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Abstract

Polylactide (PLA) biocomposite filaments containing hemp hurd (HH) of vari-

able particle size were evaluated in comparison with injection-molded counter-

parts using single/twin screw extrusion in this study. HH particle size (35, 50,

and 160 μm) was parametrically investigated for its efficacy within PLA/HH

biocomposites and fused filament fabrication (FFF)-printed parts by assessing

its effect on performance through rheological, microstructural, mechanical,

and surface finish analyses. In addition, melt flow indexing, rheometry, scan-

ning electron microscopy, mechanical testing, and x-ray computed tomogra-

phy were utilized to analyze microstructure, mechanical performance, and

surface roughness. With an increase in particle size of the HH, the correspond-

ing biocomposites showed increased flowability, and the injection-molded

specimens showed increased impact strength. The FFF printing of the biocom-

posite filament presented no challenges, and the mechanical properties of FFF

parts enhanced with a particle size smaller than the printed layer thickness.

Compared with injection-molded parts, FFF-printed samples showed higher

impact strength. The FFF-printed PLA/HH biocomposite samples showed con-

siderable potential over their injection molded alternatives for low-volume spe-

cialized applications.

Highlights

• Polylactide (PLA)/hemp hurd (HH) biocomposite filaments with different

particle sizes of HH were developed.

• Melt flow and impact strength increased when HH particle size increased.

• 3D-printed part porosity and roughness increased when HH particle size

increased.

• Higher HH particle size enhanced the mechanical performance of

3D-printed parts.

• 3D-printed parts exhibited higher impact strength than injection molded

parts
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1 | INTRODUCTION

Polylactide (PLA) biopolymer is widely used in 3D
printing,1–3 furnishings, building and construction,4 auto-
mobiles, and packaging applications because of its supe-
rior mechanical properties,1,2 dimensional stability,
biocompatibility, and biodegradability.5–10 PLA although
exhibits shortcomings in cost effectiveness, crystallization
during processing11 and moderate toxicity during 3D
printing, albeit lower than the common 3D printing syn-
thetic polymers such as acrylonitrile butadiene styrene
(ABS).12 To this end, biomass use in PLA-based biocompo-
sites has attracted increasing attention as feedstock for
fused filament fabrication (FFF) applications, as they offset
the baseline polymer fraction and accelerate their end-
of-life degradation.13 Biocomposite feedstock for FFF is
mainly processed using melt-compounding of PLA with
continuous fibers,14 and biomass such as bamboo,15

lignin,16,17 cork,18 flax fiber,19 and wood flour,12 ramie
fiber,20 and hemp hurd (HH).1,21

Industrial HH is a key biomass source derived from
hemp fiber production and often disposed of by combus-
tion or landfilling, causing resource loss and environmen-
tal pollution. The utilization of HH in PLA biocomposite
leads to valorization, and often considered as a strong
substitute for wood-based fillers because of its higher cel-
lulose fraction.22 PLA/HH biocomposite was developed
for antibacterial packaging by Khan et al. who also investi-
gated the efficacy of HH in glycidyl methacrylate-grafted
PLA (GMA-g-PLA).17,18 GMA-g-PLA effectively enhanced
the compatibility of PLA/HH biocomposites, with the bio-
composite with a 20 wt% HH inclusion in GMA-g-PLA
exhibiting the optimum thermal/mechanical properties. In
a recent work by the authors, FFF-printed components
with incorporation of increasing content of HH in PLA
biocomposites feedstock were systematically investigated,
the authors found that up to 30 phr content of HH in PLA
exhibited near equivalent impact strength compared to
commercial PLA FFF feedstock, while the surface rough-
ness increased and tensile strength decreased discernibly
for 3D printed parts when HH content increased from
20 to 30 phr.1

The higher surface roughness and porosity, and
decreased mechanical strength are resultant of an increasing
biomass fraction in FFF PLA biocomposite feedstock,1,23–25

also controlled by the parameters of 3D printing, including
printing temperature, printing speed, layer height,26–28

printing orientation, and air gap although in contrast, sur-
face roughness is predominantly is dictated by printed layer
height (thickness).29–31 At constant biomass weight fraction
and printing parameters, it could be conjectured based on
published data32,33 that the biomass, for example, HH par-
ticle aspect ratio (length/diameter) drives the (i) surface
quality and (ii) mechanical properties. Zhao et al.34 investi-
gated the effect of poplar fiber size on the thermo-
mechanical and rheological properties of PLA biocompo-
sites and assessed their suitability for large-scale 3D print-
ing, and reported that poplar fiber particle size less than
180 μm was favorable for obtaining optimal processing vis-
cosity range and tensile strength for PLA/poplar biocom-
posites, but the research did not investigate the biomass
particle size effect on the performance of 3D printed parts.
A comparable study35 reported that a decreasing particle
size resulted in increase in both tensile strength and
Young's modulus, whereas slightly causing a decrease in
the toughness (elongation-at-break) for PLA/paulownia
wood powder biocomposites. 3D printing with biomass
biocomposites could be challenging, which is attributed to
potential nozzle clogging, relatively rougher surface and
higher porosity than neat PLA. These challenges are
closely related to the biomass particle size.1,9,14,23 Yiga
et al.36 reported the inclusion of rice husk decreased the
tensile strength whereas increased the tensile modulus of
PLA/clay/rice husk composites. Rodovalho et al.37 investi-
gated nanohydroxyapatite (nHA) size influence on the 3D
printed scaffolds made from PLA/nHA, and found that
the smallest particle size was beneficial for improving the
compressive strength. To date, no comprehensive investi-
gations regarding the HH particle size influence on PLA
based biocomposite FFF feedstock for 3D printing applica-
tion have been conducted.

Systematic research on the correlation between parti-
cle size of HH and the rheological behavior, morphology,
mechanical performance, and surface characteristics that
is, engineering the surface finish of PLA-based biocompo-
sites feedstock is beneficial towards the application
potential of HH and by extension, comparable biomass
fillers in FFF applications. A relatively unexplored aspect
of the research of PLA biocomposites for FFF applica-
tions is the influence of biomass particle size on overall
performance. This work aimed to study how HH particle
size influences rheological behavior, microstructure, and
mechanical performance of PLA/HH feedstock and parts
prepared by injection and FFF. In this work, PLA/HH
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biocomposite filaments using untreated HH with vari-
able particle sizes have been developed as economical
feedstock for FFF applications. Untreated HH was
melt-blended followed by extrusion with PLA and a
toughening agent poly(butylene adipate-co-terephthal-
ate) (PBAT), and compatibilized using ethylene-methyl
acrylate-glycidyl methacrylate terpolymer (EGMA)
through a rotational twin-screw extruder and pelletized
and processed as a FFF filament utilizing a single-
screw extruder. The rheological, mechanical perfor-
mances, surface morphology, and porosity of PLA/HH
feedstock were investigated on FFF-printed parts
and compared with comparable traditional injection-
molded (IM) components. FFF-printed samples were
assessed via the analysis of printability, surface quality,
and microstructure to explain the key underlying
mechanisms to gain valuable insights for future design
and engineering of furnishings, building and construc-
tion, automobiles, and packaging applications.

2 | MATERIALS AND METHODS

2.1 | Materials

Commercial grade PLA 4032D was supplied by Nature-
Works LLC. PBAT 2003F with a melt flow rate of
4.2 g/10 min (at 190�C, 2.16 kg) was purchased from Zhe-
jiang Hangzhou Xinfu Pharm Co., Ltd. EGMA AX 8900,
was procured from Arkema, Inc. PLA and PBAT pellets
were dried in a conventional oven before use to achieve a
moisture content <0.3 wt%. HH (Yunnan Dama Co., Ltd)
was supplied in the form of chips, which were milled
using a jet grinder and sorted through vibrating screens
of 100, 200 and 300 mesh sizes. The obtained HH powder
was labeled as HH-1 (passing 300 mesh), HH-2 (interme-
diate to 200–300 mesh), and HH-3 (intermediate to
100–200 mesh), respectively. HH powder was dried out to
a moisture content <0.5 wt% prior to processing. An anti-
hydrolysis agent, Carbodiimide HMV-15CA was obtained
from Nissinbo Chemicals, Inc., and antioxidants 1010
and 168, and ethylene bis stearamide lubricant additives
were introduced to improve the stability and processabil-
ity of the compounds and used as received.

2.2 | Biocomposite feedstock and FFF
filament processing

PLA/HH biocomposite processing involved the
melt-blending of PLA/PBAT/EGMA with HH of various
particle sizes, as formulations shown in Table 1. The pro-
cessed biocomposites, i.e., PLA-HH-1, PLA-HH-2, and
PLA-HH-3 correspond to the addition of HH-1, HH-2,

and HH-3, respectively. A formulation without HH was
also processed and labeled as PLA-HH-0. These biocom-
posites were extruded using a parallel twin-screw
extruder (D = 35 mm, L/D = 44) at a temperature profile
extending from 165 to 175�C, and pelletized. The feeder
temperature was set to 110�C to avoid the melting of PLA
and PBAT, and to preclude clogging in the extruder bar-
rel. The as-obtained pellets were then processed as fila-
ments using extrusion conducted on a single-screw
extruder (D = 35 mm, L/D = 28). The extrusion temper-
atures were set at 170–180�C, with a 364 rpm screw
speed. The filament with a 1.75 mm design diameter was
drawn at 351 rpm spool speed after immersing in 60�C-
water-bath for cooling and was collected on spools.

2.3 | Specimen Preparation

Both FFF-printed and Injection molded (IM) samples
were produced in this study. Specimens for tensile test
(166 mm � 19 mm � 3.2 mm, Type I, ASTM D638), and
notched impact test (63 mm � 12.7 mm � 3.2 mm, ASTM
D256) were injection-molded on an injection molding
machine (JT-350, Jintong Plastic Machinery Ltd., China).
The temperatures of barrel zones were set to 165, 175,
175, and 182�C, the mold temperature was 45�C.

Similar standard testing specimens were printed using a
3D printer (da Vinci 1.0 professional, XYZ Printing, Inc.) in
a flat orientation, with a nozzle of 0.4 mm diameter. The
printing conditions used were 200�C in nozzle temperature,
60�C in print bed temperature, 100% in infill density,
0.15 mm in layer height, and 60 mm/s in printing speed.

2.4 | Characterization and testing

HH powder morphology and IM specimen fracture sur-
face were analyzed on a Hitachi SU3500 SEM after coating
with a gold layer, at 15 keV. FFF-printed specimen impact
fracture surface was evaluated using JEOL JCM6000 SEM
(5–15 keV). The fracture surface of the FFF filament was
imaged on a JEOL JSM 7100F SEM (2 keV), on a cross-
section cut using a razor blade and coated with 15-nm Pt
using a Quorum Q150T metal coater.

Particle size analysis including distribution for HH pow-
der was conducted on a Mastersizer 2000 dynamic laser

TABLE 1 Constituent of the developed polylactide/hemp hurd

(PLA/HH) biocomposites filled with HH possessing various

particle size.

Constituent PLA PBAT HH EGMA Additives

Concentration
(phr)

87 13 20 6.5 2.2

XIAO ET AL. 4929
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particle size analyzer (Malvern Instruments Ltd.) in the
0.02–2000 μm size range resolution, using water as the dis-
persant with a refractive index = 1.34. The 50% intercept of
the cumulative volume that is, d50 was calculated using ven-
dor software denoting the particle size at 50% undersize.

Rheology testing was performed using a DHR-2 rota-
tional rheometer (TA Instruments, USA), outfitted with a
parallel plate of diameter = 25 mm and gap = 1 mm.
Dynamic frequency sweep mode from 0.0628 rad/s to
628 rad/s at 190�C with a strain amplitude of 1% was
used for the tests. Melt flow rate (MFR) testing was con-
ducted on a melt flow indexing device (XNR-400C, Taian
Ontime Testing Machine Manufacturing Co., Ltd) at
190�C, 2.16 kg (ASTM D1238 Condition E).

Tensile testing was conducted on a universal testing
machine (CMT 6104, MTS Systems, China) using a 10 kN
load cell, following ASTM D 638, at a crosshead displace-
ment rate of 5 mm/min. Notched Izod impact testing was
conducted to determine impact strength on XJJU 5.5J
pendulum from Chengde COTs Scientific Instruments
Co., Ltd. at room conditions following ASTM D 256. At
least five specimens for each sample were examined, and
the average values have been reported.

The surface roughness of FFF-printed specimens
were determined using a MarSurf M 400 instrument
(stylus tip diameter = 2 μm, tip angle = 90�, tracing

speed = 1.0 mm/s, trace length = 17.50 mm). Roughness
parameters including arithmetic mean roughness (Ra),
root mean square roughness (Rq), mean peak-to-valley
height (Rz), and maximum peak-to-valley height (Rmax)
were calculated following the ISO 4287 standard.

The porosity fields of the FFF specimens were
scanned by x-ray computed tomography (XCT) on an
instrument (General Electric Phoenix vjtomejxs) operating
at the micro-level, scanned at 50 kV and 90 μA (voxel
size = 8.0 μm). The two-dimensional sectional images were
extracted and utilized to confirm microstructural character-
istics in the specimens. A three-dimensional volumetric rep-
resentation of the specimens was created using the
obtained image projections. The XCT scan information con-
verted to microstructure and the porosity data in the FFF
specimens was determined using the Porosity/Inclusion
Analysis Module in the VolMaxStudio 3.0 Program.

3 | RESULTS AND DISCUSSION

3.1 | Morphology and particle size
distribution of HH powder

The morphological analysis involved the acquisition of
SEM images (Figure 1A–C) and particle size distribution

FIGURE 1 Morphology of the HH powders as imaged using SEM, showing (A) HH-1, (B) HH-2, and (C) HH-3 at 150� magnification

and (D) their particle size distribution.

4930 XIAO ET AL.

 15480569, 2025, 6, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.28893 by U

niversity O
f Southern Q

ueensland, W
iley O

nline L
ibrary on [24/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(Figure 1D) of HH powder. Figure 1A–C elucidate the
micro-morphology of HH-1, HH-2, and HH-3, respec-
tively. The SEM images illustrate a fibrillated HH struc-
ture with an increasing aspect ratio (l/d) from HH-1 to
HH-3 as the particle size increased, which supported the
values of HH particle size distribution in Figure 1D.
The elongated shape (l >> d) of the HH particles as dis-
cernible from the SEM images, permitted to pass through
lower-numbered (or larger particle size) meshes during
sieving. The volume-median-diameter (d50) of HH-1,
HH-2, and HH-3 were 35, 50, and 160 μm, respectively.

3.2 | Specimen properties of PLA/HH
biocomposites

3.2.1 | Rheology and melt flowability

Rheological behavior during melt state was measured to
assess processability and internal structure of PLA/HH

biocomposites, as seen in the rheometry data provided in
Figure 2. The slope of log G' versus log G" plot was used
to determine if the constituents are miscible/compatible.
For miscible systems, the slope of log G' versus log G" is
similar to the base polymer matrix.38 In this study,
PLA/HH biocomposites showed a lower slope on log G'
versus log G" plot than the unfilled polymer matrix
(PLA-HH-0), as shown in Figure 2A, indicating HH and
PLA are only partially miscible. PLA-HH-1 showed
higher G', G", and jη*j values in comparison to the other
biocomposites at a frequency lower than 3 rad/s
(Figure 2B,C). With increasing HH particle size, G' and
jη*j decreased, consistent with the MFR data from tests at
Condition E (Figure 2D), and as reported by Hristov
et al.,39 supporting smaller particles offer higher resis-
tance to deformation, whereas the larger particles are
prone to flow because of the increased wetting caused by
their lower specific surface area.40 The smaller particles
also facilitate formation of networks within the polymer
matrix.41 The rheological properties were overall similar

FIGURE 2 Rheology analysis of polylactide/hemp hurd biocomposite feedstock showing: (A) log G'-log G", (B) G', G", (C) jη*j, and
(D) melt flow rate data.

XIAO ET AL. 4931
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at high dynamic frequency because of the possible
disentanglement of polymer chains and the decreased
particle-particle interactions. PLA-HH-1 exhibited elastic
behavior (G' > G") at a frequency below 10 rad/s, how-
ever PLA-HH-2 and PLA-HH-3 demonstrated viscous
behavior (G" > G') over the whole frequency range
(Figure 2B). Both rheological behavior and MFR data
demonstrated that incorporation of smaller particle size
HH resulted in a lowered melt flow for the processed
PLA/HH biocomposites.

3.2.2 | Dispersion of HH and interface
morphologies

SEM imaging was acquired to explain the particle size
effects on HH dispersion in the PLA matrix, and to inves-
tigate the cryo-fractured surface morphology of IM speci-
mens, as shown in the SEM micrographs in Figure 3. HH
dispersed in the polymer matrix parallelly mostly and
maintained its original fibrillated structure. In PLA-HH-1
(Figure 3A), HH debonding from the polymer matrix was
detected throughout the fracture surface, suggesting an
insufficient interfacial adhesion at HH/PLA interface.
The extent of HH/polymer matrix adhesion in PLA-HH-2
was demonstrable with HH retaining a greater l/d over
PLA-HH-1, attributed to the elongated HH2 particles.
Failure in PLA-HH-3 was constricted within the HH
fiber, rather than pull-out or debonding at the interface,
which affirmed that effective interfacial adhesion was
achieved, along with potentially efficient filler-to-matrix
transfer of applied stress.

3.2.3 | Mechanical properties

HH particle size effect was correlated with the mechani-
cal properties of IM specimens prepared from the
PLA/HH biocomposites (PLA-HH-1–PLA-HH-3), and

the results are summarized in Table 2. PLA/HH speci-
mens exhibited similar tensile strength (�50 MPa),
except PLA-HH-1, which showed a lower tensile strength
of 47.2 MPa. This variation in the tensile strength at con-
stant weight fraction is driven by interfacial compatibility
and interfacial area, which in turn dictate stress transfer
and failure. Because of the inadequate interfacial adhesion
confirmed by the morphological analysis of the interface
and the high interfacial area confirmed through particle
analysis, PLA-HH-1 showed slightly inferior response to
tensile stress, readily yielding under load,42 as further evi-
denced by prevalent HH pull-out (Figure 3A) at the inter-
face. The elongation-at-break marginally decreased with a
corresponding increase in HH particle size. The impact
strength increased with an increase in HH particle size, as
expected. PLA-HH-1 displayed an impact strength =

41.3 J/m, which was lower compared to PLA-HH-3
(54.4 J/m) because of the superior filler-matrix stress trans-
fer. This result is consistent with the literature report on
PVC/rice hull biocomposites,43 and in this study, sup-
ported by the SEM analysis (Figure 3C).

3.3 | Morphology of FFF filament

Cross-sectional surfaces of PLA/HH filaments were ana-
lyzed using SEM, and the micrographs are shown in
Figure 4. From Figure 4A–C, PLA/HH filament cross

FIGURE 3 SEM images of the cryo-fractured surface morphology of injection-molded PLA/HH samples: (A) polylactide-hemp hurd

(PLA-HH)-1, (B) PLA-HH-2, and (C) PLA-HH-3.

TABLE 2 Mechanical properties of injection-molded

specimens as a function of hemp hurd (HH) particle size.

Materials

Tensile
strength
(MPa)

Elongation
at break (%)

Impact
strength (J/m)

PLA-HH-1 47.2 ± 0.9 13.9 ± 1.18 41.3 ± 3.0

PLA-HH-2 50.8 ± 1.8 13.2 ± 1.29 46.4 ± 1.6

PLA-HH-3 50.3 ± 0.3 12.7 ± 1.20 54.4 ± 4.3

4932 XIAO ET AL.
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section showed increased porosity as HH particle
size increased, with pore size also increased from
Figure 4A–C, attributed to the increased HH particle
size. One parameter that could affect the increase in fila-
ment porosity could be the decreased viscosity, which led
to the decreased melt pressure in the extruder barrel dur-
ing filament extrusion and caused the looser internal
structure of filaments. The manufactured PLA/HH fila-
ments exhibited increasing surface roughness with HH
particle size increases as illustrated in Figure 4D.

3.4 | Properties of FFF-printed
specimens

3.4.1 | Surface roughness

Surface roughness analysis of PLA/HH filaments
involved correlation with HH particle size as presented in
Figure 5. Overall, average roughness (Ra) values were
�20 μm. The roughness of PLA-HH-1 and PLA-HH-2
were near similar because the constituent HH particle
size was of a lower dimension than the height of the
printing layer (150 μm). The roughness of PLA-HH-3 was
marginally higher than the other biocomposite filaments
because of HH particle size >150 μm, which was the
height of the printing layer. The FFF printing of PLA-
HH-3 revealed nozzle jamming and clogging, despite
high MFR of the biocomposites, causing disruption in
FFF part fabrication. These processing challenges are
resultant of larger HH particles impeding melt flow

throughput at the nozzle, which results also in the
enhanced surface roughness of the filament and eventu-
ally, FFF-printed parts.

3.4.2 | Porosity

Porosity in FFF-printed sample was characterized by
XCT to correlate HH particle size with the interfacial

FIGURE 4 SEM images of the razor-

cut cross section of the PLA/HH

filaments: (A) PLA-HH-1, (B) PLA-HH-2,

and (C) PLA-HH-3, (D) PLA/HH

filaments produced from (1) PLA-HH-1,

(2) PLA-HH-2, and (3) PLA-HH-3.

FIGURE 5 The surface roughness trend of FFF-printed

specimens correlated to the variation in HH particle size.
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adhesion between adjacent layers. Cross-sectional image
slices acquired parallel to the printing direction of the
specimens, as shown in Figure 6. The size distribution of
the voids is denoted through an assortment of colors.
With an increase in HH particle size, XCT analysis elu-
cidated an increase in volume fraction of porosity and
increase in average pore size along the direction of
printing (purple arrows in Figure 6D). The porosity of
PLA/HH specimens gradually increased in the samples
that is, PLA-HH-1, PLA-HH-2, and PLA-HH-3 show-
ing 4.86%, 6.34%, and 9.85% volume fractions, respec-
tively. An overall increase in porosity and pore size is
driven by insufficient interlayer fusion bonding, which
in turn decreases because HH particle size increases.
The voids were located between layers, as highlighted
with black solid rectangles in Figure 6E,F, due to the
insufficient fusion between adjacent layers. The distri-
bution of voids along the FFF print tracks suggested
the lack of melt fusion in representative areas lying
between adjacent tracks, and because of the confine-
ment of volatiles within voids.44 Overall, XCT analysis
revealed a critical correlation between the variation in
particle size, and interlayer melt fusion and bonding.

3.4.3 | Morphology

Impact fracture in FFF specimens was analyzed using
SEM, as shown in Figure 7. The fracture surfaces
became discernibly and gradually rougher with an
increase in HH particle size. Increased porosity and
larger interlayer space were realized concomitantly,
further confirming the XCT imaging (Figure 6). All

specimens exhibited elastoplastic deformation, with
fibrillated, long superficial fragments, which led to
enhanced impact strength compared with IM samples
(See Table 2). PLA-HH-3 displayed a smoother frac-
ture surface compared to PLA-HH-1 and PLA-HH-2,
with large surface voids, leading to slight increase in
impact strength against IM samples, as shown in
Table 2.

3.4.4 | Mechanical properties

Analysis of mechanical properties focusing on tough-
ness is critical for achieving optimal printability, and
application development with the feedstock. The
mechanical properties of FFF-printed samples are
shown in Table 3. All the specimens exhibited higher
impact strength than commercial PLA printed sam-
ples.1 Mechanical performance including the data on
tensile strength, elongation-at-break and impact
strength values showed an increase with corresponding
increase in HH particle size from 35 to 50 μm, which in
turn dictated the increased interfacial adhesion
between HH and PLA matrix. Whereas all the mechan-
ical performances decreased with a HH particle size
>160 μm, because of the significant increase in poros-
ity and pore sizes. All FFF-printed samples showed
higher levels of impact strength compared to their IM
equivalents (Table 1), which is consistent with the
results obtained from our previous work,1 where we
found that FFF-printed specimens overall exhibited
higher impact strength than their injection molded
counterparts.

FIGURE 6 3D porosity distribution as elucidated via XCT image slices (top view) of FFF-printed specimens: (A,D) polylactide-hemp

hurd (PLA-HH)-1, (B,E) PLA-HH-2, and (C,F) PLA-HH-3.
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4 | CONCLUSIONS

This systematic investigation of the rheological behavior,
printability, microstructure, mechanical properties, and
surface quality of PLA/HH biocomposite as FFF feed-
stock focused on the effects of HH particle size variation.
An increased HH particle size led to higher melt flowabil-
ity and increased impact strength for IM specimens. The

FFF-printed specimens exhibited similar surface rough-
ness and improved mechanical properties with increase
HH particle size when the particle sizes were 35 and
50 μm, which are lower than the layer height of 150 μm.
The filament presented challenge in FFF printing when
HH particle size reached 160 μm, which is higher than
print layer height. In general, higher impact strength was
realized in FFF samples over IM samples. Overall, bigger
particle size under the print layer height is favorable for
achieving optimal properties for FFF parts. This investi-
gation established the connections between the particle
size of HH and a range of key material properties of FFF
PLA/HH biocomposite feedstock.
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FIGURE 7 SEM imagery of the impact fracture surface in FFF samples: (A, D)PLA-HH-1, (B, E) PLA-HH-2, and (C, F) PLA-HH-3.

TABLE 3 Mechanical properties of fused filament fabrication-

printed specimens as a function of hemp hurd (HH) particle size.

Materials

Tensile
strength
(MPa)

Elongation
at break (%)

Impact
strength
(J/m)

PLA-HH-1 30.5 ± 0.9 6.96 ± 0.16 55.1 ± 2.0

PLA-HH-2 33.9 ± 2.1 9.74 ± 0.20 56.6 ± 5.4

PLA-HH-3 29.6 ± 0.7 8.22 ± 0.26 55.5 ± 2.2
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