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Abstract: Polyethylene (PE) is one of the most widely used polymers in conventional polymer
manufacturing processes. However, it remains a challenge to use PE in extrusion-based additive
manufacturing (AM). Some of the challenges that this material presents include low self-adhesion
and shrinkage during the printing process. These two issues lead to higher mechanical anisotropy
when compared to other materials, along with poor dimensional accuracy and warpage. Vitrimers
are a new class of polymers that have a dynamic crosslinked network, allowing the material to be
healed and reprocessed. Prior studies on polyolefin vitrimers suggest that the crosslinks reduce the
degree of crystallinity and increase the dimensional stability at elevated temperatures. In this study,
high-density polyethylene (HDPE) and HDPE vitrimers (HDPE-V) were successfully processed using
a screw-assisted 3D printer. It was demonstrated that HDPE-V were able to reduce shrinkage during
the printing process. This shows that 3D printing with HDPE-V will provide better dimensional
stability when compared to regular HDPE. Furthermore, after an annealing process, 3D-printed
HDPE-V samples showed a decrease in mechanical anisotropy. This annealing process was only
possible in HDPE-V due to their superior dimensional stability at elevated temperatures, with

minimal deformation above melting temperature.

Keywords: polyethylene; vitrimers; 3D printing; material extrusion; additive manufacturing;
anisotropy; annealing

1. Introduction

Additive manufacturing (AM) is an advanced manufacturing technique that allows
the fabrication of customized 3D objects with high geometric complexity that cannot be
achieved with other processing techniques. The process consists of building the part in a
layer-by-layer manner [1]. For several decades, AM has mainly been used for aesthetic and
functional prototyping due to its cost-effectiveness and rapid prototyping. However, as
innovative materials and AM methods are being developed, new applications are emerging
in the field [2—4]. In general, these applications are shifting from prototypes to functional
products [5,6]. Material extrusion (ME) is the most widely used AM technique, due to
its low cost of fabrication and the availability of low-cost printers [3]. Material extrusion
additive manufacturing (ME-AM) uses a relatively small number of working parts in the
printing hardware, making it more user-friendly, and generally uses thermoplastics, which
can reduce cost and allow for more freedom in material selection [4]. In ME-AM, the
polymer is heated above the melting temperature for semicrystalline materials (and above
the glass transition temperature for amorphous materials) and is dispensed through a
nozzle. Once the polymer exits the nozzle, the viscosity sharply increases as it cools down
to form a permanently bonded structure and retain the desired shape [3,7].

One significant limitation encountered by structures fabricated via ME-AM for func-
tional applications is the decreased mechanical properties caused by anisotropy [8,9]. This
is due to the weak bonds formed between layers during the printing process. Several
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studies have focused on improving the mechanical properties of printed parts via ME.
Efforts have been made to understand the weld formation in ME-AM from the perspective
of polymer interdiffusion [10]. Other works focusing on reducing the anisotropic properties
of the 3D-printed parts include infrared preheating in polyphenylene sulfide parts [11],
crosslink formation between layers in polylactic acid (PLA) parts [12], implementing ther-
moplastic supramolecular interactions in polyethylene terephthalate /phenylacetylene [13],
and introducing Diels—Alder reactions based on furan-maleimide [14]. Low dimensional
accuracy is another challenge in ME-AM and is related to warping, shrinkage, and de-
lamination during the printing process [15-19]. These issues are exacerbated when 3D
printing with semicrystalline materials. Common approaches to improve dimensional
accuracy in ME-AM include increasing bed adhesion, reducing the degree of crystallinity,
and optimizing the processing parameters [20].

Introducing novel materials in the ME-AM process, such as vitrimers, is a promising
approach to tackle these challenges [21]. Vitrimers are a new class of covalent adaptable
network (CAN) materials introduced by Leibler and co-workers in 2011 [22]. They consist
of chemically crosslinked networks that engage in thermoactivated associative exchange
reactions. During the exchange reactions, the network can change its topology while main-
taining a constant degree of crosslinking [23]. Due to this constant degree of crosslinking,
the structural integrity of the part is minimally affected when heat is applied. Furthermore,
the dynamic crosslinking can provide shape memory, malleability, adhesion, and healing,
unlike permanently crosslinked networks such as thermosets [23-25].

Vitrimers prepared from commercial thermoplastics can be utilized in ME-AM [26].
An excellent candidate thermoplastic to be transformed into a vitrimer is polyethylene (PE).
PE is commonly used in a wide range of industrial and consumer applications due to its
affordability, ease of processability, and high chemical resistance [27]. Nevertheless, PE has
exhibited significant challenges in ME-AM processes; therefore, filaments for 3D printing
are not widely available [19]. Due to its semicrystalline nature, PE tends to shrink during
the filament manufacturing process, leading to low diametric consistency [28]. Additionally,
PE has low adhesion to traditional metal and glass beds and tends to warp [29].

This study explores the printability of high-density polyethylene vitrimer (HDPE-V)
using ME-AM as an approach to reduce mechanical anisotropy and improve dimensional
accuracy. HDPE and HDPE-V pellets were used as the feedstock instead of a filament,
due to the challenges that filament production of HDPE presents [28,30]. The crosslinking
reaction that produced the HDPE-V presented in this study was obtained from the reaction
between maleic -anhydride-grafted high-density polyethylene (HDPE-MAH) and a diamine
crosslinker—4,4’-dithiodianiline (DTA). The concentration of MAH was 0.3% wt., and a
molar ratio of 1:0.5 (MAH:DTA) was used. The reaction was conducted via a single-step
process in a screw-assisted 3D printer at 220 °C. Pellet-fed screw-assisted 3D printers are
increasingly being used to bypass the need for filaments, reducing the associated cost of
filament production, while also increasing the deposition rate and expanding the range
of 3D-printing materials [31]. For example, modified 3D printers have enabled the use of
recycled polymer flakes from polyethylene terephthalate (PET) water bottles [32], polymer
composites that are too brittle to be spooled into filaments [33], and recycled selective laser
sintering (SLS) powder [34].

In a previous study, it was shown that vitrimers prepared from HDPE (HDPE-V)
significantly affect the properties of the material in the melt and solid states [35]. In the
melt state, the crosslinks in HDPE-V were responsible for its superior dimensional sta-
bility at elevated temperatures, due to the presence of a rubbery plateau compared to
un-crosslinked HDPE. In the solid state, it was observed that the crosslinks hindered the
crystallization of the material. The objective of this study was to apply these findings to
demonstrate that HDPE-V is a promising material for ME-AM. This research shows that
shrinkage and mechanical anisotropy were decreased when using HDPE-V in an ME-AM
process compared to HDPE. The reduced degree of crystallinity in HDPE-V played a role
in the reduced shrinkage of the parts. An improvement in mechanical anisotropy was
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observed in HDPE-V, and this was achieved via a thermal post-processing step. The an-
nealing step was only possible because of the enhanced dimensional stability of HDPE-V at
elevated temperatures.

2. Materials and Methods
2.1. Materials

High-density polyethylene (HDPE) F04660 (MFI = 0.7 g/10 min at 190 °C with 2.16 kg)
and maleic-anhydride-grafted high-density polyethylene (HDPE-MAH) were supplied by
SABIC (Geleen, The Netherlands). The grafting process of MAH is proprietary information.
The MAH concentration used in this study was 0.3% wt. The crosslinker used to produce
the HDPE vitrimer (HDPE-V)—4,4’-dithiodianiline (DTA)—was purchased from Tokyo
Chemical Industry (Tokyo, Japan). A summary of the relevant material properties provided
by the suppliers is given in Table 1.

Table 1. Characteristic properties of the materials used in this study.

. Melting . 3 Molecular Weight
Material Temperature (°C) Density (g/cm?) (g/mol)
HDPE F04660 134 0.961 -
DTA 77 - 248.37

HDPE-V was obtained from the reaction of HDPE-MAH and the diamine crosslinker
containing disulfide bonds—4,4’ dithiodianiline (DTA)—as described in a previous work [35].
The concentration of MAH was 0.3% wt., and a molar ratio of 1:0.5 (MAH:DTA) was used.
The HDPE-V feedstock for the 3D printer was prepared by dissolving the crosslinker
powder (DTA) in acetone, and HDPE-MAH pellets were coated in this solution at room
temperature. The solution was constantly stirred for 24 h to ensure evenly coated pellets.
After this period, the acetone evaporated, and the pellets were fully dried. This dry blend
was then introduced to the (pellet-fed) screw-assisted 3D printer, where the reaction took
place in the melt state to form HDPE-V. This procedure is summarized in Figure 1.

HDPE-MAH HDPE-V

n m Screw-assisted 3D printer - 220°C n m

(0] Composition details:
0.3% wt. of MAH

N
o Molar ratio of MAH to DTA: 1:0.5 /O/ 9
O
+ s

DTA S
(cross-linker agent) e}
N
NH
g ;
S

|
$ m n
H,N :
Step 1: HDPE-MAH pellets Step 2: HDPE-MAH/DTA dry Step 3: HDPE-V printed
were mixed with blend was fed to the pellet specimens were obtained
DTA/acetone solution and feed screw-assisted 3D
stirred for 24 hours. printer.

Figure 1. Graphical representation of the protocol used to produce HDPE-V using ME-AM.
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2.2. Material Extrusion Additive Manufacturing and Geometric Design

A screw-assisted 3D printer was used to produce all test specimens. The machine used
in this study was a Cosine AM1 (Cosine Additive, Houston, TX, USA) with a pellet-fed
extruder attachment. This configuration allows the extrusion of materials without the need
to manufacture filaments as the feedstock. The pellets were fed through a hopper and then
transported and melted through the heated single screw. The material was pushed through
the nozzle and deposited layer-by-layer on a polypropylene (PP) substrate, as depicted in
Figure 2A. PP was used as a substrate, as it has been proven to improve bed adhesion and,
therefore, reduce delamination [30].

— Heat bands

—» Specimen
—> PP substrate

‘ Print Bed
c . 60 mm N
A YT Y Y Y Y 0 ° 90 o
A nrin
10 mm T L
{|EYRREpEYE
Eoriiii e 30 mm

L. -
X v

Figure 2. (A) Schematic of screw-assisted ME-AM; (B) sample geometry used for microstructure
characterization; (C) specimens used for viscoelastic characterization (H: 3 mm).

Rectangular specimens used for examining the microstructure were produced with
dimensions of H: 15 mm x W: 30 mm X L: 50 mm, as shown in Figure 2B. Square plates
(H: 3mm x W: 60 mm x L: 60 mm) were also produced to evaluate shrinkage, thermal,
rheological, and viscoelastic properties. Smaller rectangular specimens (10 mm x 30 mm)
were punched from the square plates, as depicted in Figure 2C, to evaluate the viscoelastic
behavior of the parts with varying bead orientation.

The specimens shown in Figure 2B,C were generated through computer-aided design
using SOLIDWORKS 2021 and were translated into G-Code using Simplify 3D software
(Version 4.1.2).
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2.3. Shrinkage Evaluation

Shrinkage perpendicular to bead orientation and parallel to bead orientation was
measured by comparing the original dimensions in the X-Y plane of the specimens shown
in Figure 2C (60 mm x 60 mm) to the final dimensions of the printed specimens. The
final dimensions were measured after 48 h of printing. Equation (1) refers to the shrinkage
perpendicular to bead orientation (S;), while Equation (2) refers to the shrinkage parallel

to bead orientation (S;) [36].
W, — W,
Sp=——"1 W ™ %100 (1)

S, = Lo Z L 100 )
0

where
W, = original dimensions (from CAD) perpendicular to bead orientation;
Wy = measured dimensions perpendicular to bead orientation;
L, = original dimensions (from CAD) parallel to bead orientation;
L,; = measured dimensions parallel to bead orientation.

2.4. Characterization

Differential scanning calorimetry (DSC) experiments were performed with a
214 Polyma DSC (NETZSCH, Selb, Germany). Two heating cycles were conducted in
the range of 30-200 °C at a heating rate of 10 °C/min in a nitrogen atmosphere. The melt-
ing and crystallization properties were determined from the second heating and cooling
cycle. The degree of crystallinity (x.) was calculated from the ratio of the measured melting
enthalpy (AHy,) and the theoretical melting enthalpy of 100% crystalline polyethylene
(293]/g) [37].

Rheological tests were conducted using an AR 2000 ex rheometer (TA Instruments,
New Castle, DE, USA). A 25 mm parallel steel plate fixture was used with a 1.85 mm
gap. Frequency sweeps were performed over a range of 0.01 to 100 rad/s at 220 °C and
0.1% strain.

Dynamic mechanical analysis (DMA) was conducted in an Explexor 500 N DMA
(NETZSCH, Selb, Germany) to measure the viscoelastic properties of the 3D-printed speci-
mens. Frequency sweeps were performed at room temperature in tension within the linear
viscoelastic regime, using a dynamic strain of 0.03% and a frequency range of 0.5-100 Hz.

Scanning electron microscopy (SEM) was used to identify voids in the 3D-printed
specimens. The 3D-printed samples were examined using a Hitachi 53400 Variable-Pressure
Scanning Electron Microscope at 15 kV and 30 Pa (Hitachi, Tokyo, Japan).

2.5. Annealing Procedure

A post-processing treatment was conducted with the purpose of reducing mechanical
anisotropy by improving chain diffusion between layers. The 3D-printed specimens used in
DMA testing were heat-treated for 10 min at 150 °C in an oven under normal atmospheric
conditions. A prototype was printed and annealed to visually demonstrate the dimensional
stability of the parts during the heat treatment process.

3. Results and Discussion
3.1. Assessment of Processability in Screw-Assisted AM

Differential scanning calorimetry was utilized to determine the melting temperature,
crystallization temperature, and heat of fusion of the materials to be printed. The results
from the second heating and cooling cycle are shown in Figure 3. The melting temperature
of HDPE and HDPE-V was 138.0 °C and 136.8 °C, respectively. The crystallization temper-
ature of HDPE and HDPE-V was 114.7 °C and 112.5 °C, respectively. Since the difference
in both transition temperatures was small (<2.2 °C), the temperature profile of the printing
process was chosen to be the same for both materials, as summarized in Table 2. The heat
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of fusion of HDPE-V was decreased by 16.1 J/g compared to HDPE. The heat of fusion
was used to determine the degree of crystallinity of the samples: 77.9% (HDPE) and 72.4%
(HDPE-V). Lower crystallinity can be beneficial for 3D-printing processes, as it can reduce
the shrinkage of samples and improve their dimensional accuracy [18,29].

| HDPE
B HDPE-V T 138.0°C
T.,..136.8°C Area: 228.2 J/g

Area: 212.1Jig

N W

-
|

DSC [mW/mg]
o
|

1k
2L
I —~T.112.5°C
3L T.114.7°C
_TENDo
_4 | I T T NI T N A

40 60 80 100 120 140 160 180
Temperature [°C]

Figure 3. DSC heating and cooling curves (10 °C/min in nitrogen).

Table 2. Printing parameters of HDPE and HDPE-V.

Parameters Value
Nozzle diameter 1 mm
Extruder temperature 220 °C
Nozzle temperature 220 °C
Bed temperature 60 °C
Printing speed 500 mm/min
Extrusion multiplier 1.2
Layer height 0.6 mm
Infill percentage 100%
First layer setting Height 50%; speed 60%
Brim 5 layers
Substrate PP sheet

The rheological behavior of HPDE and HDPE-V was studied to assess the process-
ability of the materials and tune the parameters in the screw-assisted 3D printer. The
measurements were conducted in a parallel-plate theometer within the linear viscoelas-
tic regime at 220 °C. This temperature was chosen because it is well above the melting
temperature of both materials and falls within the range of typical temperatures used for
3D printing of PE [19]. HDPE-V shows higher complex viscosity |#*| at low frequency
(0.01-10 rad /s) compared to HDPE (Figure 4). The high viscosity seen at the lower end
of the frequency range tested was due to the presence of the characteristic crosslinked
network of the vitrimer. However, in the range of 10-100 rad/s, the complex viscosity
values of HDPE and HDPE-V are very comparable. Since the typical shear rate experienced
in screw-assisted 3D printing is usually higher than 10 s~!, it can be concluded that both
materials in this study can be processed at the same temperature [7,14].
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Figure 4. Complex viscosity |#7*| as a function of the frequency of HDPE and HDPE-V (220 °C).

Figure 4 also reveals the shear-thinning behavior of both polymers. The extent of shear
thinning was estimated by fitting the data in Figure 4 to the power-law model (Equation (3)),
where K is the consistency index and # is the power-law index. Low values of n indicate a
stronger shear-thinning behavior. The calculated values of n of HDPE and HDPE-V were
0.59 and 0.41, respectively. Therefore, the vitrimer has a higher shear-thinning dependency,
which is usually desirable in extrusion-based 3D-printing processes. Higher shear thinning
is usually desired for two reasons: (1) the polymer extruded through the nozzle (high
shear rate) should have high flowability, which translates into low viscosity values; and
(2) during the deposition step (low shear rate), the polymer should have high viscosity to
hold its shape under gravity and under the layers on top [7,38].

1

n=Kxq" ®)

3.2. Printing Challenges

Adhesion was the first challenge encountered when printing with HDPE and HDPE-V.
At room temperature, neither of the materials adhered to the aluminum bed substrate of
the AM1 Cosine. Previous studies have shown that adhesion between PE parts and the
bed can be improved by (1) increasing the build temperature to prevent solidification of
the first layer, or (2) by selecting an appropriate build material [17]. Some examples of
build materials include polypropylene (PP) [30], ultra-high molecular weight polyethylene
(UHMWPE) [39], or styrene-ethylene-butylene-styrene (SEBS) sheets [29]. As a first attempt
to improve bed adhesion, the build temperature was set to 125 °C. This would ensure that
the material was above the crystallization temperature, which could mitigate the shrinkage
and warpage that takes place when the material cools down. Additionally, this would
delay the crystallization, which could improve the polymer chain diffusion between the
beads, leading to lower mechanical anisotropy in the printed parts [40]. It was decided
to implement this method first due to the potential benefits this could bring to the final
parts’ properties. However, a high print bed temperature created a melt pool in the first
two layers of the printed material due to its low viscosity. Since print quality was an issue,
another approach to improve bed adhesion was utilized. The temperature of the bed was
decreased to 60 °C, and a PP substrate was used. A 1/16 inch PP sheet and a Magigoo PP
adhesive led to a significant increase in bed adhesion.

Additionally, a brim was added to the parts to further increase their adhesion. In-
corporating a brim around the part increases the interface of the print object with the
substrate. This can lower the debonding stresses and, consequently, decrease warpage.
Previous studies successfully reduced warpage when using a brim with five lines [19,41].
Additionally, Bachhar et al. showed that a 5-15-line brim did not change the warpage
significantly [41]. A five-line brim was sufficient to prevent delamination of the specimens
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presented in this study. A comparison of the printed parts without brims is shown in
Figure 5A, while those with brims are shown in Figure 5B.

A C Melt fracture

HDPE HDPE-V HDPE-V

Figure 5. Square plates (60 mm x 60 mm X 3 mm) produced (A) without brims and (B) with brims.
(C) Melt fracture observed in HDPE-V.

The second challenge observed when printing with HDPE-V was melt distortion,
more commonly known as melt fracture. This can be seen as a rough surface finish in
Figure 5C. Melt fracture is a type of flow instability that is common in extrusion operations.
At low shear rates, a stable, smooth stream at the exit of the die is usually observed in
polymer extrusion operations. However, at higher shear rates, the extrudate can become
distorted, and this depends on the type of polymer being extruded. Furthermore, there
is an agreement that melt elasticity, which is measurable by the storage modulus (G'),
plays a major role in the initiation of this type of flow instability [42,43]. The higher G/
values of HDPE-V compared to HDPE explain why melt fracture is initiated in the former
material (solid lines in Figure 6). The melt elasticity in HDPE-V is a consequence of the
crosslinked network.

10° Crossover——» 77.1radls _
T ]
e 0.34radls
2104 = E
(2] E
© ]
E 1
O 409 | E
=) ]
6 B
2 ]
®10? | E
—HDPE ]
—HDPE-V :
101 | TN B SRR B W T B E R TaT|

102 10 10° 10’ 102
Frequency [rad/s]
Figure 6. Dynamic moduli as a function of frequency for HDPE (black lines) and HDPE-V
(red lines) at 220 °C. Storage modulus (G') is represented by the solid lines and viscous modu-
lus (G”) is represented by the dashed lines.

It was important to reduce or eliminate melt fracture to avoid introducing voids
between the layers. Melt fracture, usually shown as surface distortions, occurs when
the polymer melt exits the die at throughput rates above a critical value. Therefore, the
extrusion speed was reduced from 800 mm /min to 500 mm /min, and the multiplier was set
to 1x. By decreasing the extrusion speed, the screw rotational speed (rpm)—and, therefore,
the throughput rate—was also decreased. Demonstration parts are shown in Figure 7A,B,
where an improvement in the surface finish can be seen. However, reducing the throughput
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led to under—extrusion, as can be observed from the gaps shown in Figure 7B with the red
arrows. The multiplier was increased to 1.2 x, which resolved this issue (Figure 7C). It is
important to note that reducing the print speed could lead to two advantages relevant to
this work: (1) it can reduce melt fracture, and (2) it can increase the weld time between
beads, which can promote interlayer adhesion [10].

A: Melt fracture B: Gaps C: Optimized

Figure 7. Print speed and multiplier optimization for HDPE-V to reduce melt fracture. (A) Speed:
800 mm /min; multiplier: 1x. (B) Speed: 500 mm/min; multiplier: 1x. (C) Speed: 500 mm/min;
multiplier: 1.2x.

Since ME-AM printing parameters can affect the final parts’ properties, it was essential
that all 3D-printed specimens were manufactured under the same printing conditions. As
previously discussed, the only parameter that required modification was the print speed.
When a print speed of 800 mm/min was used, HDPE did not show any flow distortion,
and the surface of the bead was smooth. However, HDPE-V exhibited flow distortions at
this print speed. HDPE-V is susceptible to melt fracture due to its crosslinked network and
melt elasticity [42,43]. For this reason, the print speed was decreased until no distortion
was observed. The final print speed used for all of the specimens was 500 mm/min.
Finally, the optimized printing parameters used for both materials (HDPE and HDPE-V)
are summarized in Table 2.

3.3. Shrinkage

During cooling, polymers experience a decrease in free volume between their macro-
molecular chains, which leads to shrinkage. The extent of shrinkage is greater in semicrys-
talline polymers such as PE due to their ability to crystallize [44]. Shrinkage can have a
significant impact on the dimensional accuracy and the appearance of the final product.
Any 3D-printed parts that shrink in an anisotropic manner could lead to potential issues
during and after the printing process. Parts with different amounts of shrinkage in the flow
and transverse flow directions can lead to part distortion. The undesirable deformation,
usually referred to as warpage, is caused by residual stresses that are created during cool-
ing [20]. Furthermore, warpage can lead to delamination during printing and, therefore,
to print failures. Even if delamination could be avoided during the printing step, the
dimensional accuracy of the final part would be affected. This could lead to issues during
assembly or end-use application.

Shrinkage perpendicular (Sy) and parallel (S;) to the print orientation was determined
in HDPE and HDPE-V. From Table 3, it can be observed that HDPE-V experienced less
shrinkage in both directions in comparison to HDPE. This result can be explained by the
lower degree of crystallinity of HDPE-V (72.4%) compared to HDPE (77.9%). Additionally,
both materials shrink in an anisotropic manner (S; > Sy). This behavior could be a result of
the induced molecular orientation upon shear flow during extrusion [45].

Table 3. Shrinkage perpendicular (S;) and parallel (S;) to the print orientation in the plates shown in
Figure 2C.

Sample Sw (%) S; (%)

HDPE 091 £0.13 2.62 £0.15
HDPE-V 0.08 £ 0.03 1.87 £0.12




Polymers 2023, 15, 1332

10 of 14

E' [MPa]

3.4. Mechanical Properties

The viscoelastic behavior of untreated and annealed samples was determined using
DMA under tension loading. Measurements were conducted at room temperature with the
loading parallel (0°) and perpendicular (90°) to the print direction. Samples manufactured
via compression molding were included for comparison purposes. Figure 8A,B show the
storage modulus (E') of HPDE and HDPE-V specimens, respectively. For all samples, E’
increased with increasing frequency. This is consistent with the time-dependent behav-
ior of polymers in response to deformation. At higher frequencies or smaller timescales,
these materials behave more like solids, as characterized by higher E’, whereas at lower
frequencies or smaller timescales the samples behave more like fluids, as shown by

lower E'.
HDPE HDPE vitrimer 1 F HDPE vitrimer
[ ] I ] I (Annealed) ]
r ooo A - 1 3 1
1500 |- gmmm 4 1500 |- — ]
[ 1 [ mummmmEs 1 i W““" 1
[ 000000000000000000000°%° | & | AMAAAAAAAAAAMAAAAAAAALAL ] @' : :
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Figure 8. DMA frequency sweeps of compression-molded (CM) samples and 3D-printed specimens
with loading parallel to the bead orientation (0°) and perpendicular to the bead orientation (90°):
(A) HDPE, (B) HDPE-V, and (C) HDPE-V after an annealing process.

Specimens manufactured via compression molding exhibited the highest modulus,
followed by 3D-printed samples in the 0° and 90° orientations. For all samples, HDPE
exhibited higher E' compared to HDPE-V. Previous research has demonstrated a linear
relationship between crystallinity and stiffness [35]. Higher crystallinity in HDPE explains
its higher modulus compared to HDPE-V. HDPE samples tested in the 0° orientation
showed a drop of approximately 100 MPa in E’ relative to compression-molded HDPE,
while the 90° orientation showed a drop of around 300 MPa. HDPE-V printed with 0° and
90° orientations showed a drop of approximately 250 MPa and 350 MPa in E’, respectively,
relative to the compression-molded sample in the entire frequency range.

Both materials displayed mechanical anisotropy consistent with material extrusion
3D printing. However, HDPE showed a lower degree of anisotropy compared to HDPE-V.
This can be explained by the stronger interlayer adhesion in HDPE samples. Improved
interlayer adhesion is expected if the chain interdiffusion is promoted [10]. The latter can
happen if the viscous modulus (G”) of the melt dominates over the elastic modulus (G') in
the terminal region. Both materials satisfied the condition of G” > G’ in the terminal region
(Figure 6). However, the ratio of G” to G’ of HDPE and HDPE-V in the terminal region was
2.5 and 1.9, respectively. Hence, a higher interlayer adhesion is expected in HDPE.

A thermal post-processing treatment was conducted to improve the chain interdiffu-
sion between layers and reduce the mechanical anisotropy. In the context of Figure 8, lower
mechanical anisotropy refers to narrowing the gap between the storage modulus (G') in the
0° and 90° orientations. A temperature closest to the end of melting of HDPE and HDPE-V
was chosen to ensure the destruction of crystallites and to enhance chain mobility. As previ-
ously observed from the DSC scans (Figure 3), both HDPE and HDPE-V samples were fully
melted at 150 °C. When observing the samples being heated in the oven, it was revealed
that the entire sample melted after 10 min. After annealing the HDPE specimens used in
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the DMA testing, the samples were completely deformed, while the HDPE-V specimens
suffered comparatively minor changes in dimensions. A visual demonstration of the an-
nealing process conducted in a prototype part is shown in Figure 9. Although in the present
study the mechanical anisotropy was dramatically reduced in HDPE-V—as observed by
the increase in modulus in the 0° and 90° orientations (Figure 8C)—future studies should
focus on improving the annealing methodology. An improved post-annealing dimensional
accuracy will enable the usage of HDPE-V in ME-AM processes to manufacture functional
isotropic parts.

A: Before annealing B: After annealing

HDPE HDPE-V HDPE HDPE-V

Figure 9. Visual demonstration of the annealing process: (A) before placing the parts in the oven,
and (B) after 10 min in the oven at 150 °C.

3.5. Microstructures

The microstructure of the samples was observed using SEM to elucidate their interlayer
adhesion and the presence of voids. Figure 10A-C depict the SEM micrographs of the
3D-printed samples normal to the print direction (X-Z view of the samples shown in
Figure 2B). Similarly, Figure 10D-F show the SEM micrographs of the 3D-printed samples
parallel to the print direction (Y-Z view of the samples shown in Figure 2B). Interbead
gaps characteristic of ME-AM were observed in the cross-section of HDPE and HDPE-V.
Furthermore, small voids were observed in the HDPE-V samples parallel to the print
direction (Figure 10E). These voids could have been introduced during the deposition step.
This could be a result of the high viscosity of HDPE-V, which hindered the formation of
a strong weld. The presence of these small voids could also contribute to the mechanical
anisotropy found in HDPE-V (Figure 8B). Finally, after annealing, the interbead gaps were
dramatically reduced and the layer adhesion was improved, as shown in Figure 10C.

HDPE HDPE-V HDPE-V (After annealing)

1mm

1mm 1mm

1 mm

Figure 10. SEM imaging of the samples shown in Figure 2B: (A—C) 3D-printed samples normal to the
print direction (X-Z view in Figure 2B), and (D-F) 3D-printed samples parallel to the print direction
(Y-Z view in Figure 2B).
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4. Conclusions

Material extrusion 3D printing of HDPE and HDPE vitrimers was conducted. The
main achievements of this work are as follows:

- Bed adhesion of HDPE and HDPE vitrimer parts was improved by using a PP
bed substrate.

- Extrudate distortion (melt fracture) in HDPE vitrimers was resolved by decreasing
the print speed.

- Rheological measurements indicated that the vitrimer has a higher shear-thinning
dependency, which is usually desired in extrusion-based 3D-printing process.

- Thermal measurements demonstrated that HDPE vitrimers had a lower degree of
crystallinity, which led to lower shrinkage during printing and increased dimen-
sional accuracy.

- Viscoelastic measurements revealed the mechanical anisotropy of parts consistent
with material extrusion 3D-printing processes. Interlayer adhesion was improved,
and the void content was reduced in HDPE-V after a thermal post-processing step. In
consequence, mechanical anisotropy was significantly reduced in HDPE-V.
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