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Abstract

Purpose — The purpose of this study is to understand how printing parameters and subsequent annealing impacts porosity and crystallinity of 3D
printed polylactic acid (PLA) and how these structural characteristics impact the printed material’s tensile strength in various build directions.
Design/methodology/approach — Two experimental studies were used, and samples with a flat vs upright print orientation were compared. The
first experiment investigates a scan of printing parameters and annealing times and temperatures above the cold crystallization temperature (7.) for
PLA. The second experiment investigates annealing above and below T, at multiple points over 12 h.

Findings — Annealing above T, does not significantly impact the porosity but it does increase crystallinity. The increase in crystallinity does not contribute to
an increase in strength, suggesting that co-crystallization across the weld does not occur. Atomic force microscopy (AFM) images show that weld interfaces
between printed fibers are still visible after annealing above T, confirming the lack of co-crystallization. Annealing below T, does not significantly impact
porosity or crystallinity. However, there is an increase in tensile strength. AFM images show that annealing below T, reduces thermal stresses that form at the
interfaces during printing and slightly “heals” the as-printed interface resulting in an increase in tensile strength.

Originality/value — While annealing has been explored in the literature, it is unclear how it affects porosity, crystallinity and thermal stresses in
fused filament fabrication PLA and how those factors contribute to mechanical properties. This study explains how co-crystallization across weld
interfaces is necessary for crystallinity to increase strength and uses AFM as a technique to observe morphology at the weld.
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1. Introduction in the direction most suitable for loading but many applications
have complex loading profiles that will challenge weaknesses
across the fiber to fiber weld present in subsequent layers.

Itis well documented that printing parameters affect mechanical

. . . . properties (Beniak er al., 2018; Luzanin er al., 2017; Rajpurohit
by—layer. extrusmn. nature of FFE’ printed parts have anisotropic and Dave, 2018, 2019; Yang ez al., 2019), but it is still unclear how
mechanical behavior because of inherent weaknesses at the weld

between fiber layers. This is true for all materials printed with
FFF, including PLA. Tensile properties often closely match
injection molded properties when printed fibers are oriented in
the testing direction, but when printed fibers are oriented
perpendicular to the testing direction there is a significant
reduction in mechanical properties (Song ez al., 2017). FFF parts
can be designed to accommodate anisotropy by orienting fibers

Polylactic acid (PLLA) has emerged as a popular filament for fused
filament fabrication (FFF) 3D printing owing to its low melting
temperature and reliable print morphologies. Owing to the layer-

the underlying structural factors that affect mechanical properties
are influenced by printing parameters. This lack of understanding
makes it difficult to select printing parameters to achieve optimal
mechanical properties. Initial studies have shown that FFF
processing conditions influence the coalescence of fibers (polymer

AFOSR FA9550-14-1-0032-P00003, NSF BCS-1734981, Duke University

Grant/Award Number: 291-0067. This work was also performed in part at

the Duke University Shared Materials Instrumentation Facility (SMIF), a

The current issue and full text archive of this journal is available on Emerald member of the North Carolina Research Triangle Nanotechnology Network

Insight at: https:/lwww.emerald.com/insight/1355-2546.htm (RTNN), which is supported by the National Science Foundation (award
number ECCS-2025064) as part of the National Nanotechnology
Coordinated Infrastructure (NNCI).

Rapid Prototyping Journal

27/7 (2021) 1327-1336 Rec_eived 25 August 2020
© Emerald Publishing Limited [ISSN 1355-2546] Revised 12 April 2021
[DOI 10.1108/RPJ-08-2020-0205] Accepted 20 April 2021

1327


http://dx.doi.org/10.1108/RPJ-08-2020-0205

3D printed polylactic acid

Rapid Prototyping Journal

Natalia von Windheim et al.

chain diffusion across weld) (Seppala ez al., 2017), thermal stresses
(D’Amico ez al., 2017; Li et al., 2018), porosity (Tronvoll ez al.,
2018), morphology and crystallinity (Mcilroy er al., 2019).
However, there is limited exploration of these factors’ work in
conjunction to dictate mechanical properties and how they can be
leveraged to improve mechanical properties, either during printing
or with thermal post-processing.

Annealing is a post-processing method that is hypothesized to
improve the mechanical properties of FFF PLA, as it does for
injection molded PLLA (Carrasco et al., 2010). One hypothesis is
that annealing improves the properties of FFF PLA through
increasing crystallinity at or across the weld (Mcilroy ez al., 2019).
However, there is limited mechanical testing data in the literature
that supports this hypothesis and it is unclear how annealing
influences other factors including thermal stresses at the weld and
porosity. Some studies have explored annealing of FFF PLA but
have shown little improvement in mechanical properties, and most
of them do not address the effect of fiber orientation and weld
weakness (Song ez al., 2017; Torres ez al., 2015; Wang ez al., 2017,
Liao e al., 2019). When examining the impact of thermal annealing
on changes in crystallinity and porosity, it is essential to consider
loading modes with tensile stresses both parallel and perpendicular
to the interfacial weld normal. Loading in tension perpendicular to
the interfacial weld normal is a direct measure of weld strength
while loading parallel to the weld normal assesses the materials’
inherent strength in the essential absence of a weak weld region.

While it is typical for an increase in crystallinity to increase the
basic strength of injection molded PLA, these studies fail to
consider weld behavior innate to FFF PLA. In 3D printing
“welding” literature, co-crystallization across an interface is
necessary to increase strength (Northcutt ez al., 2018; Xue er al.,
2000). When crystallinity forms without co-crystallization, there
is a weakening of properties (Xue ez al., 2000). Additionally, once
crystallization begins during printing, fiber coalescence stops.
Cold crystallization annealing can happen during printing with
subsequent layer deposition (Srinivas et al., 2018). So, while
crystallinity may be increasing during the annealing of FFF PLA,
there has not been an investigation into whether spherulites are
co-crystallizing across the interface of FFF welds. The hypothesis
that annealing will improve mechanical properties of FFF PLA
does not account for weaknesses at the weld owing to crystallinity
limiting polymer chain diffusion during printing and inhibiting
co-crystallization during annealing.

The goal of this study is to understand how annealing impacts
porosity, crystallinity and weld morphology to determine how
those factors affect tensile strength depending on the orientation
of printed fibers. This is done using two experimental
approaches and comparing samples with a flat print orientation
to samples with an upright print orientation. The first
experiment investigates a scan of printing parameters and
annealing times and temperatures above the cold crystallization
temperature (7o) for PLA. The second experiment investigates
annealing above and below 7. at multiple points over 12 h.

2. Materials and methods

2.1 Polylactic acid fused filament fabrication processing
PLA (MatterHackers — PLLA Pro filament) dogbones (ASTM
D638 Type V, 1.5 mm thickness) for tensile testing were sliced
using Ultimaker Cura and printed using an Ultimaker 3. PLA
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filament was placed in a drying oven for at least 6h at 50°C
before printing to remove moisture. While samples were
printed to match ASTM D638 Type V geometry, some
modification of testing standards are required owing to
anisotropy of 3D printing processing (Aydin and Kucuk, 2018;
Forster, 2015; Peker ez al., 2020). Based on previous research,
dogbones were printed in best- and worst-case print orientation
and raster pattern (Chacon ez al., 2017). Best-case dogbones
were printed flat in the XY plane with fibers oriented parallel to
testing direction [Figure 1(a)], and worst-case dogbones were
printed upright in the YZ plane with fibers oriented
perpendicular to testing direction [Figure 1(b)].

Layer height and print speed parameters were varied by
selecting a low and high value — 0.1 and 0.3 mm for layer height,
20 and 60 mm/s for print speed (Table 1). All other print
parameters were kept constant, some key parameters include a
205°C nozzle temperature, 60°C build plate and a 0.4mm
nozzle diameter.

2.2 Annealing of printed dogbones

After printing, dogbones were either tested as-printed or
annealed before testing. Flat and YZ dogbones with print
parameters A through D (Table 1) were annealed at 80 and 95°C
for 15 min and 1 h. XY and YZ dogbones with print parameters
B were additionally annealed at either 65°C (below T¢.) or 80°C
(above T,) for 15min, 1h, 3h, 6h or 12 h. The glass transition
temperature (T,) of the PLA filament is 59.5°C, as measured
with differential scanning calorimetry (DSC). A heating rate of
20°C/min and the second heat pass of a heat—cool-heat cycle was
used to determine T5,. The anneal temperatures of 65 and 80°C
were determined to be below/above T,. through experimentally
annealing samples and measuring crystallinity with DSC.

2.3 X-ray microcomputed tomography analysis

The porosity of printed dogbones was quantified using X-ray
microcomputed tomography (MicroCT) (Nikon XTH 225
ST) and Avizo software. Dogbones were scanned with a voxel

Figure 1 Print orientation and tensile testing direction for XY (a) and
YZ (b) samples
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Table 1 A-D print parameters
Print parameters Layer height Print speed
A 0.1mm 60 mm/s
B 0.1mm 20 mm/s
C 0.3mm 60 mm/s
D 0.3mm 20 mm/s
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size of 10.85 um, 125 KV beam energy, 9.8 W and a 78 uA
current. This resolution detects airgap porosity between
printed fibers, but it is not fine enough to measure porosity
within printed fibers. To analyze the airgap porosity, a
subsection of the gauge section of each dogbone was selected.
This subsection was thresholded to distinguish the solid and
airgap fractions. The porosity reported is the airgap fraction of
the total volume of the selected subsection.

2.4 Differential scanning calorimetry analysis

The crystallinity of the filament, as-printed and annealed, was
determined using DSC (TA Discovery 2500). Approximately
10 mg was cut from dogbone samples and heated at 10°C/min in a
nitrogen environment. The percent crystallinity was determined
from the first pass AH,,, divided by the theoretical AH,,, 0f93.64 J/g
for 100% crystalline PLLA (Fischer ez al., 1973).

2.5 Monotonic tensile testing

The stress—strain behavior of the printed dogbones was
determined through monotonic tensile testing (Test Resources
830EL63) in accordance with ASTM D638 testing procedure.
Dogbones were tested at a displacement rate of 1 mm/min until
failure. Failure is defined as the fracture of one or all of the
printed fibers in the sample resulting in a decrease in stress. The
cross-section dimensions of samples were measured with
calipers before testing. Strain was measured by marking
tracking points on the sample before testing and using a video
extensometer system.

2.6 Atomic force microscopy

Atomic force microscopy (AFM) scans were collected across
the weld region between fibers of select samples [Figure 2(b)],
to observe polymer structure and crystallinity at the interface
between fibers. To prepare samples for AFM, sections were cut
from dog bones using a diamond saw [Figure 2(a)], and then a
surface for AFM analysis that included the weld interface
[Figure 2(b)] between two fibers was wet-sectioned at room
temperature using a UC7 Ultramicrotome (Leica, Germany)
to produce a smooth surface, with a roughness of R, = 0.83 nm
as measured by AFM in the amorphous regions of the samples.
The cutting direction during sectioning was perpendicular to
the weld interface to preserve the weld structure.

AFM images were acquired in tapping mode using a Cypher
ES (Asylum Research, USA) AFM (Asylum Cypher Atomic
Force Microscope) across the weld region of select samples
[Figure 2(b)], to observe the change in morphology of
crystalline domains, if any, at the weld interface. Measurements
were acquired at room temperature with a silicon cantilever
(AC160, Olympus) with a nominal tip radius of 7 nm that was
driven on resonance using BlueDrive(TM). The resonant
frequency, cantilever stiffness and quality factor of the
fundamental cantilever mode was 70.8 kHz, 2.9 N/m and 176,
respectively. For scanning, the cantilever was excited using the
third cantilever eigenmode, which had a resonant frequency,
cantilever stiffness and quality factor of 1.1 MHz, 293 N/m and
683.44, respectively. The third eigenmode is used as the high
effective stiffness, and quality factor enables stable and fast
scanning over the rough crystalline domains while maintaining
low forces owing to the small oscillation amplitudes used, with
a typical free air amplitude of 14 nm and setpoint of 10 nm.
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Figure 2 Schematic of diamond saw cut location on dogbone (a) and
cross section from dogbone cut including weld region imaged with AFM (b)
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3. Results

The following sections include the results for the two
experiments. The first experiment investigates a scan of
printing parameters and annealing times and temperatures
above T,.. Print quality and crystallinity of these samples are
determined using MicroCT and DSC, respectively. Tensile
testing determines how print quality and crystallinity impact
mechanical properties of the samples. The second experiment
investigates annealing above and below 7. at multiple points
over 12h. Porosity and crystallinity are quantified using
MicroCT and DSC, respectively. Tensile testing determines
how the porosity and crystallinity impact mechanical
properties. Finally, AFM is used on select samples to observe
polymer morphology and crystallinity in the weld region.

3.1 Scan of printing parameters and annealing

The following section presents the results for the first
experiment investigating a scan of printing parameters and
annealing times and temperatures above 7.

3.1. 1 Microcomputed tomography print quality

MicroCT scans show the print quality (porosity and
“macroscopic” connectivity of fibers in dogbones) for all printing
conditions (Figure 3). These qualitative images show how the
pores in 0.1 mm layer height dogbones are smaller and more
numerous while there are fewer, but larger pores in 0.3 mm layer
height dogbones. Connected adjacent pores are the same color
while disconnected adjacent pores are different colors. Dogbones
printed with the faster speed have larger pores that are more likely
to be connected, meaning there is a poorer connection between the
printed fibers. Additionally, the print orientation dictates the
directionality of the pores. For XY samples, pores are parallel to
the loading direction for tensile testing and they are perpendicular
to the loading direction for the YZ samples.

3.1.2 Differential scanning calorimetry

DSC of as provided and annealed PLA filament shows how
crystallinity increased with temperature and time (Table 2).
Filament annealed at 80°C for 15min had a slightly higher
average crystallinity (4.9%) compared to the filament as
provided (4.1%). Increasing the time and temperature
increased the crystallinity with annealing at 95°C for 60 min
achieving a crystallinity of 23.3%.
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Figure 3 Avizo images of porosity analysis on dogbone gauge
subsection for print parameters (A-D), colors represent connectivity of
adjacent pores

Print Speed

60 mm/s 20 mm/s

0.1 mm

Pore Volume Fraction Pore Volume Fraction

XY -15.6% YZ-1.4% XY-7.9% YZ-1.3%

(@ (b)

Layer Height

0.3 mm

Pore Volume Fraction Pore Volume Fraction

XY - 33.9% YZ-5.0% XY - 13.6% YZ-5.7%
(© (d

Note: Percent porosity based on airgap volume fraction is
listed below each image

3.1.3 Tensile strength

The ultimate tensile strength (UTS) of FFF PLA dogbones
was highly dependent on print orientation (Figure 4). The XY
samples resulted in a maximum UTS of 53.9 MPa [Figure 4(b) —
low layer height, low print speed] and minimum UTS of
41.9 MPa [Figure 4(c) — high layer height, high print speed]
while the YZ samples resulted in a maximum UTS of 33.8 MPa
[Figure 4(a) — low layer height, high print speed] and minimum

Table 2 Crystallinity of as provided and annealed PLA filament
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UTS of 20.1 MPa [Figure 4(c) — high layer height, high print
speed]. There was only a 23% reduction in UTS from XY to YZ
samples for A print parameters while in the worst case (D print
parameters) there was a 55% reduction.

Annealed dogbones were also tested to see if an increase in
crystallinity increased UTS. For the XY samples, annealing
resulted in either no change or a decrease (p < 0.05) in UT'S for all
print parameters and annealing conditions (Figure 5). Annealing
conditions with higher crystallinity resulted in decreased UTS. For
the C — XY printing conditions, the drastic decrease in UTS of the
samples annealed at 80°C for 60 min and the samples annealed at
95°C for 60 min falls outside the trend of the other samples. This is
likely owing to variability during printing such as build plate
levelness or material building up in the nozzle and inadvertently
decreasing extrusion. Samples printed with the C print parameters
are of poorer quality and more susceptible to a negative impact
owing to print variability.

A similar trend was observed in the YZ samples (Figure 6).
There was no significant increase in strength with annealing
and some annealing conditions resulted in decrease in strength
(p < 0.05). For the D — YZ printing conditions, the decrease in
UTS for the samples annealed at 80°C for 60 min and the
samples annealed at 95°C for 60 min falls outside the trend of
the other samples. As with the C — XY samples, this is likely
owing to variability during printing.

3.2 Annealing above and below cold crystallization

The following section presents the results for the second
experiment investigating annealing above and below T,. at
multiple points over 12h. For this section, only dogbones
printed with B printing parameters (low layer height, low print
speed) were tested given these parameters resulted in the best
samples and mechanical properties across YZ and XY samples
and with multiple printing efforts.

3.2.1 Porosity

The porosity, as measured and analyzed using MicroCT, of the
B print parameter dogbones is plotted against annealing time
and temperature for both the XY and YZ samples (Figure 7).
There is no clear trend between porosity and the annealing
time/temperature. On average, XY dogbones had a higher
porosity than YZ dogbones.

3.2.2 Crystallinity

XY- and YZ-oriented dogbones with B print parameters were
annealed above T, (80°C) and below T, (65°C) forupto 12h
(Figure 8). While samples annealed above 7. increased in
crystallinity up to approximately 33% crystallinity for samples
annealed for 12h, samples annealed below crystallization did
not significantly increase in crystallinity.

AH (J/g)
Annealing temperature (°C) Annealing time (min) Average = STD Crystallinity (%)
As provided As provided 1.71 = 0.55 1.8
80 15 3.83+£0.34 4.1
80 60 10.91 1.1 1.7
95 15 20.47 £0.65 21.9
95 60 40.87 +0.43 43.6
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Figure 4 Ultimate tensile strength (UTS) for XY and YZ samples with scanned printing parameters A-D
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samples. Error bars represent one standard deviation, n = 4

Figure 5 Ultimate tensile strength for XY samples (A-D print parameters) with scanned annealing parameters
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1331



3D printed polylactic acid

Rapid Prototyping Journal

Natalia von Windheim et al.

Volume 27 - Number 7 - 2021 - 1327-1336

Figure 6 Ultimate tensile strength for YZ samples (A-D print parameters) with scanned annealing parameters

70 -
o Y2
50 -

40

3 | Inluigd

70 -

Ultimate Tensile Strength (MPa)

4
¢ bl///p
So. s
95 60

60 -
50 -

30
20

o]ﬂmﬂﬁ

10

Ultimate Tensile Strength (MPa)

¥ 8
¥

<’-»’a

*~

&

5 nd
< S
%) %
<

(©)

Ultimate Tensile Strength (MPa)

Ultimate Tensile Strength (MPa)

70
0 L YZ
50
40
30
20
10
0
F 92 & 2 ¢
s 8§ 5 & 9
(b)
70
60, YZ
50
40
30
* %
20
10 - % %k % % %k %k
0
F 2 & 2 ¢
S 5§ § § &
P
(@
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Figure 7 Percent porosity for XY (a) and YZ (b) samples over anneal time
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3.2.3 Tensile strength

As observed under previous conditions, the UTS of PLA with
these annealing conditions was highly dependent on print
orientation (all samples tested had B print parameters)
(Figure 9). While there was no increase in UTS for samples
annealed above T, at 80°C, there was an increase for samples
annealed below T, at 65°C. A maximum UTS of 64 MPa was
achieved for the XY samples and a maximum UTS of 37 MPa
was achieved for the YZ samples, both with annealing at 65°C
for 6 h.

The UTS data was plotted with crystallinity and porosity
to determine the overall relationship between the structure
and tensile properties (Figure 10). While crystallinity
increased, there is not an increase in UTS. Likewise,
samples with improved UTS do not show an increase in
crystallinity. There is also no clear relationship between
porosity and UTS. The porosity of the YZ samples is lower
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Figure 9 Ultimate tensile strength as a function of anneal time
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than the XY samples; however, the UTS of the YZ samples
is also lower.

3.3 Atomic force microscopy of as-printed and annealed
polylactic acid weld regions

AFM images of select YZ samples demonstrate how the
interface at the weld region between filaments exhibits different
morphology than the bulk of the fiber filaments as well as the
evolution of the PLA with annealing (Figure 11) and a larger
scale in Figure 12. (Figure 12) For the as-printed sample
[Figure 11(a)], there appears to be distortion at the interface
with low crystallinity, possibly owing to incomplete welding
during printing. Subsequent annealing of the dogbones reduces
the distortion of the interface as the PLA relaxes. For the
sample annealed at 65°C for 12h, the interfacial layer
completely “heals,” and no discernable interface could be
observed in AFM [Figure 11(d)]. For the samples annealed at
80°C, a partially healed interfacial layer can still be observed
after 15 min of annealing along with the nucleation and growth
of spherulites preferentially on or near the weld interface
[Figure 11(b)]. Comparatively, few spherulites are observed in
the bulk of the 85°C-15 min sample. For the sample annealed
at 80°C for 12h [Figure 11(c)], spherulites pervade the entire

Volume 27 - Number 7 - 2021 - 1327-1336

Figure 11 AFM images of weld regions for as printed (a), 80°C-15
minute anneal (b), 80°C-12 hour anneal (c), and 65°C-12 hour anneal
samples with DSC average crystallinity values
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Note: Each scan is 3.5 x 3.5 um and consists of 512 x
512 pixels collected at a scan rate of 0.5 Hz. The crystalline
domains in the sample are observed as feature into the
height due to preferential fracture along crystallographic
planes during microtoming leading to high surface
roughness and distinct structure compared to the
amorphous polyme

sample, but the interface in the weld region is still observed as
spherulites near the weld interface do not bridge the interface
between the welds and a change in local crystalline structure
can be observed.

4. Discussion

Previous PLA FFF studies have explored how printing
parameters influence tensile properties. Consistent with those
studies, we found that the print orientation and the direction of

Figure 10 Ultimate tensile strength as a function of percent crystallinity (a) and porosity (b)
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Figure 12 AFM images of weld regions for as printed (a), 80°C-15 minute anneal (b), 80°C-12 hour anneal (c), and 65°C-12 hour anneal samples with

DSC average crystallinity values
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Note: Each scan is 20 x 20 mm and consists of 512 x 512 pixels collected at a scan rate of 0.5
Hz. The crystalline domains in the sample are observed as feature into the height due to
preferential fracture along crystallographic planes during microtoming leading to high surface
roughness and distinct structure compared to the amorphous polymer

the printed fibers relative to tensile testing direction had the
largest impact on tensile strength (Popescu ez al., 2018). While
print “quality” (measured by porosity) varied based on print
parameters (layer height changes the shape and connectivity of
the printed fiber and print speed impacts weld development
during printing [Coogan and Kazmer, 2017]), the print
orientation played a far larger role in tensile strength (Figure 4).
These results indicate the inherent interfacial weld strength
plays a far greater role than measurable porosity or crystallinity
at (but not across) the interface.

Annealing of PLA has been hypothesized as a way to increase
the mechanical properties of printed PLA through increasing
crystallinity (Mcilroy et al., 2019). However, our data shows
that while annealing increases the crystallinity of the sample,
tensile strength does not increase and in some cases it decreases
as a result of annealing (Figures 5 and 6). This finding suggests
that the polymer chains do not co-crystallize across the
interface boundaries in the weld, and crystallinity is in fact
detrimental to the strength of the dogbone under these print
and annealing conditions. Instead, the interfaces between fibers
become more brittle and flaw intolerant as crystallinity
increases. While it might be expected that samples with fibers
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oriented in the direction of testing (XY samples) would
improve as the welds are parallel to the testing direction, our
data still shows there is either a decrease in strength or no
improvement. Even though the fibers are oriented in the testing
direction, the weak interfaces between those fibers could
possibly create flaws that contribute to early failure.
Additionally, as the samples crystallize during annealing, there
is also a volume change that results in some sample warping
that could also contribute negatively to tensile strength.

Our exploration of time-mediated annealing above (80°C)
and below (65°C) T.. further investigates the relationship
between annealing and improving tensile strength by
addressing porosity, crystallinity and weld morphology. While
porosity is a factor that impacts the mechanical properties of
FFF PLA (Liao ez al., 2019), we did not observe a significant
change in porosity through annealing at these conditions
(Figure 7). The porosity of YZ printed samples was
significantly lower than the XY samples but the directionality of
the porosity dominated. Porosity in the XY samples was
parallel with the printed fibers and the testing direction while
porosity in the YZ samples was between fibers and
perpendicular to testing direction. In comparing these two
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situations, the porosity across the fibers is likely more
detrimental when it is in a plane normal to the tensile loading
direction. However, with an inherently weak interface, the
porosity (even in the plane of tensile loading in the YZ samples)
is likely not the largest contributor to material weakness and
removing the porosity completely may not result in high
strength.

Annealing above T, increases crystallinity (Figure 8), and
influences weld morphology (Figure 11). Previous studies show
that chain alignment induced during printing increases the
crystallization rate near the interface between filaments during
annealing (Mcilroy er al, 2019), leading to spherulites
preferentially forming near the weld, as shown in Figure 11(b).
This crystallinity limits chain mobility during printing,
inhibiting diffusion across the interface and subsequent
annealing above T, then further increases the crystallinity of
the samples preventing complete healing of the as-printed weld.
While crystallinity could increase the strength of interfaces, the
polymer chains need to co-crystallize across the interface,
which does not occur in this study. A discontinuous junction
promotes brittle fracture. This is also supported by the AFM
data where the interface between fibers is still visible even with
long annealing times which result in crystallinity pervading the
entire sample [Figure 11(c)].

Annealing below T,. heals the weld without increasing
crystallinity (Figure 8). The T, is above the glass transition
temperature so polymer chains are mobile but crystallinity does
not increase because spherulite growth is inhibited. The limited
mobility of the polymer chains in this temperature range
between glass transition and 7. enables weld healing without
increasing crystallinity. When samples were annealed below 7.
but above T, (at 65°C) there was an increase in UTS with
annealing time (Figure 9). The AFM data shows incomplete
weld formation at the interface in the as-printed sample but with
annealing at 65°C the weld is no longer visible [Figure 11(d)].
This suggests that there could be some “healing” of the interface
driven by the annealing relaxing the polymer material and
improving cohesion between the fibers.

If annealing that induces crystallinity is used as a post-
processing strategy, chain diffusion across the fiber interfaces
must be facilitated so that the as-printed weld interface
[Figure 11(a)] can first completely heal followed by co-
crystallization across the interface. As such, initial annealing of
PLA below T, followed by subsequent annealing above T to
induce crystallization may be the best approach for optimizing
the properties of PLLA, but further studies are needed to better
understand how crystallinity forms during printing and its role
in polymer chain diffusion during interface formation. While it
is hopeful that annealing will increase strength with appropriate
protocols, it is necessary that the fibers are sufficiently welded
so that co-crystallization between fibers occurs, otherwise
increasing crystallinity through annealing can result in weaker
welds and a decrease in strength.

Further studies need to be conducted on the formation of the
weld to improve weld strength and reduce anisotropy,
including the relationship between crystallization and polymer
chain diffusion (coalescence of fibers). This includes research
on the material properties of PLA polymers to tune them for
FFF processing and controlling the thermal profile during
printing. Srinivas ez al. have already found that PLLA molar mass
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and L-enantiomeric purity in combination with low print
speeds can create stronger interfaces by allowing for polymer
chain diffusion before crystallization during printing (Srinivas
et al., 2018). The polymer chain diffusion and crystallization
processes are highly dependent on thermal conditions.
Currently, the FFF printing process has a highly complex and
variable thermal profile based on printing parameters and the
geometry of the part. More work needs to be done to decrease
the variability of the thermal profile the part is experiencing to
standardize results and give the user better information in
selecting parameters for optimal properties. Current slicing
software used to interface with the printer and print parts is
optimized for aesthetics and time to produce a print, not
consistent mechanical properties. While standard slicing
methods were used in this study, new research demonstrates
non-planar slicing methods that will enhance design control
over the orientation of fibers to further address the issue of
mechanical anisotropy (Ahlers ez al., 2019). Pursuing research
in this area will hopefully result in PLLA materials with stronger
welds and the ability to tune processing parameters for reliable
mechanical properties. Both areas are necessary to create
functional PLA devices and products using FFF.

5. Conclusion

This study demonstrates that the print orientation and
direction of fibers in respect to loading have the largest impact
on mechanical properties in FFF materials owing to
weaknesses at the weld. Annealing is explored as a potential
post-processing method to improve strength at the weld.
Annealing above 7., increases crystallinity while having
minimal impact on porosity. However, while crystallinity
increases tensile strength in injection molded PLA, strength of
FFF PLA either decreases or remains constant, suggesting that
co-crystallization across the weld does not occur. AFM images
support this finding showing weld interfaces between printed
fibers are still visible after annealing above T... During
annealing, spherulites grow into the bulk of the fiber instead of
across the weld interface. Importantly, annealing below T,
shows a moderate but significant increase in tensile strength,
while not impacting porosity or crystallinity. AFM images show
that the as-printed interface between fibers is not fully cohesive
but annealing below T heals the as-printed interface resulting
in an increase in tensile strength. While annealing has some
promise for improving strength at the weld, more research is
needed on the formation of the weld and improving fiber
coalescence to improve the mechanical properties of FFF PLA
and decrease anisotropy between printing directions.
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