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1 | INTRODUCTION

Austin R. Colon |

David O. Kazmer | Amy M. Peterson

Abstract

Additive manufacturing offers reduced lead time between design and manufacturing.
Fused filament fabrication, the most common form of material extrusion additive
manufacturing, enables the production of custom-made parts with complex
geometry. Despite the numerous advantages of additive manufacturing, reliability,
reproducibility, and achievement of isotropic bulk properties in part remains
challenging. We investigated the tensile behavior of a model polycarbonate system
to explore what leads to different tensile properties, including sources of ductile
versus brittle fracture. We utilized a one factor at a time (OFAT) design of experi-
ments (DOE), printed single road-width boxes, and performed tensile tests on
specimens from these boxes. Additionally, we characterized the cross-sections of
parts printed under different conditions and their subsequent fracture behavior.
The results demonstrate that isotropic bulk properties are achievable by printing
at high speeds, and provide mechanisms to explain why.

Highlights

- Printing at high speeds leads to improved mechanical properties.
« Printed samples undergo a mix of ductile and brittle failure.

« Jagged fracture path is associated with superior adhesion.

« High layer times lead to worse interfacial bonding.
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geometry and offers reduced lead times. Despite FFF's pop-
ularity, parts fabricated with FFF tend to be weaker and

Material extrusion is the most widely used form of additive
manufacturing (AM), with desktop scale thermally-driven
fused filament fabrication (FFF) being the most common
form of material extrusion additive manufacturing. FFF
enables the production of custom-made parts with complex

more brittle than those fabricated with traditional thermo-
plastic formative manufacturing (e.g., injection molding,
extrusion) or other forms of thermoplastic AM (e.g., powder
bed fusion/selective laser sintering).'> Worse properties
may be caused by poor interlayer welding,*> the presence
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of voids,®” extrudate shape,®® compositional variation

across the extruded road,'® or a combination of factors.

Poor interlayer strength (i.e., z-strength) in FFF struc-
tures is a key limitation to broader adoption of FFF, so its
causes have been widely investigated. Sources of poor inter-
layer strength can broadly be described as rapid cooling,
polymer conformation, and surface topography, each of
which is described in more detail below. Rapid cooling of
the extrudate was the first cause of poor z-strength that
was identified.>"' Experimental studies have shown that
the extrudate cools below the glass transition temperature
(T,) within a few seconds of exiting the nozzle."*" Seppala
and Migler observed a cooling rate of 100°C/s."* This rapid
cooling limits both the extent of neck growth and polymer
welding at the interface, thereby reducing the strength.*
Mcllroy and Olmsted observed that there is insufficient
time for entangled polymer chains to relax and randomize
during cooling,'® which leads to reduction in strength at
the weld interface due to the presence of residual align-
ment of the polymer chain.>'® Allum et al. reported that
the surface topography of FFF parts, with the characteris-
tic stacked layers of extrudate, leads to stress concentration
in the notches that reduces the strength and fracture
toughness even when conditions are appropriate for full
welding.® Kundurthi et al. also showed that the stress con-
centration factor, which is due to the geometry of stacked
layers, reduces the effective z-strength.’

Mechanical properties of FFF samples are known to
depend on processing parameters such as infill density,
print speed, build orientation, raster orientation, extrusion
temperature, and layer height.'”>* Acrylonitrile butadiene
styrene (ABS) printed at different print speeds showed simi-
lar stress-strain curves, but different strains to failure.
Increasing print speed increased the strain to failure and
elongation, while lower print speeds were associated with
higher tensile strength. This behavior is attributed to
improvements in the fracture resistance due to plastic defor-
mation at the crack tip when printing at high speeds.” In
acrylonitrile styrene acrylate (ASA), strain to failure was also
found to increase with extrusion temperature.”* Printing in
the XZ build orientation led to better flexural and fatigue
behavior in Polyamide 6 compared with printing in the XY
orientation.”> Layer height and extrusion temperature were
found to be essential in determining the mechanical response
in printed polycarbonate, showing anti-synergistic effects.*®

The fracture path within printed structures tends to
follow the interface between layers due to the previously
discussed issues. However, this is not always the case, and
higher part strength can result when the fracture crosses
multiple part interfaces. For example, fracture across mul-
tiple layers was observed by Ryder et al. for a stainless
steel-filled ABS.*” Additionally, in the work of Pourali and
Peterson in which a semicrystalline hot melt adhesive was
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printed, the fracture path with respect to layer location
could not be determined due to difficulty in identifying the
location of the interface because of the excellent part con-
solidation.'® Similarly, Zhang et al. reported no obvious
interfacial fracture in tensile testing of polylactic acid
(PLA).*® Kazmer and Colon also observed fractures cross-
ing multiple layer interfaces and near isotropic part
strength with a hybrid injection printing technique.*

In this work, we investigate the tensile behavior of
a model polycarbonate system to explore what leads to
different tensile properties. We use a one factor at a
time (OFAT) design of experiments (DOE), print single
road width boxes, and perform tensile test on speci-
mens from these boxes. OFAT, which has been used in
several other studies,>°? is an efficient and effective
approach for identifying the main and second order
effects of individual variables, requiring fewer experi-
ments than many other DOEs. Additionally, we char-
acterize the cross-sections of parts printed under
different conditions. Then, we categorize the fracture
behavior and relate this behavior to print conditions
and cross-sectional geometry to understand the range
of fracture behaviors we can achieve and what leads to
these behaviors. To the authors’ knowledge, this is the
first instance that holistically examines part geometry,
fracture surface, fracture path, and stress—strain curve
in combination to explore the causes of reduction in
tensile properties in FFF parts.

2 | MATERIALS AND METHODS

2.1 | Materials

Transparent premium polycarbonate filament (Raise3D)
with a diameter of 1.75 mm was used in this study. The
T, was measured to be 112.7°C from differential scanning
calorimetry (DSC, Figure S1). Before use, the filament
was dried at 75°C for 6 h and the filament spool was kept
in the dryer (PrintDry Filament Dryer PRO) and con-
nected to the printer through the filament exit port to
minimize moisture absorption while printing.

2.2 | Material extrusion

Single wall hollow boxes (60 x 60 x 60 mm) were
printed on a Creality Ender 5 Pro Printer with a custom
bronze hot end (i.Materialise), which was machined to
specification, and 0.4 mm internal diameter brass nozzle
(McMaster-Carr). The printer used a Micro Swiss direct
extrusion system to deliver the filament to the hot end.
The set-up incorporates a 5 kg load cell from Sparkfun,
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//kmsxo 8 bolt
M5x0 8 nut
Load cell fixture bosses (2)
~—25 kg load cell M6x1.0 thread
3x0.8 mm Thermocouple
sli A port
1% Spare sensor
7. X port
Thermistor
g port
M5x0.8 nut Brass V6 nozzle
Nylon M5x0.8 hex head bolt—' | oad pin 0.4 mm Nozzle tip bore
FIGURE 1 Cross-sectional view of the hot end system.

while factory heat break and heat sink were used.
Figure 1 shows the hot end's cross-sectional geometry.

Printing was performed in a residential apartment
during the COVID-19 pandemic, so ambient temperature
ranged from 20°C to 28°C. G-code was written with
MATLARB for printing of the hollow boxes. Print parame-
ters are listed in Table 1. Extrusion temperatures were
selected based on the filament's specifications, print
speeds were selected to reflect what is commonly encoun-
tered in practice, and layer times were chosen across a
wide range. Layer time refers to the time needed to com-
plete printing a single layer, return to a given XY position
for the next layer, and dwell to purposefully maintain the
specified timing between deposition of subsequent
layers. A layer height of 0.2 mm, target layer width of
0.628 mm, and bed temperature of 90°C were main-
tained throughout the experiments. Comparison of
conditions 1, 2, and 3 allows for direct assessment of
the effect of extruder temperature. Comparison of con-
ditions 1, 4, and 5 allows for investigation of the effect
of print speed; however, it should be noted that layer
time also changes with print speed. Conditions 4 and
6 have similar layer times and different print speeds, so
their comparison is preferable to 1, 4, and 5 for print
speed independent of layer time. The effect of layer
time, independent of print speed, can be assessed
through comparison of conditions 1, 6, and 7.

2.3 | Tensile testing

For each condition, ASTM D638 Type V tensile bars were
die cut from the printed boxes such that the layers
were perpendicular to the loading direction. Tensile testing
was performed on the Type V tensile bars using an Instron
5966 Universal Testing machine with a 10 kN load cell.
Testing was conducted in accordance with ASTM D638-14
using a crosshead speed of 1 mm min ' (strain rate of
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TABLE 1 Print parameters for single road hollow box.
Print
Extrusion velocity Layer
Condition temperature (°C) (mm/s) time (s)
1 (base) 260 30 8.09
2 240 30 8.09
3 280 30 8.09
4 260 12.5 23.54
5 260 90 3.49
6 260 30 20.09
7 260 30 60.35

0.1 mm (mm min) '). An average of 13 tests with failure
within the gage region were obtained per print condition.

2.4 | Optical microscopy

Optical microscopy was performed using a Leica MC170
HD to evaluate the dimensions of printed roads and the
fracture path from tensile testing. To evaluate the dimen-
sions of printed road, specimens were fractured along the
Z-axis (perpendicular to the printing plane) before imag-
ing. The road width, weld width, road height, and cross-
sectional area were measured away from the edges of the
box. Contact ratio was determined as the ratio of the weld
width to the adjacent road width. Twenty measurements
of each parameter were taken per print condition.

2.5 | Scanning electron microscopy

A JEOL JSM 6390 was used to perform scanning electron
microscopy (SEM) after gold sputtering samples with a
Denton Vacuum Desk IV Sputter coater. Surfaces were
imaged to examine defects and to perform fractography.

2.6 | Statistics

One-way analysis of variance (ANOVA) was used to

assess statistical significance. A 95% confidence interval
(p < 0.05) was used for all analysis.

3 | RESULTS AND DISCUSSION
3.1 | Cross-sectional analysis

Road width, road height, weld width, contact ratio, and
road cross-sectional area in single road width walls were
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assessed for each condition. Figure 2 shows weld width,
road width, road height, and contact ratios as a function
of layer time, print speed, and extrusion temperature.
In general, we do not expect road height to be affected by
print conditions due to the rapid cooling inherent to FFF,
and, indeed, we do not see road height changing with
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FIGURE 2 Contact ratio, road width, weld width, and road height

as a function of (A) layer time, (B) print speed, and (C) extrusion
temperature. Error bars indicate 95% confidence interval.
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any of these process parameters. The measured road
height values conform to Equation (1)**:

H—gwheng<D\/g, (1)

where H is the measured layer height, g is the specified
gap height, D is nozzle diameter, U is extrusion velocity
in nozzle, and V is print velocity. Other road quantities
show dependence on layer time, print speed, and/or
extrusion temperature, which is discussed in more detail
below. In all cases, weld width and road width show sim-
ilar trends. No effect of print speed independent of layer
time was observed.

The effect of layer time is shown in Figure 2A, which
compares conditions 1, 6, and 7. For samples printed at
an intermediate layer time of 20 s, we observe that the
road width was significantly larger compared with prints
with 8 and 60 s layer time, which had similar road width
values. Similar to road width, the contact ratio for a layer
time 20 s was highest, and statistically differs from those
at 8 and 60 s layer time, which were both similar. This
observed optimum value of layer time at 20 s to achieve
the maximum contact ratio is curious, although we note
that the difference between minimum and maximum
contact ratio is small at 4%.

Conditions 1, 4, and 5 are compared in Figure 2B to
assess the effect of print speed. Road width shows a
strong decrease with increasing print speed. As shown in
Figure 3, increasing the print speed to 90 mm/s led to a
road width smaller than the nozzle diameter, both of
which are much lower than the target road width
of 0.628 mm. As the print speed increases, so does the
volumetric flow rate. The expected volumetric flow rates

650

600 A

550

500

450

Road width (um)

400 -

350 1

T T T T T T T T T

1
10 20 30 40 50 60 70 80 90 100
Print speed (mm/s)

FIGURE 3
indicate 95% confidence interval. The dashed lines represent the

Road width as a function of print speed. Error bars

nozzle diameter, and the dotted line indicates the target width.
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at print speeds of 12.5, 30, and 90 mm/s are 1.57, 3.77,
and 11.31 mm?/s, respectively. However, leaking from
one of the ports was observed, which would lower actual
volumetric flow rates and explain the below target road
widths. Additionally, in a similar hot end, Kazmer et al.
found that flow rates above 5 mm?/s exceed the hot end
melt capacity, leading to lower extrudate temperatures
and higher melt viscosities.*> At high target volumetric
flow rates, achieved volumetric flow rates may be lower
than the target due to limitations in the hot end melt
capacity and increased fluid pressure.

The maximum contact ratio of 79% occurred at a print
speed of 12.5 mmy/s, while the smallest contact ratio of
70% was associated with a print speed of 90 mm/s.
Contact ratio decreases with increasing print speed,
which is consistent with the findings of Abbot et al.*® One
probable cause is the insufficient melting of the filament in
the hot end before extrusion due to the high print speed,
which led to a lower extrudate temperature and higher vis-
cosity, thereby limiting its spread. As we see from the
micrographs in Figure 4, the extrudate at high print speeds
has a more circular cross-section, while the extrudate at
lower print speeds has a more oval-shaped cross-section.
Similar to the findings of Coogan and Kazmer, print speed
showed the most significant contribution to variation of the
weld width.>” Weld width decreased with increasing print
speed, with samples printed at 90 mm/s having the lowest
weld width, as shown in Figure 2B.

The effect of extrusion temperature is shown in
Figure 2C. No clear trend was observed in road width or
weld width as a function of extrusion temperature. Ai
et al. reported no significant effect of temperature on the
road width.*® Coogan and Kazmer reported a slight
increase in weld width with increasing temperature.* The
lowest extrusion temperature led to the highest contact
ratio of 81%, while extrusion temperatures of 260°C and
280°C have contact ratios of 77% and 78%, respectively.
Due to the low viscosity at elevated temperatures, an
increase in temperature should give a higher contact
ratio.® However, the high melt pressure associated with
the low melt temperature may have forced extrudate

1) 2)

spreading. Die swell will be greater at low extrusion tem-
peratures due to increased melt viscosities, which could
lead to an increase in cross-sectional area and, conse-
quently, contact ratio.

Road cross-sectional areas decreased with increasing
print speed. Based on conservation of mass, the expected
road cross-sectional area is 0.1256 mm” All cross-
sectional areas are below this value. Low cross-sectional
areas could be caused by under-extrusion; however, since
lower than expected cross-sectional areas are observed
even for low volumetric flow rates, this is not the only
contributed factor. Roads may also be drawn down to
some extent as they are printed, which could occur under
all print conditions. Further exploration of this phenome-
non is an important area of future research. Under-
extrusion also contributes and would increase with
increasing print speed as shown in Figure 5B. As was pre-
viously discussed in the context of road width, insuffi-
cient melt capacity likely limits the amount of extrudate
at 90 mmy/s. Levinskas also reported that under-extrusion
increases with increasing flow rate, consistent with our
results.*

Road cross-sectional area did not change when layer
time increased from 8.09 to 20 s, but showed a significant
decrease upon further increasing layer time to 60 s as
shown in Figure 5A. This decrease in road cross-sectional
area could be due to thermal stresses generated as a
result of the higher temperature gradient in samples
printed with longer layer times.*' When printing at short
layer times, the preceding layer has less time to cool, so it
does not cool as much and will be heated to a higher tem-
perature by the subsequent layer. Extrusion temperature
did not affect the cross-sectional area in a statistically
significant manner.

3.2 | Tensile properties

Tensile properties of printed and compression molded
samples are summarized in Table 2. On average, printed
samples showed lower tensile strength than compression

FIGURE 4 Representative cross-sections of printed samples for print conditions 1-7. Scale bars represent 200 pm.
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1304 ( A) TABLE 2 Tensile properties for printed and compression
f"g molded samples.
£1264 T T T T TS ooossm-me
(vl, Tensile Young's
© 1204 Condition strength (MPa) modulus (MPa)
*
o s 1 (base) 37.7+79 1870 + 111
3 ]
@ 2 40.1 + 6.2 1872 + 83
g 110+ 3 414+ 8.6 2055 + 77
§ 1054 4 33.2+4.7 1837 + 82
s 5 59.7 + 14.8 2284 + 272
7]
8 1004 6 42.7+3.5 1892 + 62
95 7 30.1 + 8.1 1906 + 143
0 20 40 60 Compression 59.7 + 2.1 1749 + 166
Layer time (s) molded

100

0
o
L

80

70+

T T T T T T T T T 1

10 20 30 40 50 80 70 80 90 100
Print speed (mm/s)

1261 T T T T T T T T TS oo oo oToos
120-
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I
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100 T T T T T
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Temperature (°C)

FIGURE 5 Cross-sectional area as a function of (A) layer time,
(B) print speed, and (C) temperature. Dashed lines represent the
expected cross-sectional area based on conservation of mass. Error
bars indicate 95% confidence interval.

molded ones (41.3+3.8MPa vs. 59.7+ 2.1 MPa).
Excluding print conditions 3 and 5, printed samples have
Young's moduli that are similar to the compression

RIGHTS L1 N Hig

Note: Averages and 95% confidence intervals are reported.

molded samples. The compression molded sample's
Young's modulus of 1749 + 166 MPa is lower than a liter-
ature value for PC (2236 + 2 MPa),** while its tensile
strength is within range (53.0 + 5.8 MPa).** The PC used
in this work also has a lower T, than typical PC grades
(113°C vs. 140°C-149°C).******* These variations in T,
and Young's modulus are likely due to differences in
material composition.

The effect of layer time is assessed by comparing con-
dition 1, 6, and 7 as shown in Figure 6A. Young's modu-
lus is independent of layer time, which is consistent with
it being a measure of the material's stiffness in the elastic
regime. Tensile strength increased, but not at a statisti-
cally significant level, when layer time increased from
8.09 to 20.09 s, but decreases significantly when layer
time is further increased to 60.35s. Increasing the
layer time beyond 20 s allows the previous layer to cool
so much that it reduces the amount of interlayer diffu-
sion that can be achieved, leading to weaker bonds. Kuz-
netsov et al. found reduced strength with increasing layer
time.*® The tensile strengths of printed samples are lower
than those of compression molded samples. Young's
modulus values for printed and compression molded
samples are generally in similar range, with some excep-
tions discussed below.

The effect of print speed is assessed by comparing
conditions 1, 4, and 5, as shown in Figure 6B. Young's
modulus remains unchanged when the print speed
increases from 12.5 mm/s to 30 mm/s. However, upon
further increase in print speed to 90 mm/s, the Young's
modulus shows a significant increase. This increase in
Young's modulus at the highest print speed can be
ascribed to the improved interlayer welding, which
occurs because there is less time for the previous layer to
cool before deposition of a new layer.*® Tensile strength
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FIGURE 6 Young's modulus and tensile strength versus
(A) layer time, (B) print speed, and (C) extrusion temperature.
Error bars indicate 95% confidence interval. The dashed lines
indicate bulk properties (compression molded) and the grayed
areas show the corresponding error.

remains unchanged when the print speed increases from
12.5 to 30 mm/s and shows a significant increase upon
further increase to 90 mm/s. These results are consistent
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with the findings of Coogan et al., who reported an
increase in bond strength with increasing print speed.*’
However, these results differ from the findings of Abbot
et al., who observed a decrease in tensile strength upon
increase in print speed.*® The lack of consensus indicates
that other related parameters (e.g., layer time) may con-
found this analysis.

The effect of extrusion temperature is assessed by
comparing condition 1, 2, and 3, as shown in Figure 6C.
Tensile strength shows no clear trend with increasing
extrusion temperature, which differs from the generally
expected and observed trend of increasing bond strength
with increased extrusion temperature.**'**”*7 One
possible reason for this deviation from expected behav-
ior is that the contact ratio for an extrusion tempera-
ture of 240°C is 3%-4% higher than for 260°C and
280°C. Young's modulus stays in the same range when
extrusion temperature increases from 240°C to 260°C
and then increases upon increasing the extrusion tem-
perature to 280°C. The increase between 260°C and
280°C could be due to improved interlayer adhesion at
the interface and diffusion of the polymer chains since
they stay above T, for more time.

Obtaining accurate measurements of part and weld
dimensions is critical to achieving high-quality mechani-
cal data. In this work, we use the weld thickness from
optical microscopy in the area for calculating tensile
strength. However, a simpler option is to use calipers to
determine thickness. For most print conditions, the dif-
ference is not substantial (see comparative data in
Table S1). However, print condition 5 showed a large dif-
ference. We observe that using the thickness obtained
from the caliper measurement gives lower strength
values than those obtained with the microscope obtained
thickness (41.0 + 9.32 MPa vs. 59.7 + 14.79 MPa). This
difference is due to error introduced by the caliper
measurement that overestimates the specimen thick-
ness. We also observe that assuming full contact under-
estimates the actual tensile strength of the sample.
(41.8 £+ 10.35 MPa vs. 59.7 &+ 14.79 MPa). The large var-
iance in the data for the tensile strength at the actual
70% contact ratio is a result of the use of mean values
of the measured thickness and contact in our calcula-
tions. The tensile strength of this print condition is
similar to the tensile strength of the compression
molded sample (59.7 + 14.79 MPa vs. 59.7 + 2.1 MPa),
indicating complete welding and minimal stress-
concentration. Given that the print speed of this condi-
tion was the highest, it implies that, at sufficiently high
print speeds, complete welding is achievable during
FFF. As we see from the micrograph in Figure 4, this
print condition (5) has a more circular cross-section,
which would have minimal stress concentration.'
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Therefore, when sufficient welding is achieved, stress
concentration becomes the main driver of the tensile
strength.

While compression molded PC exhibited a large lin-
ear elastic regime, followed either by fracture or yielding
and necking until failure, printed PC showed a wide
range of tensile behaviors as seen in Figure 7. To explore
this further, all stress—strain curves obtained from tensile
testing were binned into seven shape-based categories to
evaluate and understand the mechanical response.
Figure 7 shows the representative plot of various curve
categories and Table 3 shows the distribution of the
curve categories in each print condition. Categories 1 and
2 represent failure in the strain-hardening region with
category 1 exhibiting concavity in the strain-hardening
region. Category 3 indicates failure in the strain-hardening
region just after yielding, while category 4 shows failure in
the elastic region. Category 5 shows failure after yielding

- Category 1
A — Category 2
60+ - Category 3
( ) = Calegory 4
= Category 5
50 - Category 6
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& 40
=
w
@
£ 304
17
2
2
@ 20+
[
10 A
0 T T T T 1
0 1 2 3 4 5
Strain(%)
70+ (B)
60
© 50
o
3
0 40 1
7]
g
o 30
TT’
3
= 20
10
0 T T T T T T T T T
0 2 4 6 8 10 12 14 16 18
Strain (%)
FIGURE 7 (A) Representative stress-strain curves for each

category of printed sample. (B) Stress-strain curves for tensile
testing of compression molded samples.
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before approaching the strain-hardening region. Category
6 is similar to category 4, except for its prominent toe
region. Category 7 occurs only once, showing a slight strain
softening before failure.

Categories 1 and 2 were the most common at 30.8%
and 45.7%, respectively. Categories 2, 3, and 5 are earlier
failures of category 1 since they trace the same path but
failed at different regions of the curve. Category 4 follows
a slightly different path, while category 6 deviated
completely showing a prominent toe region.

Categories 1, 2, 3, 5, and 7 exhibited yielding, while
categories 4 and 6 failed before yielding. All categories
excluding category 7, have similar strain at yield and sim-
ilar yield strength. Category 7 could not be statistically
evaluated because it occurred once. The similarity in
yield stress and the corresponding strain indicates that
the curves trace a similar path up to the yield point,
beyond which some samples exhibit more strain harden-
ing than others.

The tensile properties of the various curve categories
are summarized in Table 4. Comparing the tensile
strength and Young's modulus in categories 1 and 5, we
conclude that a high Young's modulus does not imply
high tensile strength. As expected, curves that do not
show yielding exhibit lower Young's moduli than those
that yielded, with the exception of category 7 (n = 1).
Young's modulus values are similar for categories 4 and
6 despite category 6's notable toe region.

3.3 | Fracture propagation analysis

Failure was categorized based on the fracture propaga-
tion path as shown in Figure 8. The fracture for category
a spans across layers. In category b, the fracture propa-
gates smoothly across the sample at a layer interface.
Category c has a jagged fracture path, category d has a
jagged fracture with an additional fracture path that does
not propagate across the sample completely. Category e
has a fracture path with an undetached strand at the
edge, and category f has a bump along the fracture path.
All failures are initiated at the interface, implying that
the interface remains the weakest link.

SEM images of the fracture path categories in
Figure 9 reveal that, contrary to the expectation of a pure
brittle failure typical of samples printed in the z-direction
as reported in literature,”®***’ we observe a mix of duc-
tile and brittle failure. All micrographs except for
Figure 9A show some form of ductile failure. Figure 9A,
which shows brittle failure, exhibits voids and corre-
sponds to curve category 4 that failed in the linear elastic
region. Figure 9A is from print condition 7, which has
the second highest occurrence of curve category 4 and
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Curve category (number of observations)

TABLE 3
distribution in each print condition.

Curve categories

Print condition 1 2 3 4 5

1 4 4 1 1 1

2 3 9

3 6 8 1

4 8 1

5 8 4

6 6 8

7 2 6 1 3 1

Total 29 43 3 8 3
TABLE 4 Tensile properties and 95% confidence interval for

each curve category.

Tensile Young's
Curve category strength (MPa) modulus (MPa)
1 594 + 6.3 2151 + 145
2 37.7 £ 2.7 1916 + 49
3 240 + 1.7 2023 + 230
4 24.6 +11.0 1857 + 133
5 15.0 £ 134 2034 + 430
6 35.5 +12.6 1715 + 256
7 21.7 1751
Compression molded  59.7 + 2.1 1749 + 166

the lowest tensile strength. The presence of voids reduces
the tensile strength and Young's modulus considerably.
Samples in Figure 9B-F begin with brittle failure and
rapid fracture propagation, then experience ductile fail-
ure. This behavior is likely due to the curved extrudate
cross-section shape, which creates areas of stress concen-
tration at the edges.”® The plastic deformation observed
in Figure 9B-F, which fall into curve categories 1 and
2, is consistent with the strain hardening in these stress-
strain curves.

Fracture path category a, which cuts across multiple
interfaces, is due to the presence of voids as seen in
Figure 9A. Voids between layers change the fracture path
since voids offer the path of least resistance. As explained
in the previous section, this corresponds to curves with
failure in the elastic region. Voids were observed in print
condition 7 with the highest layer time of 60 s, indicating
that high layer times lead to worse interfacial bonding.
The cooling associated with high layer times creates a
thermal gradient such that there is a mismatch of the
coefficient of thermal expansion of the previous layer and

RIGHTS L

7 Total

14
15

15
14
14

the layer being deposited above it, causing microscopic
flaws at the interface.*!

The frequency of occurrence for each fracture path in
each print condition is presented in Table 5. Category c
was the most prevalent fracture path, with 54% occur-
rence across all print conditions. The highest occurrence
of fracture path category ¢ was in print condition 5 and
6, with 67% and 86% occurrence, respectively. Print con-
dition 5 and 6 had the highest tensile strength of 59.7
+ 14.8 MPa and 42.7 + 3.5 MPa, respectively, so this jag-
ged fracture path is correlated with superior adhesion.

We see from Figure 10 that certain fracture paths are
prevalent in some curve categories. Category c fracture
path is prevalent in curve categories 1 and 3, while frac-
ture category b is prevalent in curve type 5. Curve cate-
gory 7 only has fracture category e.

Curve category 1 has fracture path ¢ occurring the
most, followed by fracture path f. This curve category
has the highest tensile strength and a high Young's
modulus. Curve categories 2 and 4 have predominantly
fracture path b and c. Although the SEM image of frac-
ture path ¢, which occurs the highest in curve category
3 shows ductile fracture, curve category 3 does not
undergo considerable strain hardening compared with
curve categories 1 and 2. Curve category 5, which is
dominated by fracture path b as shown in Figure 7, has
the lowest tensile strength. This result is unexpected
because fracture path category b was observed for the
sample in Figure 6B, which exhibited ductile failure.
We expect that the ductility, which is associated with
strain-hardening, should give high tensile strength.
However, curve category 5 gave the lowest tensile
strength due to the small elastic regime for this curve
category such that strain hardening cannot make up
for the post-yield strain hardening. On the other hand,
fracture category b has a high Young's modulus. It may
be that not all fracture path b exhibits ductility since

A ‘11 €20T ‘PEIT8YST

:sdny wouy papeoy

) SUORIPUO)) PUE ST A 23§ “[p70T/01/8T] UO ATEIqIT QUHUQ A[1 A T[OMOT - SHOSNYIESSEIN JO ANSIOAIUN Aq S659Z'UAd/Z00101/10p w00 Koiav'A:

:sdpy

SULID)/WO00 K[ 1M"

P!

ASUADI'T SuOWIWO)) dANEa1) d[qearjdde ay) Aq pausaA0T are sajo1Ie V() fasn JO Sa[NI 10§ AIRIqIT duI[uQ) Ad[IA UO (


https://4spepublications.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fpen.26495&mode=

ADISA ET AL.

FIGURE 8 Representative optical micrographs of fracture path categories a—f.
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(C)

FIGURE 9 SEM of fracture surfaces associated with different types of fracture paths, as determined by optical microscopy. Print
condition (PC) and curve category (CC) are indicated in parentheses for each micrograph. (A) Fracture across layers (PC 7, CC 4);

(B) smooth fracture path (PC 1, CC 2); (C) jagged fracture path (PC 5, CC 1); (D) jagged fracture path with additional incomplete path (PC 2,
CC 1); (E) fracture with an undetached strand at the edge—(PC 4, CC 2); (F) fracture with bump along path—(PC 5, CC 1). Plastic
deformation is noted by blue arrows and voids are circled in.

we did not image all fracture path b surfaces. Curve
category 6 is dominated by fracture path b and f, while
curve category 7 (n = 1) falls under fracture path e.

RIGHTS LI N K}

In summary, the presence of a jagged fracture path is
linked to high strain hardening, tensile strength, Young's
modulus, and toughness (area under the stress—strain curve).
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TABLE 5
condition.

Prevalence of fracture path category in each print

Fracture path category

Print condition a b c d e f Total

1 3 - 7 1 2 13
2 2 3 6 1 1 1 14
3 1 3 8 — 1 2 15
4 = 2 3 = 1 3 9
5 1 - 10 — 4 — 15
6 1 1 12 - = = 14
7 2 4 5 — 1 2 14
Total 10 13 51 2 10 8 94

B Fracture a [l Fracture b [l Fracture ¢ [l Fracture d [l Fracture e [l Fracture f

5%
5% i
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80

35%

(2]
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S
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1

20

‘ 18%
0

FIGURE 10
categories for 50 randomly selected printed samples.

Curve category

Fracture path prevalence in various curve

This behavior is most prevalent in curve category 1 and print
conditions 5 and 6. Smooth fracture paths dominate for
curve category 5, which is associated with the lowest tensile
strength, and is most commonly observed for print condition
7. These results indicate that samples printed at long layer
times rarely undergo strain hardening and tend to fail with
a smooth fracture path, while printing at high speeds
encourages strain hardening, and is associated with fracture
along a jagged fracture path.

4 | CONCLUSIONS

This study examines the effects of print speed, extrusion
temperature, and layer time on tensile properties and
extrudate (road) geometry. We also categorize the frac-
ture behavior and relate this behavior to print conditions

RIGHTSE LI MN iy

and cross-sectional geometry to understand the range of
fracture behaviors we can achieve and what leads to
these behaviors while relating the tensile properties
to fracture behavior.

Tensile strength increases with increase in print
speed, while extrusion temperature shows no clear trend.
Young's modulus is unaffected by layer time, but shows
dependence on extrusion temperature and print speed.
We observe that a jagged fracture path, which occurs pre-
dominantly at high print speed and shorter layer times, is
associated with high tensile strength and Young's modu-
lus. On the other hand, we find the presence of voids on
the fracture surface of samples printed with long layer
times results in a reduction in strength. The presence of
voids also leads to failure in the elastic region on the
stress-strain curve. We see that the stress-strain curve is
largely related to fracture path and that the curves with
strain hardening region correlate to the jagged fracture
path, which shows superior adhesion. Bulk strength was
achieved in the z-direction at high print speed, indicating
complete welding. Micrographs obtained from optical
microscopy reveal that samples printed at high print
speed have circular cross-sections, which are associated
with lower stress concentration. Furthermore, SEM
examination of fracture surfaces from high print speeds
reveals a region of rapid crack propagation consistent
with brittle failure, followed by a ductile failure region
that is consistent with the strain hardening observed on
the stress-strain curves. The rapid crack propagation is
likely due to geometry-induced stress concentration.

These results demonstrate that printing at high speeds
leads to improved tensile properties and provide mecha-
nisms to explain why. When there is sufficient welding,
the factor limiting the tensile strength is geometry-
induced stress concentration. As a result, bulk properties
can be achieved through print conditions that enable suf-
ficient welding and produce a rounded groove tip geome-
try at the interface edges. However, bulk properties on a
macro level (considering a solid printed structure with
designed dimensions) will still be lower than expected if,
as was observed in this work, cross-sectional areas are
lower than expected. Hence, there is a need to achieve
printing at high speeds, which minimizes stress
concentration without the consequent reduction in cross-
sectional area. Understanding the source of this differ-
ence and possible approaches to address this issue are
important to advancing knowledge of the material extru-
sion additive manufacturing process and improving the
reliability of structures. One possible way to address
under-extrusion at high print speed would be implemen-
tation of a feedback control system.

The comprehensive approach adopted in this study
adds valuable insights into the relationship between
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geometry, fracture behavior, tensile properties, print
parameters, and tensile strength. One limitation is the
inability to obtain SEM images for all fracture surfaces,
but we do see clear correlations between SEM, tensile
testing results, and optical microscopy results, which sug-
gests that optical microscopy in conjunction with the
stress—strain curves can be used as a quick, low-cost
screening method for fracture behavior in these types of
additively manufactured structures.
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