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Abstract

Additive manufacturing is a promising and disruptive technology that is being applied in many industrial
sectors, such as aeronautics, robotics, and bioengineering, because of the ease of use and high level of
customizability that it offers. Additionally, biocomposite materials are being seen incorporated more
frequently in industry because of favourable properties such as being recyclable, biocompatible,
biodegradable, having low environmental impact, and comprising of naturally abundant materials. In
this study, multimaterial 3D printing involving a PLA/hemp biocomposite and pure PLA was done, with
the focus being on keeping the bulk of the part as the biocomposite material and adding a PLA covering
to the outer surface to explore the compatibility of the two materials being printed together and the effect
on the mechanical properties. Contact angle measurements and immersion testing were done to see the
effect of the hemp biofiller on the way the PLA interacts with moisture and compression testing was
done to compare the performance of the samples in a dry and wet state. Optical and x-ray imaging
techniques were used to closely examine the final printed specimens and give insight to the results of
the testing.
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1. Introduction

As wider industry aims to become more sustainable to reduce environmental impact and lasting damage,
biocomposites are being looked to more and more as an alternative to traditional manufacturing
materials. Natural fibers, such as the hemp fibers being studied here, are of increasing interest for being
naturally abundant, a renewable resource, requiring little energy to produce, their potential to replace
synthetic fibers in the fabrication of composite materials, and favourable properties such as durability
and flexibility [1, 2]. When paired with a biodegradable polymeric matrix, they also make fabricated
parts easier to recycle and more environmentally friendly to produce and dispose of [3].
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Alongside this industrial push for more sustainable materials, there has also been increased interest in
3D printing and its potential use in industry due to advantages over traditional manufacturing techniques
such as increased design flexibility, the ability to accommodate complex geometries more easily, and
the decreased amount of waste material produced, especially when compared to subtractive
manufacturing techniques [4]. To continue to reduce the environmental footprint of 3D printing
technologies, there has been the development of biocomposite 3D printing filament.

In this study, a commercially available hemp/polylactic acid (hPLA) biocomposite filament and a pure
polylactic acid (PLA) filament will be characterized then samples of the two together will be fabricated
using multimaterial 3D printing to examine their compatibility and resulting physical properties.
Comparing the PLA and hPLA directly allows us to easily identify the effect of the hemp on the material
properties and, further, the possibilities for combining the two materials together. Because the
preference is for the bulk material to remain the biocomposite, the PLA was added to an hPLA cube in
only a thin layer covering the outside so that the entirety of the hPLA was encapsulated but still using
the minimum amount of PLA possible.

2. Materials and Methods
2.1. Sample Materials

The samples were fabricated using an Ultimaker S5 fused deposition modeling (FDM) multimaterial 3D
printer and used as printed without any additional post processing or modifications. The specifications
for the two filaments used can be found in Table 1.

Table 1. Properties of 3D printer filaments

Material Filament Tensile Print Build Plate Hemp Supplier
Diameter Stress at Temperature Temperature weight
Yield %
hPLA 2.85mm 16MPa 210°C 60°C <10 3D-Fuel
Tough PLA  2.85mm 37MPa 225°C 60°C 0 Ultimaker
2.2. Sample Analysis

Two types of imaging were used on the samples for different purposes. To examine the surface
topography created through the 3D printing process on the different faces of the single material samples,
an Alicona Infinite Focus optical 3D measuring tool was used. These images were correlated to the
wetting behaviour of the surfaces through comparison with the measured contact angles. Tomography
X-ray imaging for the multimaterial samples was done using an UltraTom CT scanner from RX Solution.
Getting images throughout the entire thickness of the sample revealed the interface regions between the
two materials, the effectiveness of the adhesion between layers, the printing quality, and any defects
present as a result of the fabrication process.
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2.3. Contact Angle Measurements

Contact angle measurements were taken using an Ossila Contact Angle Goniometer at approximately
20°C and 40% humidity room conditions. The surface of the sample was cleaned with ethanol to remove
any contaminants or dust then left untouched for an adequate amount of time to ensure any leftover
ethanol had evaporated from the surface and would not influence the measurement. A droplet of distilled
water was placed on the surface and allowed to settle with the measurement taken within 15 seconds of
the droplet being placed to mitigate the possible effect of external factors that could unintentionally
influence the measurement with time (ex. vibration or evaporation).
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2.4. Immersion Experiment Set-Up

Moisture absorption analysis was conducted on the 3D printed samples for each of the materials. The
printed samples were dehydrated in a 60°C oven for 24 hours and their initial masses were recorded.
They were then fully immersed in deionized water and removed periodically over the span of the
experiment to have their new mass recorded. Measurements were taken using an electronic scale with
excess water being removed from the outside of the sample with a paper towel and compressed air as
needed before having the measurement taken and being returned to the water. Equation (1) was used to
calculate the percent change in mass and these values were graphed to monitor the trend in absorption
over time.

_ M; —M;
M(%) = ———— x 100 @)
M;
where M is the percent change in mass from moisture absorbed, M; is the mass of the sample at the point
in time that it is removed from the water in grams, and M,; is the initial mass of the sample in grams.

2.5. Compression Testing

Compression testing was performed on the samples to test their mechanical performance. The
compression testing was performed using an Instron 5982 machine at a rate of Imm/min. The testing
was conducted on all the samples in both a dry and wet (after being immersed in water) state with the
wet measurements being done immediately after the samples were removed from the water they were
immersed in.

3. Results
3.1 Sample Preparation

Two different types of samples were analyzed, the first being single material samples and the second
being multimaterial samples. The initial comparison and characterization of the hPLA and PLA base
materials was done using 10mmx10mmx10mm 3D printed cubes fabricated using the printer settings
found in Table 2 and can be seen in Figure 1a).

Table 2. Printer specifications for single material cube samples

Specification Value
Z resolution (layer thickness) 0.2mm
XY resolution (nozzle diameter) 0.8mm
Infill Pattern Lines
Infill Orientation 90 degrees
Infill Density 100%
Slicer Software Cura
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For the multimaterial samples, the 10mmx10mmx10mm hPLA cubes were printed with a 0.4mm thick
pure PLA outer layer using the printer settings found in Table 3. Figure 1b) shows a cross section of
one of the samples where the inner hPLA cube and outer PLA coating can be seen.

(7))
Table 3. Printer specifications for multimaterial cube samples E
L
Specification hPLA PLA E
Z resolution 0.2mm 0.2mm 8
(layer thickness)
XY resolution 0.8mm 0.4mm
(nozzle diameter)
Top/Bottom n/a 0.4mm
Thickness
Wall Thickness n/a 0.4mm
Infill Pattern Lines n/a
Infill Orientation 90 degrees n/a
Infill Density 100% n/a
Slicer Software Cura Cura

a)

e

Figure 1 a) PLA (white) and hPLA (brown) single material cube samples b) Cross section of PLA
covered hPLA cube fabricated using multimaterial 3D printing

3.2. Surface Morphology

Because of the layer-by-layer filament deposition technique that is used in FDM 3D printing, the
fabrication process results in a number of different macroscopic microscale surface patterns. Optical
images were taken of three different hPLA cube faces. The top surface (Figure 2a)) contains wide valleys
divided by sharp peaks that were caused by the extrusion nozzle dragging across the surface when
depositing the topmost layer of the part. The side face (Figure 2b)) contains the most regular structuring,
with 0.2mm wide rounded peaks divided by sharp valleys created by the layers of the filament building
up the part. The bottom face (Figure 2c)), having been in contact with the glass of the printer bed, was
left with the smoothest finish, but thin line indents formed by the winding of the filament deposition
were still visible. In all three cases, the pattern is not completely symmetrical and there is a clear
directionality caused by the filament deposition. The variations in the surface patterning exhibited by
each face influences the wettability which will be seen in the following section through the contact
angles.
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Figure 2. Alicona optical microscope topography images of the a) top face of the hPLA cube b) side
face of the hPLA cube c) bottom face of the hPLA cube

3.3. Contact Angles

To compare the surface wettability of the two materials, the static water contact angle was measured on
the three different faces of the cube samples. The measurements for the droplet on the surface were
taken from two different perspectives, as shown in Figure 3, to get a view of the

anisotropy caused by the directionality of the lined surface texture with results !pe,pe"dim.;,
graphed in Figure 4. Broadly comparing the performance of the two materials, '
the same trend can be found regarding the contact angles for all sides in all
directions, that being that the hPLA exhibited a notably lower contact angle than
the PLA. This is in agreement with what is to be expected given that the addition
of hydrophilic hemp fibers [5] to the PLA should result in a more hydrophilic
surface and decrease in contact angle. With the biocomposite filament used in
this study having a max filler weight percentage of only 10% and the contact Figure 3: Top view of
angle already being lowered by approximately 10 degrees when compared to anisotropic water
pure PLA, it suggests that as the weight percentage of the biofiller continues to droplet

be increased, it will largely increase the wettability of the surface.

rallel

The effect of the line pattern on the contact angle can also be seen on all faces, with the difference for
each face in the parallel and perpendicular direction being close to or more than 10 degrees, classifying
the surface behaviour as anisotropic [6]. This is because the water droplet prefers to spread in the
direction of the continuous lines, which offer little to no resistance to motion, causing wider spreading
and a lower contact angle in the direction of the filament [7, 8]. Figure 4b) shows that the side face of
the cube, which is the most heavily textured, achieves the most extreme contact angles and displays the
most anisotropy. The other two faces, with their similar, less defined surface patterns, have lower and
more comparable angles in the two directions. Comparing the three sides clearly shows the way that
different patterning influences the way water interacts with a surface.

90 a0 20
g 80 T R

70 £ E %
W B 60 - . 8 60
%50 = 50 =50
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S 420 g 20
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(1] o o
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Derection Direction Direction
a) b) <)
WHPLA W PLA WhPLA W PLA WhOLA ®PLA

Figure 4. Water contact angles of the a) top face with nozzle pattern b) side face with layer pattern c)
bottom face in contact with build plate
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3.4. Cube Immersion

Looking past the surface of the material, the bulk material was also studied through fully immersing the
single material cube samples in water to monitor their absorption behaviour. Two samples of each
material were included in the experiment to see the repeatability and consistency of the results. The
majority of the water absorption done by the PLA cube took place within the first 24 hours of the
experiment before slowing down and plateauing at 1.147 &+ 0.058 weight percent after 14 days. The
absorption behaviour of the hPLA was different from that of the PLA, with the water absorption
happening more gradually over a more extended period of time and eventually resulting in a higher
percent change in mass at 1.99% =+ 0.27 after 34 days.
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Figure 5. Water absorption over time for two hPLA samples and two PLA samples

Comparing the immersion results from the two materials, the hPLA is found to be more hygroscopic
than the PLA, again, due to the addition of the hemp fibers. Hydrophilic natural fibers are inherently
prone to moisture absorption [9], with their influence clearly seen when comparing the results of the
hPLA to the pure PLA. The inclusion of a filler in the polymer matrix means that instead of water only
diffusing through the microgaps in the polymer chains, it can also now penetrate through capillary
transport at flaws in the fiber-matrix interfaces, and through microcracks in the matrix caused by the
swelling of the fibers, a large problem with biofillers specifically when compared to synthetic fillers
[10, 11]. Moisture absorption triggered by the addition of natural fibers will only continue to increase
as the weight percentage of the filler in the composite is further increased [12, 13], leading to a faster
degradation of the mechanical properties and the fibers themselves. Additionally, it was observed that
the absorption exhibited by the two PLA samples was almost identical whereas there was a larger
difference in the amount of the absorption that took place between the two hPLA samples, with one at
1.79wt% and the other at 2.1wt%. A possible explanation for this is that natural fibers tend to have
different lengths and widths [14] or could possibly not be uniformly distributed throughout the
composite, making its behavior more varied and unpredictable.

3.5. Compression Testing

Compression testing was conducted on the single material hPLA and PLA cubes as well as on the hPLA
cube with the PLA outer layer in both a dry state and after having been immersed in water. A number
of observations can be made from the generated stress-strain curves in comparing the materials to each
other and comparing their dry and wet counterparts. Figure 6 compares the compression results for the
three different cube samples in the dry state. The hPLA was able to withstand larger compressive loads
than the PLA and exhibited a larger compressive modulus. This indicated that the addition of hemp
fibers had a positive effect on improving the mechanical performance of the PLA. The multimaterial
cube did not perform as well as the hPLA cube but did perform significantly better than the PLA cube
in resisting compressive loading.
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Figure 6. Stress-strain curves generated from compression testing for the single and multimaterial
samples in a dry state

Comparing the performance of the three different samples in compression before and after being
immersed in water showed some interesting trends with which samples were affected by
hydroplasticization and how. After being immersed in water, there was no sign of hydroplasticization
and little change in the mechanical performance of the PLA, with both curves in Figure 7a) being almost
identical. A similar observation was made by Banjo et al. who performed flexural testing on 3D printed
PLA samples and found little change between samples that were dry and those that had been immersed
in water [15]. After the hPLA was immersed, the compressive strength of the sample decreased due to
the hydroplasticization of the material induced by the increased moisture absorption from the presence
of the hemp fibers. It is also likely that the moisture absorption weakened the interfaces between the
polymer matrix and the hemp fibers, reducing their ability to reinforce the composite [16]. The
hydroplasticization is indicated by the difference in shape between the dry and wet curve seen in Figure
7b), with the stress softening phase being completely eliminated and the sharp peak of the yield strength
lessening. Hydroplasticization most effects polar materials and natural fibers are largely polar meaning
their addition to PLA promotes the effect, causing the different reactions of PLA and hPLA to the long-
term immersion [17]. Hydroplasticization leading to a reduction in hardness and increase in ductility in
biocomposite materials is a phenomenon that has been widely reported in literature in the past [18, 19,
20, 21]. The multimaterial PLA covered hPLA cube showed signs of plasticization, consistent with the
hPLA sample, but not a decrease in mechanical performance, consistent with the PLA sample. Because
the outside PLA covering was not completely watertight, it is likely that water penetrated through to and
was absorbed by the hPLA, causing plasticization of the inner hPLA portion. Contrarily, the unaffected
PLA could have counteracted the loss in compressive strength caused by the plasticization of the hPLA,
resulting in no change in the yield strength or modulus after immersion.
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Figure 7. Stress-strain curves comparing the performance of the dry and wet samples for a) PLA b)
hPLA and ¢) hPLA with PLA on the outside

©2024 | 8_NAGUIB_Hani_4TCBK.pdf:7



ECCMZ21

02-05 July 2024
Nantes - France

Proceedings of the 21st European Conference on Composite Materials
Volume 8 - Special Sessions

3.6. Tomography Images

Tomography imaging revealed that throughout the multimaterial cube sample the printing quality could
vary, with some influencing factors being the compatibility between the two materials, the alignment of
the printer, and the deposition process itself. The images showed that defects can occur not only at the
interfaces between two different materials but also within the layers of a single material based on the
deposition of the filaments and the adhesion between layers. The quality of the adhesion at the interface
between the two materials also varies based on which side of the cube sample you are considering.
Figure 8a) and b) show highly visible gaping that exists between two different material layers along the
entire length of one side. In the case of Figure 8a), on the lefthand side of the image, the cross section
of the deposited filaments can be seen and there exists a clear gap between the outermost layer and the
following layer. Comparing the image to the CAD model, Cura model, and actual sample showed that
this space was likely created because of the deposition path chosen by the slicing software which was
different than that taken for all the other sides. Figure 8b) shows the same gap but from the top view in
the layer direction. In Figure 8c), thin slits formed between the layers of the hPLA in the centre cube
structure can be seen. These types of porosities are typical in 3D printed parts and represent slights areas
where two layers did not completely and uniformly fuse together.
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Figure 8: Tomography images of PLA covered hPLA cube taken from the a) x-direction b) y-
direction c) z-direction

4. Conclusions

In this study, hemp/PLA biocomposite filament was studied to see the effect of the hemp fiber biofiller
on the material properties along with the possibility of using multimaterial 3D printing to reinforce the
biocomposite with an outside layer of pure PLA. The addition of the hemp to the PLA matrix made the
material both more hydrophilic and hygroscopic, making water more likely to adsorb to the surface as
well as absorb into the bulk. The hemp fibers were also seen to enhance the compressive strength of the
PLA when dry, but the increased moisture absorption caused more significant plasticization of the
material and a decrease in compressive strength after being immersed in water. With the use of
multimaterial 3D printing, a shell of PLA was able to be added to completely encapsulate the
biocomposite. It was found that these materials were largely compatible to be printed alongside one
another with the multimaterial part, in most cases, showing good adhesion at the interfaces between the
two. The multimaterial sample also showed that after being immersed in water, there was evidence of
plasticization having occurred in the hPLA but there was not any observed decrease in the compressive
strength, likely due to the continued integrity of the outer PLA. These results are promising for the future
use of biocomposites in humid or moist environments and the possibility of using slight amounts of PLA
as a reinforcing material to overcome some of the pitfalls of biofiller incorporation while preserving the
integrity of the biodegradability and biocompatibility.
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