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ABSTRACT: Optimization of 3D print conditions for material

extrusion of plastics by fused filament fabrication typically
involves trade-offs between mechanical properties and dimensional
accuracy due to their orthogonal requirements. Increased polymer
mobility improves the mechanical properties by chain diffusion to
strengthen the interfaces Dbetween printed roads, but flow
associated with the high polymer mobility leads to inaccuracies.

Here, we describe the application of a model core-shell geometry
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in filaments to address these trade-offs and understand the
materials requirements to achieve improved dimensional accuracy.
Systematic variation of the core with commercial polycarbonate-
based plastics when using a common high-density polyethylene shell
illustrates that tensile properties obtained with these filaments
are relatively insensitive to printing conditions and selection of
the core polymer, but the dimensional accuracy of the printed part
improves markedly as the glass transition temperature of the core
polymer increases. The impact resistance of the core-shell based
parts 1is dependent on the selection of the core polymer with a
significant decrease in impact resistance for the lowest modulus
core. Although warping can be mostly mitigated with the core-shell
filaments, the printed object in general is smaller than the
digital source due to large volume change associated with high
crystallinity of HDPE. The dimensional accuracy 1is dependent on
the solidification temperature and mechanical properties of the
polymers comprising the filament, print conditions, and the local
geometry of the object as quantified by layer-by-layer analysis of
3D scanned images of the printed objects. Both processing changes
and structures 1in the digital object that can degrade the
dimensional accuracy are identified through this analysis. The
core-shell filament structure represents a model geometry to

understand potential for the printing of polymer blends where
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separation of solidification temperatures in co-continuous blends

could provide a route to improve performance.

KEYWORDS: fused filament fabrication; polyethylene; polyolefin;

polymer blend; fused deposition modeling (FDM™)

INTRODUCTION

The transition of three-dimensional (3D) printing from prototyping!' to additive manufacturing
(AM)? has been realized through improvements in machine design,> process control and
optimization,* and feedstock materials® to produce parts with properties adequate for use in
products. AM enables highly customized manufacturing with personalization and topology
designs that are not achievable in conventional manufacturing, but the properties of 3D printed
parts are typically dependent on the processing details, particularly for material extrusion (MatEx)
printing of plastics.% 7 This 3D printing method, which includes fused filament fabrication (FFF)
also known as fused deposition modeling (FDM™) as trademarked by Stratasys, mimics
traditional manufacturing with the ability to produce parts with a variety of high performance
engineering thermoplastics.®!° However, the mechanical properties of these 3D printed plastics
are typically inferior to those from injection molding with a large variance'! that can challenge
efficient design. The poor mechanical properties of 3D printed parts have been attributed to the
incomplete development of the interface between printed roads!? due to limitations of polymer
diffusion and incomplete filling of the printed part due to the circular cross-section extrudate from
the hot end.!® Despite these limitations associated with MatEx 3D printing, these printers have
been at the forefront of response to supply chain limitations in the response to COVID-19
pandemic.'* 15 The low-cost and convenience of FFF printers'® offers many opportunities for AM

if process sensitivity, mechanical properties and part-to-part variation can be addressed with lower
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cost filaments, particularly polyolefins (ethylene and propylene). Polyolefins dominate traditional
manufacture of plastic parts !7 due to their combination of very low cost and reasonable mechanical
properties.

However, polyolefins are challenging to print via MatEx as crystallization tends to generate
stresses to delaminate the part during printing.'® ° For high density polyethylene (HDPE),
modification of the build plate with a thermoplastics elastomer improves the adhesion of the part
by relieving some stresses to generate parts that visually resemble the desired part.'® Alternatively,
a large brim increases the adhesion to the build plate for MatEx printing of HDPE.?® Additionally,
the dimensional accuracy can be improved by manipulating the crystallization stresses through
blending with other polymers to decrease the total volume change,?!->3 additives to alter the
crystallization,?* or inclusion of filler reinforcements.>> 2¢ The use of polymer blends represents
potentially the simplest route, but the requirements of the blend to obtain the required dimensional
accuracy and mechanical properties are not clear.

The transient nature of the 3D printing process with MatEx produces a distribution of thermal
history through the printed part. This thermal history is generally key for the development of the
interface that controls mechanical properties. Typically, this history is optimized for the
mechanical properties,?” 28 but the optimization tends to neglect considerations for dimensional
accuracy of complex objects consistent with products. The temperature history along with the
rheology of the polymers during the print?>® should define the stress development that can cause
warpage and deformation.3?

Here we systematically examine the influence of core polymer chemistry, through a series of
polycarbonates (PC), in core-shell filaments with a common HDPE shell to understand the

polymer properties that control both mechanical properties and dimensional accuracy of the 3D
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printed parts. The core-shell architecture for the filaments based on coextrusion provide a model
filament system where the morphology is essentially invariant to understand polymer blends in 3D
printing. This is critical as blend morphology can dramatically influence the mechanical properties.
A simple concentric structure is used for the coextruded filaments, but more complex geometries
are possible.3! PC-based materials were selected on the basis of (1) 3D printed PC exhibits
reasonable mechanical properties and dimensional accuracy3> 3 and (2) the availability of
commercial PC based materials with variation in thermal properties to enable a systematic
investigation without completely altering the chemistry. Traditional manufacturing (e.g.,
compression molding) with PC provides high toughness parts,** but 3D printing of PC via MatEx
tends to lead to significant reduction in the strength and toughness of PC parts.?>-37 One route to
improve their mechanical properties is inclusion of continuous carbon fibers.3® Here, the core
material can act similar to these continuous fibers to reinforce the HDPE matrix. Additionally,
sample warping can be mitigated as the T, of core increases, which we attribute to mechanical
reinforcement by the glassy PC during crystallization of the HDPE. The dimensional accuracy of
the Benchy boat structure illustrates how print path history can exasperate the effects of the core
polymer selection. A layer-by-layer mean square error approach is demonstrated to provide a route
to quantify differences in dimensional accuracy. These results illustrate the importance of
separation of thermal transitions in multiple component polymer systems for MatEx to provide

enhanced dimensional accuracy for complex parts.

EXPERIMENTAL SECTION
Material Feedstock and their Characterization. Nitrogen (high purity > 99.998%) was

purchased from Praxair. The molecular mass and its distribution for the different polymers were
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determined from size exclusion chromatography (Figure S1). Bisphenol-A polycarbonate (PC,
Makrolon 3208, M,,=31790 g/mol, D =1.71), a proprietary polycarbonate copolymer (cPC, APEC
1797, M,, = 22960 g/mol, b = 1.96), and PC-ABS blend (PC-ABS, Bayblend T45PG, M,, = 29900
g/mol, B = 2.52) were obtained from Covestro AG. High density polyethylene (HDPE, SunTec
B161 M, = 6660 g/mol, P = 215) was obtained from Sun Chemical. Note that the large dispersity
is associated with a multimodal distribution that contains a low (M, = 908 g/mol, B = 1.18) and
high (M, = 40530 g/mol, b = 40) mass molecular component. All molecular masses are reported
relative to polystyrene standards. These commercial polymers were used to fabricate core-shell
filaments for 3D printing.

Prior any processing, the polymer pellets were dried under vacuum (-30 in. Hg) for > 12 h to
remove residual moisture. The temperature used for drying was polymer dependent: cPC, 130 °C;
PC,120 °C; PC-ABS, 100 °C; and HDPE, 80 °C. Note that this drying step is critical for the
polycarbonates as residual moisture leads to polymer degradation.?® The thermal properties of the
resins were assessed by differential scanning calorimetry (DSC, TA Instruments Q200). The DSC
experiments were performed at 10°C min! in hermetically sealed aluminum pans (DSC
Consumables, Inc.) under nitrogen atmosphere. This rate was selected as it is commonly used to
assess transitions in polymers. The thermograms from DSC were recorded on cooling from 240
°C after being held for 10 min at 240 °C to eliminate the thermal history. 4.0 to 6.0 mg of polymer
from the virgin pellets was used for each DSC experiment. The solidification of the printed part
occurs on cooling and these DSC thermograms provides some insights into stresses that can
deform the printed structure. The thermograms on subsequent heating were used to determine the

temperature floor for the processing and print extrusion temperatures.
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3D Printing. Two single-screw extruders (HAAKE, Rheomix 252p and Akron Extruder M-
PAK 150) were connected through a custom circular opening co-extrusion die (diameter = 2 mm)
as described previously*® to fabricate the core-shell filaments. Details about the filament
fabrication are included in the supporting information (SI). The composition of the filaments was
quantified by optical micrographs of filament cross-sections as described in the SI. Fig. S2
illustrates optical micrographs of the core-shell filaments. The core fraction was calculated from
the area ratio of the core to that of the entire filament using ImageJ.*! All filament diameters were
measured along their length with calipers and the average diameter for each filament was used in
the software for control of the extrudate during printing. Prior to printing, the filaments were dried
under vacuum (-30 in. Hg) at 80 °C for >12 h. Higher temperatures for drying led to fusion of the
filaments due to surface melting of the HDPE. Nonetheless, drying of the filaments is critical with
the use of polycarbonates in the core as these can degrade at high temperatures when water is
present.*?

For all printed objects, the build surface was covered by an Addicore~ Kapton (polyimide)
film and coated at 120 °C with a thin layer of a poly (vinyl alcohol) adhesive (Elmer’s glue stick)
just prior printing. This surface provides sufficient adhesion with the printed polymers examined
to avoid failure of the print due to delamination, but the adhesion is sufficiently low for removal
without requiring a raft. One object was printed at a time to provide a consistent process history
for each part. The g-codes were generated from the object models with Simplify3D (version 4.1.1).

An open-source 3D printer, Cartesio W0.9, equipped with a 1.75 mm type E3D-V6 hot-end,
modified E3D cartridge heater 24V — 40W and 0.4 mm nozzle was used to print objects for
mechanical testing with the core-shell filaments. Both standard impact bars (ASTM-D256) and

tensile bars (ASTM-D638V) were printed with 0.25 mm layer height, 20 mm/s printing speed, 100
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% infill, 0°/ 90° infill pattern, cooling fan turn off and extrusion temperatures from 260 °C to 320
°C. Fig. S3 illustrates the print orientation (xy) of both the impact and tensile bars used in this
study. The impact bar was printed as a solid rectangular object and then notched post printing to
provide the appropriate precrack for the impact test.

A standard object used to assess the limits of printability, “3DBenchy Boat”,!*-43 was printed
using the core-shell filaments with a German RepRap X500 equipped with a 0.4 mm nozzle. All
boats were printed using the following conditions: 0.25 mm layer height, 50 mm/s printing speed,
10 % infill, 0°/ 90° pattern and an extrusion temperature of 320 °C. The cooling fan on the extruder
was not active until after the 14™ layer to prevent warping in the first few layers. For subsequent
layers, the cooling fan was operated at full speed. This change in the fan operation was standard
from the software. The two printers used for the different shapes were selected simply for
convenience associated with the availability of the printers at the time. Both printers were capable

of printing all of the specimens examined.

Mechanical Testing. The mechanical properties of the 3D printed parts were directly measured
from parts printed to match the size of standard Type IV injection molded specimens. The tensile
properties were determined using protocols associated with ASTM D638V using an Instron 5567
with a load cell of 1000 N. The specimens were printed to the specification of Type IV tensile bars
with a gauge length of 25 mm. The specimens were stretched at 10 mm/min until failure. All
measurements were performed at room temperature. The thickness and width of the test specimens
were measured with digital caliper (Husky® 1467H) prior to the tensile test to calculate the
engineering stress. The Young’s modulus, strain at break and fracture toughness were all

determined from the stress-strain curves that were tested in triplicate for each print condition.
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Higher rate impact tests were performed using the Izod impact resistance test (ASTM D-256). The
specimens were printed to the same dimensions as injection molded impact bars and a 2.54 mm
notch was cut using a standard notch cutter (Model TMI 22-05, Testing Machine Inc.). The impact
resistance was measured using an Instron Ceast 9050 with 5.5 J pendulum energy with three

specimens at each condition tested for statistics.

Quantifying Shape and Microstructure. The internal structure associated with the core-shell
structure of the printed parts was elucidated with X-ray microcomputed tomography (uCT, GE
v|tome|x L300 multi-scale nano/uCT system). The pCT scanner operated at 50 kV/ 200 pA without
a filter and X-ray images were recorded every 0.4° over a range of 180°. The electron density
differences between the core and the shell polymers provided sufficient contrast for uCT to be
directly visualized the core and shell separately. The impact and tensile bars after failure were
examined with uCT to understand the failure mechanisms.

To quantify the dimensional accuracy of the printed 3D benchy boats, optical 3D
reconstructions were produced using a blue light scanning camera (Polyga, HDI-C109) equipped
with a rotatory stage. The 3DBenchy boats were painted with white paint (RUST-OLEUM White
Primer). The images were captured using the FlexScan3D software (Polyga, version 3.3.12). Prior
to scanning, the camera system was calibrated with a rotary calibrating board, following the
standard scanning procedure from the manufacturer. The accuracy is reported to be 35 um. The
full structure reconstruction, including surface topography, used multiple scans of each side of the
printed part (front, back, two sides, top and bottom) when the face was directly facing the camera.
The object was fixed by non-hardening model clay (Sargent Art®) on the rotatory stage. Images

were captured every 30° over the full 360°. The series of images from each scan were analyzed
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through mesh generation to generate partial 3D images. The dimensional accuracy was quantified
with GOM Inspect 2019 by direct comparison of the mesh model obtained from the 3D scan with
the original digital model used in the print by the 3-point alignment method. Details of the analysis

method are included in the SI.

RESULTS AND DISCUSSION

The core-shell filaments were produced by coextrusion as shown schematically in Figure 1.
The PC-based (cPC, PC, PC-ABS) core materials and HDPE shell materials were melt processed
separately at temperatures that were suggested by the manufacturer prior to being joined in a
coextrusion die. The relative flow rates were regulated by melt pumps to control the composition
to a target of 50 vol%. The effective flow rates for the melt pumps were set by the melt pump
speed of 20 rpm (identical for each). The extruded core-shell filaments were quenched in a
temperature-controlled water bath and wound using a take-up wheel whose velocity was
marginally greater than the extrusion rate to provide tension on the filament. The drawdown
slightly decreases the filament diameter from the die diameter (1.75 mm) to 1.75 +0.017 mm, 1.71
+0.020 mm, and 1.67 £ 0.015 mm for cPC, PC, and PC-ABS core filaments, respectively. Fig. S2
shows the optical images of the cross-section to determine the filament compositions: 47.5%,

47.9%, and 43.5% for cPC, PC, and PC-ABS, respectively, in the core-shell filaments.
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Extruder 1 (Core) Zone 1 Zone 2 Zone 3 Melt Pump 1
290°C 300 °C 310°C 310°C
260 °C 280°C 290 °C 290 °C
250°C

240°C Nozzle  Traction System

Extruder 2 (Shell)
Zone 1 Zone 2 Zone 3 Melt Pump 2

HDPE 170°C 180 °C 190°C 190 °C

nnnnw,

v/

Figure 1. Schematic of co-extrusion system and parameters for the production of core-shell
filaments. In the schematic, the core materials (cPC, PC or PC-ABS) are shown in green, while

the shell material (HDPE) is shown in blue.

For printing the core-shell filaments, the thermal extrusion process remains unchanged from
standard filament MatEx printing processes. The extruder temperature of the 3D printer must
exceed both critical flow temperature (T.f) for amorphous core and melting temperature (T,,,) of
semicrystalline shell.** To understand the lower temperature processing limits associated with 3D
printing of the core-shell filaments, the thermal properties of the individual polymers were
measured by DSC as shown in Figure 2 with a peak at T, = 117°C from the crystallization of the
HDPE, while a kink in the thermograms for the PC materials is associated with the glass transition.
It should be noted that the rate of cooling (10 °C/min) is orders of magnitude slower than typically
encountered during printing,* but the cooling rates comparable to that observed in 3D printing
cannot be achieved with a conventional DSC. From the thermograms, T, provides guidance for the
build platform temperature, which was set to 120 °C to minimize crystallization of the first several
printed layers to prevent delamination / warpage. Figure S4 illustrate the DSC themogram on
heating, which illustrates the T,, (136 °C) and temperature floor for melt processing HDPE. From

Figure 2, the glass transition temperature (T,) of core materials is 163°C (cPC), 143°C (PC) and
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124°C / 99°C (PC-ABS). Due to limited miscibility of PC and ABS at the composition of this
commercial blend, two glass transitions are observed.*® For polymer processing, temperatures >
T, are necessary, typically 50-100 °C greater than T,, and the minimum processing temperature

defines T.. At extrusion temperatures below 260°C with these filaments, the extrudate is

inconsistent and the surface finish is poor as shown in Figure S5.

18 HDPE 00
" |Pc-ABS  +— Cooling at 10°C/min
117-C
14 - /v\ @‘O'S’W
o \ ‘3’-0.6
=3 10 X B i 163°C
- L gof——u
3 / \ 5 09
i | £
= [ | T-12{PC 143°C
361 | |
2= / . -1.5 ; .
\ 75 100 150 200
9. / Temperature (°C)
oy _‘\ _______________ Exo f
e — —=
100 150 200 240

Temperature (°C)

Figure 2. DSC thermograms on cooling at 10°C/min for each of the individual polymers used in
the filaments. The polymers were first heated to 240°C and held for 10 min to remove thermal
history prior to cooling. The exotherm from crystallization of HDPE (green) dominates the heat
flow. The inset shows the kinks in the thermograms associated with the glass transition temperature
(Ty) of PC, cPC and PC-ABS. The crystallization temperature and T, are noted on the thermograms

for the different polymers.

This poor printability of cPC and PC core-shell filament at lower temperatures is attributed to
the mismatched viscosity and elasticity of the polymer melt. A viscosity ratio for the core:shell
close to unity is stable, but flow instabilities will occur as the mismatch grows.*” The differences
in the temperature dependence of the viscosity for the PC-based materials in the glass forming

region*® and the HDPE melt lead to an increasing disparity in the viscosities of the core and shell
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plastics as T, is approached. The lower T, of the PC-ABS leads to a lower viscosity mismatch at
240°C and less inconsistency in the extrusion during printing (Figure S5). The high temperature
limit is set by the polymer decomposition temperature. The initial decomposition temperature
(IDT) of HDPE, PC and ABS are 410°C, 450°C, and 340°C, respectively. 4% 4% 50 The lowest IDT
provides an upper limit for comparisons between the different core materials. Thus, extrusion

temperatures between 260 and 320 °C were examined.

Figure 3 illustrates the printed objects from the three different core-shell filaments at a constant
extrusion temperature of 280 °C. Figure 3A illustrates the printability of the filaments using a
common test object in the maker community, a Benchy boat. Differences in the part quality can
be resolved visually with the cPC core leading to a better-quality print. However, the complexity
of the boat part makes it challenging to quantify the differences in the quality. Typically, warping
or bending measurements on simple bars are used to assess potential for deformation and the
printability of filaments.!® Figure 3 illustrates the warping of the impact bars printed under the
same conditions. The impact bar printed with the highest T, core, cPC, is nearly flat (Figure 3B)
with a radius of curvature of approximately 70 mm. With PC as the core material (Figure 3C), the
impact bar is clearly not as flat. The curvature of the sample becomes more extreme with the PC-
ABS core (Figure 3D) with an average radius of curvature of 28 mm in this case. The radius of
curvature for these printed impact bars are shown in Figure S6A. The warping of the printed bars
results from stresses associated with the non-isothermal MatEx printing.3° During printing, stress
is mitigated in the melt state, but will accumulate on cooling below the solidification temperatures

(e.g., Ty or T,) to lead to warping and deformation of the printed object.*
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In the case of multicomponent filaments, the core material solidifies at a temperature greater
than the HDPE shell (T, > T.), so the core is floating in a melt of HDPE to prevent transfer of the
stresses associated with contraction of the core material from T, to T, of the HPDE.?! At
temperatures well above T, of HDPE, the melt will dissipate stresses through viscous losses.3’
However when the printed part is cooled locally to <T, the HDPE will decrease its volume by
crystallization, but the glassy core will resist bending. Figure S7 illustrates that the crystallinity of
the printed parts is independent of the core polymer selection, so the efficacy in maintaining the
shape with these core-shell materials is directly related to core material properties as the relative
composition of the filaments and the shell material are the same across the filaments. In particular,
resistance to bending should be directly related to the elastic modulus of the core polymer. Cooling
through T, leads to an appreciable increase in elastic modulus over a narrow temperature window.
With T, of PC-ABS close to T, for the HDPE, the low modulus of PC-ABS at T, allows for
substantial deformation of the printed bar (Figure 3D). Although the reported moduli at ambient
temperature are similar for the 3 core polymers, the 20 °C difference in T, between cPC and PC
should effectively provide a significant difference in the quench depth into the glass at T of the
HDPE. The observed curvature (Figure 3E) is consistent with these arguments associated with the

difference between T, and T, driving the mechanics of the reinforcement by the core polymer.
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Curvature (mm
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33 0.00 0.04 0.08 0.12 0.16
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36 Figure 3. (A) Photograph illustrating the 3D benchy boat printed with the core-shell filaments as
labeled by the core material. Side view of impact bars printed at Te,= 280°C with Ty,eq= 120°C
41 with cores of (B) cPC, (C) PC and (D) PC-ABS. (E) The bending curvature scales inversely with
43 T, of the core polymer. The average of three specimens with its standard deviation (+ ©) are

presented.

49 The warp deformation of the impact bars provides a clear indicator of the improved
51 dimensional accuracy of the cPC core in these filaments f, but how this translates to complex
53 objects for products is not clear. To address this, Benchy boats (Figure 3A) are used to provide a

methodology to provide a more quantitative description of the dimensional accuracy. Figure 4
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illustrates the 3D accuracy maps based on the difference between the digitalized dimensions of
printed Benchy boats and the digital design. Most of the deviations are associated with insufficient
material as the actual dimensions are smaller than the digital model. Smaller size due to contraction
on crystallization is a common problem with semicrystalline polymers and generally the digital
design is modified to correct for the contraction. Due to the referencing of the printed object to the
model, the port side is always reported as smaller than the digital model (Figure 4A). Examination
of the front of the boats (Figure 4A) illustrates that there is a challenge in printing the bow where
the object comes to a point and the top of the pipe. The inclined structure of the high-chin spoon
bow requires printing with unsupported overhang, but there are other layers with similar overhang
that do not exhibit as large of a deviation. The deviation in the bow of the boat and in the pipe
region (Figure 4B) is magnified with the PC core in comparison to the cPC core. Although printing
of objects with only HDPE requires modifications to minimize warp delamination,?! the Benchy
boat printed with the cPC alone exhibits similar dimensional accuracy (Figure S8) to the cPC-
HDPE core-shell filament when printed under identical conditions. However, the Benchy boat
printed with cPC alone has a crack through the hull region (Figure S8) due to stresses developed
during printing and the brittle nature of the 3D printed cPC.

Visually, even with the color maps, differences between the PC and cPC core materials in
dimensional accuracy for the printing of the Benchy boats with core-shell filaments are not great
in other regions. Visually for these two filaments, the difference in the warpage of the impact bars
(Figure 3C and 3D) is substantially greater than the dimensional accuracy differences in the
Benchy boat (Figure 4). The deviations with the boats printed with core shell filaments using an
PC-ABS core are much greater. The pipe region is particularly problematic with the PC-ABS core

filament, although the smaller posts and the roof of the cabin also exhibit relatively poor shape
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accuracy with the PC-ABS core (Figure 4C). We attribute this performance to the accumulation

of heat during printing of small areas and the lower solidification temperature of the PC-ABS.

Figure 4. False color 3D scan images illustrating the deviation from the model for 3D benchy
boats for the 3 core-shell filaments with (A) front, (B) side and (C) back view. Consistent print
parameters were used for all boats: T = 320°C, printing speed 50 mm/s and layer thickness 0.25
mm. Regions in green indicates the printed object (as represented by the local point cloud fit)

deviates less than = 0.2mm from the model. Red areas are protruded relative to the model.

The localization of defects in certain layers for the printed Benchy boats for the different
filaments suggests that some features may be more sensitive to the characteristics of the filaments.
Understanding these effects could be helpful for validation and certification for manufacturing.
The false color mapping of the object is qualitatively insightful (Figure 4), but does not allow for
direct quantitative comparisons. Warp deformation is simply defined by the radius of curvature,*®

but this only applies to simple print geometries. To quantify the dimensional accuracy performance
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for these Benchy boats, a mean square error analysis was adapted to each individual building layer.
Within each layer, there are n voxels and the deviation from the digital model is known for each
voxel (x; — x;). Utilizing this information, the mean square error (MSE) for each layer was
calculated as:

I N
MSE=EZ(XI'—XL')

i=1

By applying this analysis to each printed layer of the Benchy boat, the average error associated
with each layer can be quantified and compared as shown in Figure 5. These data can illustrate the
print paths and processing conditions that lead to problems with dimensional accuracy. Tool path
during the print is known to influence the printing process and the ultimate properties.’! The
average dimensional accuracy with the PC and cPC cores is similar in comparison to the higher
MSE obtained in almost all cases with the PC-ABS core. The voxel by voxel deviations for several
of the layers are shown in Figure S9. Some layers show only negative deviations from the digital
model, while others exhibit a combination of positive and negative deviations. It should be noted
that the deviation from the model contains contributions from both the filaments and intrinsic
variations associated with the printer operations. Figure S10 illustrates the variation in the MSE
for a replicate print with the cPC core-shell filaments. The differences in the MSE between the
prints tends to be smaller than the differences with the variation in core-shell filaments shown in
Figure 5. The general features in terms of minima and maxima in the MSE are generally observed

in both prints.
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Mean Square Error (mm?)

0 25 50 75 100 125 150 175 200
Number of Layer
Figure 5. Layer-based quantification of the dimensional accuracy from the mean square error

analysis for the printed boats.

Examination of the MSE for the better performing PC and cPC core containing materials
illustrates general correlations in the MSE between layers with aperiodic peaks (Fig. 5). The
location of these peaks match in some cases for all three filaments suggesting a design or process
feature that tends to promote inaccuracies in the print, which are associated with the 3D printer
performance and the tool path. The changes in MSE can in general be explained by the localization
of heating, asymmetries in stresses due to overhang and differences in the print path of the adjacent
layers, and the T, of the filament core. At layer 14, the cooling fan on the extruder is activated,
which increases the cooling rate to decrease the deformation of the printed structure. Layer 39 is
close to where the lower hull is completed and the combination of less overhang and smaller print
area in subsequent layers improves the dimensional accuracy. The unsupported print to generate
the window occurs at layer 124, where sag in the printed road leads to a spike in the MSE at layer
123. This sag in the print can be observed visually for the PC-ABS core material (Figure S11).
Localization of heating and the poor thermal conductivity of the polymer leads to changes in the
dimensional accuracy of the pipe region at the top of the boat (layers 162 and 181). A more detailed

discussion on the differences in the MSE is included in the SI.
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Figure 6. Role of selection of core material and extrusion temperature on the impact resistance of
printed parts using core-shell filaments. The impact resistance using cPC and PC cores is
significantly greater than that for the PC-ABS core. All results reported are the average of three

specimens with standard deviation (+ o).

Beyond dimensional accuracy, the mechanical properties of the printed objects in AM are
critical to their utility for most applications. Fig. 6 shows the influence of the core chemistry and
extrusion temperature (260°C to 320°C) on the impact resistance. The data from these impact tests
are shown in Table S1. For reference, the impact resistance for PC and PC-ABS is reported to be
600 J/m and 320 J/m, respectively, for injection molded materials.’> >3 When these polymers are
printed using MatEx, an impact resistance of only 45 J/m and 150 J/m for PC and PC-ABS,
respectively, is reported.?!- 40 This reduction in mechanical properties for the 3D printed parts is
generally attributed to weak weld lines and embedded air gaps between printed roads.>* Although
injection molded HDPE exhibits lower impact resistance (115 J/m) than these core materials,> the
impact resistance of samples printed with core-shell filament is greater than that of injection
molded PC in some cases (Fig. 6), which is attributed to additional energy dissipation mechanisms
associated with the composite structure. As shown in Fig. 6, the impact resistance of the parts

printed with PC-ABS core are significantly lower than observed for the other core-shell filaments.
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The decrease in impact resistance with increasing print temperature for the PC-ABS/HDPE core-
shell materials could be associated with the morphology of PC-ABS blend.’® The string and bead
structure of the dispersed PC phase tends to transition to a quasi-continuous structure at higher

temperatures, which deteriorates their mechanical properties.>®

(A)

Figure 7. X-ray pCT reconstructed images of impact bars printed at T,= 280°C after impact
testing for core-shell prints with (A) cPC, (B) PC, and (C) PC-ABS cores. The higher electron
density core is shown in green color (cPC, PC and PC-ABS), while the blue corresponds to the
HDPE material. A side view of the 3D reconstructed images is showed on the left, while a cross-

section through the center of the notch region is on the right.

In order to understand the differences in impact resistance, the structure near the failure was
examined using x-ray tomography (Figure 7). There is sufficient x-ray contrast to visualize the
core and shell to enable the volume fraction of the core polymer to be determined in the printed
part. The core polymer was found to comprise 46.8 vol%, 47.2 vol% and 42.6 vol% of the printed

polymer for cPC, PC, and PC-ABS, respectively, which are all slightly less than original filament
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compositions determined optically (Fig. S2). Mismatch of viscosity between polymer melts can
causes the instability at interface,’’ but the mismatch can also alter the annular co-flow? to change
the composition of core-shell extrudate. In this case, the less viscous shell develops a greater
velocity than the more viscous core, which leads to a decrease in the overall core composition. The
differences in viscosity of the core and shell were sufficient to slightly alter the composition, but
not so large to deteriorate the core-shell architecture that would occur in the case of flow

instabilities.

To explain the impact data in Figure 6, an additional energy dissipation mechanism must be
present in the core-shell printed materials to provide the observed toughness. Figure 7A illustrates
that the crack propagates from the cut precrack through the HDPE, but fibers of the cPC core
bridge the crack. Examination of micrographs illustrate some voids forming at the interface
between the cPC and HDPE. These voids are distinct from voids that are formed during the print.
Examination of the x-ray tomography images away from the deformation zone provides
quantification of the void fraction in the printed parts to be: 2.68% (cPC/HDPE), 2.81%
(PC/HDPE), and 0.06% (PC-ABS/HDPE). These void fractions are significantly less than that for
parts printed with PC*’ or PC-ABS?! alone, but also illustrate how solidification of the core can
act to limit large scale flow. The voids formed during deformation provide an energy dissipation
mechanism through the energy required to form a new surface, which increases toughness.’® The
stretching of the glassy core fiber with pull-out at core-shell interface slide and dissipate impact
energy through frictional toughening® or cavitation from the mechanical mismatch between the
core and shell could provide the mechanism for the void formation. The frictional toughening will

depend on the mismatch in the coefficient of thermal expansion (CTE) of the core and shell through
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the crystallization-induced shrinkage of the HDPE around the core fiber, where stress from HDPE
crystallize would increases the frictional force.®! These energy dissipation mechanisms, which
require two phases, are consistent with the observed impact resistance of these printed parts that
exceeds that of the individual components (Fig. 6). Similar structures are observed with the PC
core material as shown in Figure 7B, but the width of the crack is increased with the PC core and

some PC fibers break across the interface near the notch to provide additional energy dissipation.

Printing with the PC-ABS core leads to substantially lower impact resistance (Fig. 6). As
shown in Fig. 7C, most of the PC-ABS fibers bridging the crack have fractured and the crack has
extended further into the specimen. The void fraction decreased, as shown in Figure S12, to reduce
one energy dissipation mechanism, but this change in void fraction is similar to the difference
between cPC and PC. This suggests that cavitation is not primarily responsible for the improved
toughness of the objects printed with core-shell filaments. The competition between frictional
resistance and inherent mechanical properties of PC-ABS provides one explanation for the much
lower impact resistance. Core fibers oriented perpendicularly to the impact experience uniaxial
tension as the pendulum strikes impact bar. The fiber pull-out mechanism requires individual fiber
to withstand the applied load to dissipate the energy at interface through frictional toughening. The
ultimate stress of PC-ABS is hypothesized to be less than the load required to dissipate energy
through frictional resistance.®> Thus, the printed core shell objects containing PC-ABS dissipate
drastically less energy and allow the crack to propagate further into the specimen. These features

are common to the samples after impact as shown in Figure S13.
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Figure 8. (A) Representative tensile stress-strain curves for the 3D printed core-shell materials.
The tensile bar specimens were printed at Te,;= 280 °C, printing speed 20 mm/s and 0.25 mm layer
thickness. The yielding behavior is associated with the failure of the HDPE with fibers of the core
holding the specimen. (B) Toughness determined from the area under stress - strain curve. From
the tensile data, the core selection or extrusion temperature have a limited effect on the (C) elastic

modulus and (D) yield stress for the core-shell printed tensile bars. In all cases, three specimens

Temperature (°C)

were tested, and the properties reported are the average with the standard deviation (+ o).

Figure 8 illustrates the tensile properties of the samples printed at 280 °C. The stress-strain
curves for the other extrusion temperatures examined are shown in Figure S14. The stress-strain

curves illustrate the fiber reinforcement by the core materials with multiple yielding steps at
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progressively higher strain. These step decreases in the stress are associated with the failure of
individual core fibers that are bridging the crack that forms in the HDPE phase. The elastic
modulus (inset in Figure 8A) is similar between the different cores when printed at 280 °C, but the
yield stress is lower for the PC-ABS core materials. The toughness from low rate tensile
measurements do not necessarily always follow qualitative trends from toughness associated with
high rate impact tests.®® The toughness determined from the area under the stress strain curve prior
to failure (Figure 8B) are qualitatively consistent with the impact properties. The differences in
toughness between the two mechanical tests is also consistent with the frictional toughening.
Additional discussion about the toughness is available in the SI. X-ray tomography imaging

illustrates the formation of voids during the tensile deformation as well as shown in Figure S15.

Figure 8C illustrates that the elastic moduli are nearly independent of print extrusion
temperature and the core material selection. The matrix material is HDPE in all cases, while the
core material acts as fiber reinforcement when printed in the direction of the applied strain. The
modulus of the materials should be described by composite theory,%* but the relative modulus of
the materials printed with PC-ABS core is greater than expected based on their intrinsic
mechanical properties. This difference could be influenced by the interfacial properties between
the core and shell, similar to the importance of the interfaces for fiber composites,® as there are
apparent differences in the energy dissipation mechanisms from the impact measurements. Figure
8D illustrates that the yield stress for the printed tensile bars is also relatively insensitive to the
extrusion temperature, but consistently lower for PC-ABS as expected. The relatively small

influence of printing conditions on the mechanical properties with the core-shell could be
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beneficial for manufacture as this suggests the potential for a broader process operation window

for the print to achieve consistent properties.

The tensile properties associated with printing of the core shell materials can be directly
compared with printed core materials alone. Figure S16 shows the stress-strain curve for cPC,
while the tensile data for 3D printed PC*® and PC-ABS?! have been previously reported Table S2
summarizes the mechanical properties to illustrate the differences between the core-shell and
single polymer filaments. The addition of HDPE as expected decreases the elastic modulus of the
core-shell printed parts in comparison to the printed PC, cPC or PC-ABS alone. However, there is
a significant increase in the ductility with the core-shell filaments. While 3D printed PC or cPC is
extremely brittle, the PC-ABS exhibits some stress whitening during the tensile test, but the strain
after yielding is still limited in comparison to the core-shell materials. It is interesting to note that
PC-ABS is phase separated with a string-bead structure,>® so the more ductile printed parts are all

associated with multiphase materials.
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Figure 9. Schematic illustrating the proposed mechanisms associated with the printability of the
core-shell filaments. As the extrudate cools, three stages are proposed that define the final printed
structure. (1) both core and shell are in the melt state that allows flow to fill large voids locally. (ii)
The extrudate cools sufficiently fast to the T, of the core polymer to prevent large scale flow, while
shell remain a melt for further interfacial development between printed roads. (iii) The extrudate
cools to T, where the HDPE crystallizes around the solidified core fibers that acts reinforcement

to prevent warpage.

To explain the results for mechanical properties and dimensional accuracy associated with the
core-shell filaments, a mechanism is proposed based on diffusion/flow, separation of
solidification, crystallization and composite bending. As shown Figure 7, the extruded filaments
retain the core-shell structure to produce printed roads with HDPE on its exterior. The
crystallization of the HDPE across the interface provides a locking mechanism for mechanical
strength as shown schematically in Figure 9. This crystallization reduces the requirements of
polymer chain diffusion across adjacent extruded lines to effectively bond the material in
comparison to typical glassy polymers used in MatEx.%¢ The interface development between
printed roads is assisted by the T, of HDPE being lower than the T, of the core materials. The core
materials can be accurately printed at higher extrusion temperatures to enable increased time for
flow of the HDPE shell to improve the fill of the part by removing voids between printed roads,
while the solidification of the core polymer limits the scale of the flow. Initially as printed, both
the core and shell polymers are in the melt, but cooling will lead to a solid fiber floating in a HDPE
melt. This solid component provides reinforcement similar to long fiber composites. The
mitigation of voids and crystallization between the roads likely contributes to the ductile fracture

of the parts printed with these core-shell filaments. The composite structure provides additional
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potential mechanisms for energy dissipation (e.g., fiber pull-out at interface, cavitation, plastic
deformation of the fibers) that are commonly not present in 3D printed plastic parts. The results
suggest that friction associated with fiber pull-out is primarily responsible for the increased impact
resistance of the parts printed with the core-shell filaments. Additionally, minimization of voids
within the part decreases the potential stress concentrators that propagate cracks. For filaments
based on polymer blends, these ideas can also apply where added mobility of one phase can reduce
the voids and crystallization of one phase can improve the interfacial strength between printed
roads to improve the mechanical properties.

From the perspective of dimensional accuracy, one of the challenges with HDPE is its fast
crystallization rate and high crystallinity that produce rapid and substantial volume shrinkage.5”
This crystallization can even be problematic for conventional injection molding processes if the
cycle time and temperature are not appropriately selected.®® The non-crystalline core material
reduces the total volume of crystalline material to decrease the total stress applied and acts as
reinforcement in a manner similar to long fiber composites. Printing HDPE alone requires
additional mitigation steps such as a large brim?° or modified print platform surface.!®

Although the results reported are limited to HDPE (shell) — polycarbonates (core), the
systematic variation in the thermal properties of the core polymer can provide insights into other
potential systems. For example, polyethylene terephthalate (PET) has less warpage issues than
HDPE when 3D printed and exhibits excellent mechanical properties,?> which could lead to
improved dimensional accuracy as a shell material. High temperature liquid crystal polymers
provide enhancements in the mechanical properties,®® but a core-shell architecture including a

semicrystalline shell would enhance the weld strength in the printed part. Similarly, these results
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can be applied to polymer blends where one phase solidifies at significantly higher temperatures,

which may help to explain some reports about improvements in printing with polymer blends.”°

CONCLUSIONS

In this work, we demonstrate how engineering of filaments through a core-shell architecture
can be used to reduce the trade-offs between mechanical properties and dimensional accuracy in
MatEx 3D printing through the selection of the components to maximize the difference in the
solidification temperature between the core and shell plastics using a series of commercial
polycarbonates and its blend with ABS for the core and a common high density polyethylene
(HDPE) shell. The solidification of the core acts to reinforce the printed object by reducing bulk
flow and resisting bending to improve the dimensional accuracy. A significantly lower
solidification temperature for the shell provides increased mobility between printed roads to
strengthen the interfaces and improve the mechanical properties. All of the parts exhibit ductile
failure with tensile failure similar to long fiber reinforced composites. Interestingly, the tensile
properties from the printed core-shell filaments are not strongly dependent on the extrusion
temperature, which suggests that these filaments will produce parts less sensitive to process
variation. Moreover, the core-shell architecture increases the impact resistance and toughness of
the printed parts; this improvement is associated with energy dissipation from fiber pull-out at the
interfaces and plastic deformation of the core materials. Beyond mechanical properties, we
illustrated a methodology to assess local changes in the dimensional accuracy for a common
complex object, Benchy Boat, from analysis of 3D scanned images. These illustrated that the
dimensional accuracy can be strongly dependent on the process history and the geometry of the

part with less sensitivity to parts printed with core-shell filaments with the highest T, core. These
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concepts can be applied beyond the core-shell architecture and provide insights into selection of
plastic pairs for blends and the desired morphologies of polymer blends for filaments used in

MatEx to advance the performance of plastics in additive manufacture.
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