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Abstract

In this work, a polyamide hot melt adhesive was evaluated as a feedstock for material extrusion
additive manufacturing (AM). This adhesive, Technomelt PA 6910, is a semicrystalline polymer
with a sub-ambient glass transition temperature, intermediate melting temperatures, and low
recrystallization temperature. Due to this combination of properties, Technomelt PA 6910 is a
room temperature flexible material that exhibits high toughness and strength, and good adhesion.
Technomelt PA 6910 was extruded into filament form and printed using fused filament fabrication
(FFF), a desktop form of material extrusion AM. The effect of extruder temperature on print
quality and mechanical properties and the effect of raster angle and layer height on mechanical
properties of prints were studied. Optimized print parameters, as well as the material’s low
viscosity, resulted in void-free prints that exhibited isotropic tensile properties comparable to or
better than compression molded values. This work broadens the material window for FFF and
demonstrates that hot melt adhesives can be used to additively manufacture optically transparent,
flexible structures capable of >1200 % strain to failure. The mechanical properties of Technomelt
PA 6910, combined with FFF as a versatile processing technique, make this material a candidate
for a variety of applications in which transparency, design complexity, and flexibility at a wide
range of temperatures are desired.

Keywords: material extrusion, fused filament fabrication, elastomers, hot melt adhesives, flexible
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1. Introduction

Fused filament fabrication (FFF), a desktop form of material extrusion, is the most common
additive manufacturing (AM) technique for thermoplastics. In FFF, thermoplastic filaments are
heated until molten, then extruded onto a print surface layer-by-layer. Broader adoption of FFF is
limited by challenges such as narrow material range, anisotropic mechanical properties, and
inferior mechanical properties as compared to traditional manufacturing techniques such as
injection molding or compression molding [1-5].

Acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) are the most popular polymers
used in FFF due to their good printability, low cost, and mechanical properties [2,6—10]. The
crystalline regimes in semicrystalline polymers enhance their strength and chemical resistance;
however, increased crystallinity can also lead to more brittle materials. As a result, in conventional
plastics manufacturing, processing conditions and material selection are optimized to lead to the
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desired crystallinity and resulting properties for a given application. The rapid heating and cooling
inherent to FFF lead to complex crystallization behavior [11,12], warpage [13,14], and poor weld
strength [15,16]. Semicrystalline polymers that have been used in FFF include PLA [12,17-20],
low density polyethylene (LDPE) [21], polycaprolactone (PCL) [22,23], poly(ether ether ketone)
[15,24-27], poly(ethylene terephthalate),[ 16] caprolactam-based polyamides (commonly referred
to as nylons) [28-30], polypropylene (PP) [13,14,31,32], poly(phenylene sulphide) (PPS)
[11,13,33], poly(L-lactide) (PLLA)[34,35] and polybutylene succinate (PBS) [36]. In general
these are plastic-grade polymers with high viscosities and rapid crystallization to different levels
of ultimate crystallinity depending on cooling rate and chemical structure of the material.

Blending with amorphous polymers or compounding with reinforcements have been reported as
strategies to control crystallization and warpage of prints [37—40]. For example, Spoerk et al. found
that the addition of 10 vol.% short carbon fiber to PP substantially reduced warpage [40]. The
same group later reported that glass microsphere-filled PPs could be optimized with greater
interfacial compatibility to both reduce warpage and improve impact strength [41].

Thermoplastic elastomers (TPEs) offer high flexibility and good solvent and chemical resistance,
which lead to their use in industries including automotive, footwear, medical devices, and
adhesives and sealants [42]. FFF of TPEs is an emerging area of research, since AM enables part
complexity and customization. TPEs typically suffer from filament buckling, although sufficiently
high elastic moduli allow the filament to act as a piston, driving the melted polymer through the
nozzle without buckling [5,43]. Filament buckling has also been addressed by development of
pellet-fed printers [44], by use of direct feed printers that support the filament the whole path from
leading rollers to the heating chamber, by making custom changes to available printers, and by
cooling the filament to increase filament column stiffness [45,46]. Another challenge with printing
TPEs is annular backflow, in which low viscosity melt flows backward (i.e., away from the nozzle
exit) and stops the print by solidifying around the filament. Backflow can be avoided by tight
control of the filament diameter and by increasing the feed rate, which enables printing in the shear
thinning regime [5]. However, increased print speeds increase the filament’s propensity to buckle
[43]. Therefore, optimization of print speed is required to avoid buckling and annular backflow.

Similar to rigid thermoplastics, FFF-printed elastomers suffer from inferior and anisotropic
mechanical properties [46,47]. Chaudhr et al. studied the effect of raster angle, layer height, and
infill percentage on the mechanical performance of thermoplastic polyurethane (TPU) prints.
Varying the raster angle resulted in anisotropic mechanical properties of prints and decreasing the
layer height from 0.4 mm to 0.1 mm increased the tensile strength of prints by 36.5 %. Infill
percentage was found to be a critical factor influencing mechanical properties of prints at high
strain rates [46]. Ellson et al. studied the effect of raster angle on the mechanical strength of
polythiourethan by printing 1 mm thick vertical sheets and cutting tensile bars with roads parallel
(0°) and perpendicular (90°) to the applied load. Samples with 90° raster angle failed before yield
with less than 10 % elongation at break, while 0° raster angle samples showed over 300 %
elongation at break. These anisotropic mechanical properties are attributed to the limited mixing
between layers in FFF process, which results in voids between layers [47]. Lin et al. minimized
voids in FFF-printed TPU parts by modifying the layer height. However, they could not eliminate
voids, which resulted in anisotropic mechanical properties. Lower layer height improved
molecular diffusion and bonding strength through the squeezing effect and high pressure of the
nozzle on printed roads [48].



In this study, Technomelt PA 6910, a polyamide-based semicrystalline hot melt adhesive was
printed using FFF. Hot melt adhesives are solvent-free adhesives that are commonly used in
bookbinding, shoe making, and other lamination applications where use of solvents is untenable.
Technomelt PA 6910’s sub-ambient glass transition temperature (T,) and high melting temperature
(Tm) lead to flexibility as well as high toughness and strength. This combination of properties
makes it an interesting candidate for FFF. Its printability, the effect of processing on weld strength,
and the effect of processing during filament fabrication and FFF printing on crystallization were
investigated.

2. Materials and Methods

2.1 Materials

Technomelt PA 6910, which is a semicrystalline flexible thermoplastic, was used in this study. It
was kindly provided by Henkel Corporation in the form of strand cut pellets. It is a polyamide-
based hot melt adhesive.

2.2 Filament Extrusion

A Dr. Collin single screw extruder (COLLIN Lab & Pilot Solutions GmbH) was used to extrude
filaments with a diameter of 2.85+0.06 mm using a 3.5 mm diameter die. The transition zone of
the extruder was set to a melting temperature of 195 °C and screw speed of 20 rpm. The extruded
filament was water cooled and a Davis-Standard Corporation caterpillar puller was used to adjust
the filament diameter by pulling at a speed of 19.8 rpm. The tight tolerance in filament diameter
is critical for achieving uniform material extrusion during FFF. Therefore, filament diameter was
measured using a digital caliper every 30 seconds during extrusion to assure tight tolerance along
with whole length of the three collected spools of filament.

2.3 FFF

Tensile bars and single wall hollow boxes were printed on an Ultimaker 3 with a 0.4 mm nozzle
diameter in a laboratory with temperature controlled at 22 + 1 °C. One set of tensile bars were
printed at home on the same printer under less controlled temperature conditions (18-23 °C), which
offered an opportunity to investigate the effect of printing environment on tensile properties. Cura
4.3, an open source slicer, was used to generate G-code. Tensile bars were printed with samples
oriented in the XY plane, meaning that the largest surface area plane of the specimen was in contact
with the print bed. The print bed temperature was set to 60 °C for all prints. Since this is the first
report of FFF of hot melt adhesives, a range of print parameters were attempted to determine the
combination that provides acceptable print quality. Print parameter combinations that were
investigated are summarized in Table 1. The effect of different temperatures and layer heights on
mechanical performance of prints was investigated. Raster angle, which is defined as the angle
between the direction of the infill roads with respect to the X-axis of the print bed, was also varied
to assess its effect on printability and tensile properties. 0°, 45°, and 90° raster angles were
investigated. Good quality specimens were achieved at a print speed of 30 mm/s, extruder
temperature of 220 °C, layer height of 0.15 mm, and infill percentage of 110%. Additionally, 3 cm
tall single wall boxes sides 10 cm in length were printed at an extruder temperature of 220 °C,
print speed of 30 mnv/s, and layer height of 0.15 mm. Trapezoidal prisms were also printed to
assess the ability to print overhangs with 45° and 60° angles.



Table 1. Print parameters for tensile bar fabrication

Sample | Extruder Print Raster | Layer | Infill | Printing
Temperature | Speed | angle | Height | (%) | Environment
(O (mnys) | () (mm)
A 220 30 0 0.15 110 | Laboratory
B 220 30 45 0.15 110 | Laboratory
C 220 30 90 0.15 110 | Laboratory
D 160 30 90 0.15 110 | Laboratory
E 180 30 90 0.15 110 | Laboratory
F 200 30 90 0.15 110 | Laboratory
G 240 30 90 0.15 110 | Laboratory
H 220 30 90 0.06 110 | Laboratory
I 220 30 90 0.30 110 | Laboratory
J 180 30 0 0.15 110 | Laboratory
K 220 30 0 0.15 110 | Home
2.4 Rheology

Rheological characterization was conducted using both capillary and parallel plate rheometers.
Capillary rheology was performed on as-received pellets at temperatures from 140 °C to 220 °C
in 20 °C increments to determine the viscosity of Technomelt PA 6910 at high shear rates ranging
from 1000 1/s to 7000 1/s. It was conducted on a Dynisco LCR 7000 rheometer using capillaries
with 0.762 mm diameter and three different lengths. Parallel plate rheology was performed using
an ARES-G2 (TA Instruments) rheometer at 220 °C with a gap size of approximately 1.35 mm,
using 25 mm diameter discs. Rheological analyses were performed on three samples for each
condition. However, due to the extremely good repeatability of results (no more than 0.03 %
variability), only one of them was used for further analysis.

2.5 Thermal Analysis

Thermal analysis was used to determine transition temperatures and to investigate the effect of
rapid cooling, such as that associated with FFF, on crystallization. Thermogravimetric analysis
(TGA) was performed on as-received pellets to determine the degradation temperature of
Technomelt PA 6910. TGA was conducted on two samples from as-received pellets using a
Discovery TGA (TA Instruments) and samples were heated at 10 K/min to 700 °C under a nitrogen
atmosphere. Differential scanning calorimetry (DSC) was performed on as-received pellets,
extruded filaments, and printed specimens. The samples from printed specimens were taken from
tensile bars and also from top and bottom layers of single-wall printed hollow boxes. DSC was
conducted on three samples for each thermal cycle using a Discovery DSC (TA Instruments). The
samples for DSC were prepared in aluminum hermetic pans. Samples were heated from -50 °C to
250 °C, cooled to -90 °C, and again heated to 250 °C with heating and cooling rates of 10 K/min.

2.6 Tensile Testing

Six ASTM D638-14 type-V tensile bars were printed for each set of parameters. Tensile testing
was conducted on an Instron 4444 with a 2 kN load cell in accordance with ASTM D638-14. A
crosshead speed of 75 mm/min was used so that rupture time fell within the recommended time
range of 30 seconds to 5 minutes.



2.7 Scanning Electron Microscopy (SEM)

SEM was performed with a JEOL JSM 6390 (Jeol USA Inc). Cryogenic fractured cross-sections
of one sample for each printing condition were imaged to investigate the welding quality between
printed roads. Fracture surfaces of tensile bars were also imaged by SEM to assess fracture.

2.8 Ultraviolet/Visible (UV/Vis) spectroscopy

To evaluate transparency of the printed tensile bars, UV/Vis spectroscopy was performed on a
Cary 8454 spectrophotometer. The tensile bar printed according to condition A was placed into
the chamber and scanned from 200—1100 nm at 1 nm intervals. Two bars were characterized.

3. Results and Discussion

3.1 Filament Extrusion

The temperature range for filament extrusion was obtained based on TGA and DSC analysis. From
TGA (Supplementary Information, Fig. SI.1), the degradation onset temperature of Technomelt
PA 6910 is 420 °C. Thus, processing must be performed below 420 °C to avoid degradation of the
resin. To determine the lower bound of the processing temperature range, DSC was performed on
as-received pellets (Fig. 1). Two melting peaks were observed, at 68 °C and 84 °C, in the first
heating cycle. Therefore, the melt processing window was determined to be between the second
melting point, 84 °C, and the degradation onset temperature, 420 °C.

Die drool was observed when the metering zone temperature was set below 195 °C. Die drool
occurs when shorter polymer chains or additives migrate to the die wall and is due to the increased
shear stress. Die drool can increase at high or low temperatures, and optimized extrusion
temperature profile is required for each material [49]. By increasing the temperature in the
metering zone of the screw to 195 °C, die drool was avoided. Additionally, this higher temperature
resulted in the melt being extruded in a stable state, which made it easier to control the filament
diameter to 2.85 mm with tight tolerance.
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Figure 1. DSC of as-received Technomelt PA 6910 pellets.



3.2 Rheology

Results from capillary rheology of Technomelt PA 6910 at different temperatures are shown in
Fig. 2. Shear-thinning was observed, as well as a decrease in the viscosity with increasing
temperature, which are characteristics of thermoplastic materials. To investigate the viscosity at

printing temperature, the apparent shear rate under printing condition was calculated according to
Eq. 1:

. _ 40
Yapp T s (1)

Yapp 1S the apparent shear rate (1/s), Q is the volumetric flow rate (mm?>/s), and r is the nozzle radius
(mm). Eq. 1 assumes a Newtonian fluid, which Technomelt PA 6910 is not based on the shear-
thinning shown in Fig. 2. Therefore, a power-law correction, Eq. 2, was applied to obtain corrected
wall shear rate:

. 1. 1
Ywan = Zyapp [3 + ;] (2)

Ywall 1 the corrected wall shear rate and n is the power-law index. n was calculated to be 0.64 by
fitting the slope of the log complex viscosity vs. log angular frequency in the non-linear region
(4 rad s to 250 rad s™). The Ywan was calculated as 684 s™ [50].

Figure 2. Capillary rheology of Technomelt PA 6910 as-received pellets at a range of FFF-relevant
temperatures.

The shear viscosity of Technomelt PA 6910 feedstock at the printing condition was determined by
combining the data from parallel plate and capillary rheology as shown in Fig. 3. The Bagley and
Rabinowitsch corrections were applied to the shear stress and shear rate data from capillary
rheology results to remove entrance effects and correct for a non-parabolic velocity profile,
respectively. From Fig. 3, alignment is seen between corrected capillary rheology data and parallel
plate rheology data as suggested by the Cox-Merz relationship [51]. The viscosity of Technomelt
PA 6910 at the calculated wall shear rate of 684 s is estimated to be 45 Pa‘s, which is notably
lower than other printable thermoplastics at similar shear rates. The viscosities of a number of
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ABS grades at 240 °C and 684 s range from 110 to 130 Pa-s, while viscosities for commercially
available TPUs range from 90 to 110 Pa's at 220 °C and the same shear rate [52].
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Figure 3. Rheological behavior of Technomelt PA 6910 at a temperature of 220 °C.

3.3 FFF

A print speed of 30 mm/s was used for FFF because the Technomelt PA 6910 filament is flexible
and, therefore, prone to buckling while passing through the feeding system gear at higher print
speeds. At higher print speeds, buckling of the filament decreased the extrusion rate of the melt
from the nozzle, or even stopped extrusion and caused print failure. No shrinkage or warpage was
observed in printed structures, which is attributed to the slow crystallization, and strong adhesion
of the first layer of printed material to the glass build plate, respectively.

The effect of extrusion temperature on print quality was investigated by printing tensile bars at a
range of temperatures (160 °C-240 °C, sample conditions C, D, E, F, and G from Table 1). Images
of these samples are provided in Fig. 4. The tensile bars printed at 160 °C-200 °C exhibited poor
weld quality and interlayer adhesion, which resulted in opaque prints as shown in Fig. 5a. The
poor weld quality at low temperatures is due to the failure of the hot end to melt and extrude
material through the nozzle at the rates required for a print speed of 30 mm/s. By increasing the
temperature to 220 °C and 240 °C, improved interlayer adhesion was observed, which resulted in
transparent samples as seen in Fig. 5b. At an extruder temperature of 240 °C, in spite of good
interlayer welding, flash was observed on the bar edges due to the over extrusion caused by shear
thinning and reduced viscosity of the extruded material. Since the flash was seen in initial layers,
it seems that this low viscosity melt that was printed in contact with the heated print bed was not
able to cool down fast enough to retain its shape. Based on these results, an extruder temperature
of 220 °C was selected as the default for further investigation. The effect of layer height
(0.06 mm, 0.15 mm, and 0.3 mm), raster angle (0°, 459, and 90°), and room temperature on print
quality was also investigated by printing tensile bars with the sample conditions of A, B, C, H, I
and K from Table 1.



Under Extrusior

Figure 4. Tensile bars printed at different extruder temperatures: a. 160 °C; b. 180 °C; ¢. 200 °C;
d. 220 °C; e. 240 °C, sample conditions of C, D, E, F, and G from Table 1.

ersity of
LV i ;}L‘hii\:._'ﬂ\
Lowell

n

University of
Massachusertts
Lowell

Figure 5. Effect of extruder temperature on transparency of samples printed at a. 180 °C (sample
condition A); b. 220 °C (sample condition J).

Technomelt PA 6910 can be printed in more complicated geometries with large overhangs, as
shown in Fig. 6a. It was printed at 220 °C with a print speed of 30 mm/s and a layer height of
0.15 mm. Additionally, the printed structures are highly flexible, as shown in Fig. 6b.



Figure 6. a. FFF printed trapezoidal prism with the 45° and 60° overhangs; b. Tensile bar (sample
condition C) exhibiting high flexibility.

UV/Vis spectroscopy was performed on the tensile bar shown in Fig. 5b to evaluate its
transparency. The results (shown in Fig. SI.2) give 12-16 % transmittance in the range of visible
light (400 to 700 nm). The light transmission through the 3.5 mm thick tensile bar is higher than
that through 0.4 mm thick walls printed using clear PLA, and HD Glass [53]. However, the light
transmittance is lower than expected based on Fig. 5b. We attribute the lower than expected
transmittance to light scattering from the rough surface of the printed tensile bar as a result of the
layer lines. Therefore, coating the surface with a transparent resin [53] and/or polishing the rough
surface would be expected to improve light transmission through the prints [54].

3.4 Tensile Testing

The results from tensile testing of printed bars at different raster angles can be seen in Fig. 7 and
Fig. 8. All samples yield around 50 % strain. Parts with 0°, 45°, and 90° raster angles exhibit
similar behavior, with no statistically significant differences in yield strain (&y), yield strength (oy),
and ultimate tensile strength (or) at a 95% confidence interval (one-way analysis of variance,
p <0.05). Elongation at break (ef) is statistically significantly lower in parts with 0° raster angle
(p <0.05), but the results are all still within 1,104 — 1,265 % strain. The observed isotropic tensile
properties of FFF prints are unexpected, since the highest mechanical properties typically occur in
prints with a 0° raster angle because loading occurs along the length of printed roads in this print



orientation [2,8,17,55-57]. The isotropic mechanical properties of prints indicate excellent
bonding between roads.
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Figure 7. Tensile testing results of samples A, B, and C from Table 1. a. 0°; b. 45°; c. 90° raster
angle.
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Figure 7. Tensile analysis of samples printed with different raster angles. a: Yield strength
versus yield strain, b: Ultimate tensile strength versus strain to failure. Error bars represent 95 %
confidence intervals.

Some samples with a 0° raster angle were printed at home under a less controlled temperature and
humidity environment (sample condition K). Tensile testing results are shown in Fig. 9. Printing
at home resulted in a 10% decrease in oy and significant fluctuations in of and &r. These differences
are likely due to different cooling rates and minimum temperatures during printing of the part due
to variations in the room temperature during printing, which can alter crystallization. To minimize
possible effects of humidity, filament and printed parts were stored in sealed containers except for
during print. This approach was deemed successful based on an absence of bubbles or foaming
observed during printing.

As roads are extruded during FFF, they experience high shear stresses that can cause stretching
and orienting of polymer chains in the print direction [58]. Crystalline regimes primarily contribute
to the pre-yield mechanical properties, while amorphous regimes contribute more to the post-yield
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strength. Therefore, differences in tensile properties for samples printed at home can result from
differences in crystallization kinetics.
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Figure 9. Tensile testing results of samples with 0° raster angle printed at home (printing condition
K from Table 1).

Indeed, samples printed in a laboratory environment with controlled temperature exhibit an melt
enthalpy that is 10.8 % higher than in 0° prints (Supplementary Information, Fig. S1.3). From these
results, the lower yield strength for printing condition K may be attributed to the faster cooling
due to the lower environment temperature, which results in faster cooling to temperatures below
crystallization temperature and lower crystallization. Lower percent crystallinity decreases the
yield strength and possibly also ultimate tensile strength [59]. The large effect of room temperature
on crystallization of Technomelt PA 6910 is likely due to its sub-ambient T and low Ty, which
suggests that crystallization at room temperature plays a significant role in the final crystalline
content of prints. Motivated by these findings, ongoing efforts by the authors include in-depth
characterization of Technomelt PA 6910’s crystallization kinetics.

Results from tensile testing of specimens printed at a range of temperatures are shown in Fig. 10.
By increasing the temperature from 180 °C to 220 °C, yield strength and tensile strength of the
printed parts improved. However, tensile bars printed at 220 °C exhibit statistically significantly
higher ultimake tensile strength as compared to bars printed at 240 °C (p < 0.05). Specimens
printed at 240 °C exhibited similar enthalpy of crystallization to 220 °C prints
(Supplementary Information, Fig. SI.3). These results indicate that percent crystallinity is not the
source of lower mechanical properties at 240 °C. It is unlikely that the differences in tensile
properties are due to degradation given Technomelt PA 6910’s decomposition temperature of
420 °C. Possible reasons include differences in where crystalline regimes form at the two extrusion
temperatures and differences in chain alignment. The first possible explanation is being explored
in ongoing modeling work.
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Figure 10. Stress-strain curves for tensile bars printed at extrusion temperatures a. 200 °C; b.
240 °C. c. Tensile properties of samples printed at a range of extrusion temperatures (sample
conditions C, E, F, and G). Error bars represent 95 % confidence intervals.
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The effect of layer height on tensile properties can be seen in Fig. 11. Samples printed with a layer
height of 0.15 mm exhibit the highest tensile properties, while the samples with a layer height of
0.06 mm exhibit the lowest mechanical properties. The lower layer height reduces to amount of
contact between adjacent roads in the X-Y plane, which may explain this drop in properties.
Conversely, the lower nozzle pressure associated with the higher layer height of 0.3 mm may be
the reason for lower properties than the 0.15 mm condition. The small error bars in tensile
properties of samples with the layer height of 0.3 mm, implies that the applied pressure at lower
layer heights is the possible source of higher variability in tensile properties at lower layer heights.
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Figure 8. Tensile properties of specimens with different layer heights (sample conditions C, H,

and I). a. Yield strength versus yield strain; b. Ultimate tensile strength versus strain to failure.
Error bars represent 95 % confidence intervals.

Overall, the mechanical properties do not change a large amount for layer heights ranging from
0.06 mm to 0.3 mm. It can be concluded that extrusion temperature plays the most important role
in the printed properties of this material. The low viscosity of this material at high temperatures
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improves interlayer adhesion, which overwhelms any effect of pressure change as a result of layer
height variation.

The yield strength and ultimate tensile strength of compression molded samples are reported by
the supplier as 11 MPa and 26 MPa, respectively, which are comparable with printed samples at
different raster angles and an extruder temperature of 220 °C.

Cryogenically fractured cross-sections of FFF tensile bars printed at 220 °C with different raster
angles are shown in Fig. 12 a, ¢, and e. No voids are apparent between deposited roads, which is
unusual for FFF parts. Good consolidation between roads is observed and printed roads are not
distinguishable, which is likely due to Technomelt PA 6910°s low viscosity under print conditions.
Fracture surfaces of the samples with different raster angles from tensile tests are shown in
Fig. 12 b, d, and f. All three raster angle fracture surfaces show crack propagation across multiple
layers, which contributes to increased strength and toughness. The presence of fibrils on the
fracture surface and path change during fracture between different layers indicate a high amount
of plastic deformation before failure, which results in ductile fracture. The cryogenically fractured
cross-section and tensile surface of a FFF tensile bar printed at home are shown in Fig. 13 a and
b. The folding next to the fracture paths in the tensile fractured cross-section of the sample
indicates substantial elastic deformation before failure and lower toughness of the part. However,
multiple narrow fracture paths suggest some extent of plastic deformation as well [60,61]. The
lower toughness of parts printed at home can be due to the lower crystallization of the parts. For
all parts, fracture surfaces are void-free and the boundaries between roads in a single layer cannot
be distinguished, which is consistent with their isotropic tensile properties. This feature is rare,
with most reports of fracture surfaces from FFF structures exhibiting visible voids and non-
consolidated roads within a layer [62—-64]. Previous work has demonstrated that voids between
roads can be minimized by changing the infill percentage in different layers [65]. The absence of
voids between adjacent beads in this study leads to a high density/high solidity ratio [66], which
facilitates high mechanical properties and comparable ultimate tensile strength and yield strength
with compression molded parts. Additionally, void-free cross-sections indicate that the differences
in void fractions are likely not the cause ofthe fluctuation in mechanical properties in home-printed
samples seen in Fig. 9.

The absence of voids is attributed to the optimized print parameters as well as the low viscosity of
Technomelt PA 6910 under print conditions. Technomelt PA 6910’s low viscosity allows for high
inter- and intra-layer polymer diffusion. Optimal printing conditions include an extruder
temperature 136 K above T, (185 K above the crystallization temperature, Tc), which extends the
time between road deposition and solidification.
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Figure 9. SEM images from cryogenic fracture surfaces (a, c, €) and tensile fracture surfaces (b,
d, e) of samples A, B, and C from Table 1. a,b. 0°; c,d. 45°; e,f. 90° raster angles. Images show a
y-z plane of the tensile bars.
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Figure 10. SEM images from cryogenic fracture surface (a) and tensile fracture surface (b) of
sample K from Table 1. These specimens were printed at home with 0° raster angle. Images
show a y-z plane of the tensile bars.

3.5.DSC

Results from DSC of as-received pellets, filament, and different sections of printed parts are shown
in Fig. 14. Two melting peaks are observed around 68 °C and 84 °C, indicating two distinct
crystalline morphologies. The first peak is most distinct in as-received pellets. In pellet processing,
shear-induced crystallization occurs in the skin of strands, and the relatively larger size of the first
peak in the as-received pellets suggests that the cooling rate was slow enough or the annealing
time was long enough to promote crystal growth. In the second heating cycle of pellets, thermal
history from processing is removed and there are no signs of the first melting peak. In filament
processing, the fast cooling rate (water-cooled) suppresses the growth of shear-induced spherulites,
and therefore, the first melting peak shrinks. The second peak widens due to the slower cooling in
the filament core and growth of crystallites. Printed structures exhibit a negligible first melting
peak, which is desirable in terms of higher service temperature. An explanation for this
phenomenon is that shear-induced crystallization is a secondary crystallization mechanism in FFF
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because high print temperatures enable relaxation of extrusion-oriented polymer roads before
reaching T [67].

The enthalpy of melting as shown in Fig. 14b is highest in the first heating cycle of pellets, which
is due to the shear stresses applied during processing, the thermal history of pellet processing, and
long annealing time (some weeks) at room temperature before testing. Due to the short annealing
time and no shearing, the enthalpy of fusion is lower in the second heating cycle of pellets. In the
bottom layers of printed samples, the cooling rate is slower due to the proximity to the heated print
bed or additional thermal mass [68], which facilitates annealing at higher temperatures. For the
cube bottom, the amount of crystallinity returns to the level of as-received pellets. The
transparency and high flexibility of printed structures indicate that crystallites are sufficiently
small to allow light transmission, which leads to transparency while maintaining mechanical
properties that are comparable to compression molded samples.
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Figure 11. a. DSC of Technomelt PA 6910 after different processing conditions. Graphs are
shifted vertically; b. Melt enthalphy results from DSC of Technomelt PA 6910 after different types
of processing. n = 3 and error bars represent 95 % confidence intervals.
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4. Conclusions

Optimizing print parameters to take advantage of hot melt adhesives’ low viscosities, slow
crystallization, and high melt strengths have been shown to be an effective means for improving
the mechanical properties of printed parts and eliminating voids within prints. An extruder
temperature of 220 °C resulted in smooth printing of roads at a print speed of 30 mm/s.

While dependence of tensile properties on raster angle is well-established, Technomelt PA 6910
exhibited isotropic tensile properties in prints with the raster angles of 0°, 45°, and 90°. Ambient
temperature was observed to affect percent crystallinity and tensile properties of Technomelt 6910
prints, due to this material’s sub-ambient T,, which facilitates crystallization at room temperature.
The parts printed at raster angles of 0°, 45°, and 90° with an extrusion temperature of 220 °C
exhibited ultimate tensile strengths comparable with compression molded parts. The effect of layer
height on mechanical properties of printed structures is not significant because excellent
coalesence is achieved at the extrusion temperatuer used for all layer heights. At all raster angles,
elongations were very high — more than 520 % — and above that reported for compression molded
samples of the same material (~500 %). The recovery of crystallinity during printing to that of the
as-received material is likely a contributing factor in achieving mechanical properties comparable
to bulk. Combined, this work broadens the material window for FFF and demonstrates that hot
melt adhesives can be used to additively manufacture optically transparent, flexible structures
capable of >1200 % strain to failure with isotropic tensile properties.
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