlike
the PLA and PLA composites in the brittle set, did
not show voids in the mesostructure. HTPLA has a
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Figure 13. Example fracture surface microscope images for (a) CFPLA (brittle, flat), (b) ABS (semi-plastic, flat), (c) PC (plastic, flat),
(d) PLA (brittle, horizontal), (e) HTPLA (semi-plastic, horizontal), (f) nylon (plastic, horizontal), (g) WPLA (brittle, vertical), (h) HIPS
(semi-plastic, vertical), and (i) PETG (plastic, vertical). Note: [A] voids in material caused by test shock or poor layer adhesion of

material, [B] local plastic deformation near surface, [C] deep plastic deformation, and [D] severe material stretching and layer pullout.

significantly higher polymerization temperature than
standard PLA, suggesting the high-temperature ver-
sion of the material has superior flow properties and
layer adhesion.

Finally, the plastic materials were studied. These
three, PC (flat, 45°) (Figure 13(c), nylon (horizontal,
15°) (Figure 13(f), and PETG (vertical, 30°)
(Figure 13(i)), all showed strong signs of significant
plastic deformation during the test. While the PETG
showed severe plastic deformation at the crack site, it
was relatively mild compared with the effect on the PC
and nylon; these two materials were so plastically
deformed at the crack that the entire part
was deformed during the test. Figure 14 show exam-
ples of these from tested samples. Clearly, this was
the source of the very high toughness for both mater-
ials, as well as the source for the relatively low
consistency between runs. In spite of the deformation,
all of the samples fractured as expected and fol-
lowed the ASTM standard for the test, so they were
accepted as valid data. The test’® allows for any
amount of plastic deformation as long as the sample
can be fractured fully and tossed in one strike of the
hammer.

= s i ]

Figure 14. Macro-scale image of severe plastic deformation
and layer pull-out for (a) PC and (b) nylon.

Some voids were present in the “brittle”” materials
(Figure 13) and not the others, so a brief exploratory
study was done to find the difference in density
between the three categories of materials. For each
of the standard PLA (brittle), ABS (semi-plastic),
and PC (plastic), 10 random samples left over from
the tests were selected for a brief mass-density study.
Note that these samples were un-notched and did not
contain any markings or number designations, so they
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were simple to measure in terms of their total volume.
For each sample, the basic dimensions were measured,
which was used to calculate the theoretical mass,
based on manufacturer density values given in
Section S2 of the supplemental materials. Each
sample was then weighed with a jewelry scale with a
resolution of 0.001 grams and the mass compared to
the theoretical mass. This gave a good indication of
the total volume of potential voids in the material;
details and calculated values can be seen in Section
S3 in the supplemental materials. It was found that
the PLA had an average density of 93.74%, while the
ABS and PC both had average densities of 99.21%
but different standard deviations of this value; PC was
more consistent than ABS over the samples surveyed.
This is exactly the results expected after examining the
microscope images in Figure 13. Further work is
needed in this area to understand the presence of
voids and local defects in FDM parts for these various
materials and this mass-density approach appears to
be effective and feasible.

One of the next steps to be completed for this work
is to complete an analysis of variance (ANOVA) and
correlation analyses between the various factors and
parameters and the observed responses. This was not
completed for this study, as it would be very extensive
and will be presented in a follow-up stand-alone work.
This is a full-order experiment, since all selected levels
of the factor combinations were tested. The use of a
full-order experiment allows more extensive and
rigorous data analysis, including the analysis of
the factor interactions. It is expected that the
level of significance of the factors will vary from mate-
rial-to-material, with the materials with the
largest variance in response being more affected
(e.g., HIPS, nylon, and PC). For the ANOVA, the
experimental design consists of two main factors
(orientation and raster angle) with three and seven
levels, respectively, and three responses (fracture
resistance, fracture energy, and coefficient of vari-
ation). The experiment had five replications, so the
testing and validation of the Fisher assumptions (nor-
mality of residuals, equal variance between replica-
tions, and independence of residuals in run order)
required for proof of ANOVA validity will not be
difficult to accomplish.

In addition to factor and interaction significance,
numerous correlations between the process param-
eters and material properties can be done using this
dataset as well. This is also a topic of ongoing work,
as the analysis and presentation are too extensive to
present in this study and will be given in a later paper.
For the parameter correlations, it is expected that the
printing temperature will have a strong correlation
with the toughness and consistency, but others may
be influential as well. It is expected that this correl-
ation analysis will be the seed for more extensive
follow-up work in this area, most likely with smaller
and more focused experiments.

Conclusions

Overall, this study provided a large amount of useful
information and insight into the mechanics of aniso-
tropic FDM parts. Important conclusions from the
results are:

e Careful IZOD testing is an effective method for
toughness testing of FDM materials based on the
success of this study

e The shell orientation of the parts and the structure
of the infill strongly affect the fracture properties of
the material

e As predicted by fracture mechanics theory, the
crack length and material plasticity were the pri-
mary drivers of the material impact toughness

e The raster angle was observed to “‘steer’ the crack
in a predictable way for the flat orientation and in a
less-predictable way for the other two

e The Type-E IZOD test was effective, since it
allowed the study of both the shell and infill on
the material toughness

e Brittle FDM materials are more consistent in
terms of impact properties but also generally
weaker

e Materials that undergo large plastic deformation
before fracturing are tougher, but more unpredict-
able in terms of impact properties

e The use of particulate additives within PLA
(i.e. WPLA, CFPLA, and ALPLA) serves to
reduce the toughness, while also reducing the
degree of anisotropy.
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