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Abstract

This original study investigated the effect of biochar (BC) addition, a hydrophobic rein-
forcing agent, to a thermosetting wood-sodium silicate (W-SS) composite prepared by
extrusion for use in additive manufacturing. Commercial BC was blended (10-20% w/w)
with W-SS while lowering the SS resin content to form composites. In addition, 50-70%
w/w BC-SS composites were also prepared. The flow behavior of the uncured composites
was determined by rheometry. The composite mixtures were extruded and cured, and then
tested for their flexural, water soak, and thermal properties. Replacing SS content with 10%
BC significantly improved the mechanical properties of W-5S while potentially reducing
cost and biodegradability; however, 20% w/w BC replacement led to reduced strength.
Incorporating BC improved the thermal and dimensional stability of W-SS composites.
BC-5S showed improved thermal, hydrophobicity, and flow properties compared to W-SS
composites, but lower mechanical properties. It was found that the composite containing
50% W, 10% BC, and 40% SS had an optimum flexural strength of 29 MPa, with thermal
property values improving by 29 °C and the dimensional stability improving by 10% com-
pared to 50% W-50% SS (w/w). This implies that BC could help improve the hydrophobicity
properties of W-SS while also enhancing mechanical properties, biodegradability, and
reducing SS content. 3D printing of the 50% BC-50% SS was demonstrated to showcase the
industrial feasibility of printing BC-SS composites. This study demonstrates that BC is an
effective additive for enhancing the properties of W-SS composites.
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1. Introduction

The need to reduce reliance on fossil-based resources and increasing sustainability con-
cerns have led to a growing interest in biobased composites as alternatives to conventional
materials [1,2]. The global bio-composite market has grown at a compound annual growth
rate of 11.8% from 2016 to 2024, and the fabrication of materials from biobased feedstock is
projected to rise from 5% in 2004 to about 25% in 2030 [3,4]. Research on better methods
and materials for use in bio-composite manufacturing for diverse applications is constantly
evolving [5]. This has sparked interest in developing new processes for construction, such
as additive manufacturing (AM) for utilizing natural fibers such as wood in bio-composites.

AM or 3D printing is the layer-by-layer deposition process to make a desired shape
from a 3D computer model. Extrusion-based AM has been demonstrated for printing
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natural fiber composites for high-performance applications [6]. 3D-printed bio-composites
are renewable and often recyclable, with excellent properties produced through a process
with reduced waste and environmental impact [7]. The printability of natural fiber compos-
ites using AM is dependent on their flow properties as determined by rheometry, such as
shear-thinning non-Newtonian behavior [8,9].

Bio-composites utilizing wood residues and other natural fibers have been used widely
in construction materials (particleboard, wood plastic composites, etc.), but a major issue
is due to their ability to absorb water, thus becoming dimensionally unstable [10]. For
example, wood-sodium silicate (W-SS) composites are extrudable [11] and printable [12] by
AM and have good thermal and mechanical properties; however, these W-SS composites
have poor water resistance due to the hygroscopic nature of SS and the polar hydroxyl
groups in wood [13-16]. SS solution (or water glass) readily adheres to wood fibers and
hardens to a glassy material with the removal of water to form silica gel [11]. Hydrophilicity
of the binder and wood or natural fibers makes biobased composites not only suscepti-
ble to biological damage over time, but also reduces their strength by weakening the
interfacial bonding [3,17,18]. Several chemical modifications, such as acetylation, silane
treatment, mercerization, and benzoylation, have been reported in the literature but may
have adverse effects on the environment [19]. Hence the need for sustainable, hydrophobic,
reinforcing fillers that could help improve water resistance and long-term durability of
bio-composites [20,21].

A promising filler in bio-composites is biochar (BC), a carbonaceous, hydrophobic, and
renewable material produced by a thermochemical conversion process, such as pyrolysis
of biomass in an oxygen-limited environment [22]. BC use in bio-composites can provide
thermal stability and good resistance to biological and weathering degradation [23]. The
comparatively lower density of BC (due to its porous structures) is another key advantage
that makes it suitable for lightweight materials with potentially high strength because it
maximizes the filler content in composites without drastically increasing the weight of the
final product [24]. BC has also been used in concrete to improve its mechanical properties
and lower its carbon footprint with impressive results [25,26]. The incorporation of 1% BC
sodium silicate geopolymer concrete improved mechanical properties in terms compressive
strength by 54% [27]. There has been extensive research on the effective use of BC as a
sustainable filler in composites, but there is a need to apply BC in other non-concrete
geopolymer matrix composites, such as W-5S, to improve its water resistance and use
in AM.

The aims of this study were to, firstly, investigate the effect of the addition of biochar
to W-5S composites while reducing SS content. Secondly, wood was substituted with BC
to improve the water absorption properties of the bio-composites. Thirdly, we investigate
the flow behavior, extrudability, and mechanical properties of the BC-SS and BC-WSS
composites. Finally, we demonstrate 3D printing of the BC-S5 composite and compare its
fire resistance to that of 3D-printed W-SS.

2. Materials and Methods
2.1. Materials

Wood fibers (WFs) were obtained from Plummer Forest Products (Post Falls, ID, USA)
and then screened to pass through a standard 40 mesh screen. Commercial SS solution (37%
solids content, pH 12.5, and density of 1.39 g/cm?) was purchased from ThermoFisher
Scientific (Waltham, MA, USA). Commercial BC was obtained from Hempitecture (Jerome,
ID, USA), milled in a Waring food blender (model 700B, Stamford, CT, USA) for 2 min, and
screened to pass through a 100-mesh standard screen. BC and WFs were dried at 105 °C for
24 h before use.
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2.2. Fiber Characterization Methods

The moisture content of wood fibers was determined, in duplicate, using a Mettler
Toledo HB43-S halogen moisture analyzer (Columbus, OH, USA). The density of wood
fibers and BC was determined using a Quantachrome ultra-pycnometer 1000 (Boynton
Beach, FL, USA) in nitrogen. The specific surface area analysis was determined, in duplicate,
on a Micromeritics Flowsorb 2300 (Norcross, GA, USA) instrument according to ASTM
D6556 [28]. Particle size analysis was determined, in triplicate, using a Bettersizer-2600
instrument in water (Costa Mesa, CA, USA). Elemental analysis (C and N) was performed
at the Analytical Sciences Laboratory (University of Idaho, Moscow, ID, USA). Raman
spectroscopy of BC was performed on a ThermoNicolet DXR3 Flex spectrometer (Madi-
son, WI, USA) at 532 nm of excitation, with 2 s of acquisition time and 16 scans, with
5 replicates. The spectra were averaged and baseline-corrected. The ratio of disordered (D,
1360 cm™1)/ graphitic (G, 1550 cm 1) band intensities (Ip /Ig) was calculated.

2.3. Composite Formulations

Various formulations of BC, wood, and SS were prepared, with code names given; the
formulations are listed in Table 1. The batch size of the formulations for rheological testing
and extrusion were 2 g and 50 g, respectively. The formulations were measured on a dry
weight basis.

Table 1. Composite formulations and sample codes.

Sample Code Wood (% w/w)  Sodium Silicate (% w/w)  Biochar (% w/w)

S50W 50 50 0
50W10B 50 40 10
50W20B 50 30 20

50B 0 50 50

60B 0 40 60

70B 0 30 70

2.4. Rheological Testing

The formulations were prepared in 2 g batches according to Table 1 and mixed using
an Aliotech electric herb grinder (Quebec, QC, Canada) for 1 min. The blend was then
cold-pressed in a pellet die (25 mm ©) to a thickness of 2 mm. These discs were analyzed
by rheometry on a DHR2 rheometer (TA instruments, New Caste, DE, USA) equipped with
an extended temperature unit using 25 mm J serrated plates and a 2 mm gap, in triplicate.
Serrated plates were used to prevent slippage. Flow properties against temperature were
collected from 30 to 150 °C at a heating rate of 2 °C/min with 0.1% strain and a frequency
of 1 Hz. Flow curves (complex viscosity, n*) against frequency (shear rate) were performed
at 25 °C with 0.1% strain and frequency from 0.01 to 100 Hz. Flow data were analyzed
using the TRIOS software v5.1.1 (TA instruments, New Caste, DE, USA). The results were
successfully modelled using the power law given in equation 1 below, where n* is the
complex viscosity, w is the angular velocity, K is the consistency coefficient, and n is the
flow behavior or non-Newtonian index.

In*(w) | = K(w)™! (1)

2.5. Composite Fabrication

The formulations were prepared in a 50 g batch according to Table 1 and mixed using
a coffee grinder (Pinlo, Shenzhen, China, 200 W) for 1 min. The blend was then fed into a
20 mm & x 200 mm length barrel single-screw extruder with no-screw compression and
11 mm flights (RobotDigg, Shanghai, China) equipped with a 300 W motor. The extruder
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operated at 17 RPM and extruded through a 9 mm @ die. The run time per formulation
was about 15 min. To prevent precuring, the barrel was cooled (5-12 °C) using a tightly
wrapped coil of 6.2 mm J copper tubing with ice water pumped (380 L/h) through the coil.
After extrusion, the rods were pressed at room temperature under 5-ton pressure for 10 min
in a PHI hydraulic press (City of Industry, CA, USA) to 3.2 mm stops between aluminum
plates (300 mm x 300 mm), and then post-cured at 105 °C.

2.6. Characterization of Composites

Flexural three-point bending tests were performed on cured machined composite
samples (3 mm x 13.5 mm X 60 mm) with six replicates using a Mecmesin Multi-dV
2.5 test machine (Sterling, VA, USA), with a support span of 48 mm and a crosshead speed
of 1.1 mm/min according to ASTM D790 [29]. Data were acquired and analyzed using the
Vector Pro v6.11 software.

Thermogravimetric analysis (TGA) on milled samples (5-6 mg) was performed on a
Perkin Elmer TGA-7 instrument (Shelton, CT, USA) from 30 to 900 °C at 20 °C/min under
nitrogen in triplicate. Data was analyzed using the Pyris v13.3.1 software.

The viscoelastic properties of the composite samples (2 mm x 4 mm x 20 mm), in
triplicate, were determined by dynamic mechanical analysis (DMA) in 3-point bending
mode (15 mm span) at 1 Hz from —50 to 300 °C at a heating rate of 3 °C/min using a Perkin
Elmer DMA 7 instrument (Shelton, CT, USA). The results were analyzed using the Pyris
v13.1 software.

Cured composites (13.5 mm x 13.5 mm x 3 mm) were investigated for their dimen-
sional stability by submerging five replicates in water at room temperature for 2 h, after
which the weight gain and thickness swell were recorded. The wettability of the composites
was determined by water sessile drop contact angle measurements (5 replicates), using
a PG-2 Pocket Goniometer (Thwing-Albert, West Berlin, NJ, USA), and the data were
analyzed using the Pocket Goniometer software, V3.3.

2.7. 3D Printing Demonstration

A formulation of 50% BC and 50% SS was prepared (3 kg batch) and mixed in a
10 L commercial food processor (1100 W, VEVOR, Shanghai, China) for 2-3 min. The
mixture was introduced into a single-screw extruder (35 mm & x 420 mm, 2.2 kW motor,
RobotDigg, Shanghai, China) and operated at 40 RPM. The extruder barrel and die were
jacketed and cooled with circulating ice water to prevent precuring. The extruder die
was coupled to the printer nozzle with a Teflon-lined flexible stainless-steel braided hose
(22 mm @ x 1220 mm). The nozzle was connected to a custom-built 3D printer (950 mm x
650 mm x 600 mm) and NEMA stepper motors controlled by SmoothieBoard 5X (Banggood,
Hong Kong, China), and then computer-interfaced with Pronterface, as described in detail
by [12]. Full fill was used in the printer and the printer bed was at ambient temperature.
A three-row two-layered test print was performed and cured at ambient conditions for
2 weeks. The 3D-printed formulations were tested for their fire resistance by exposing the
samples to the tip of a Bunsen burner flame (1000-1100 °C), and then monitored for 5 min
for sample changes. The weight loss of the samples was recorded.

3. Results
3.1. Fiber Characterization

The properties of the wood fiber and BC were determined, and the results are given in
Table 2. The wood fiber and BC were comprised of 50% C and 78% C, respectively, and
with low levels of N (<0.5%). These C content values are typical for wood and BC [30,31].
The particle size distribution of the BC and wood fiber are shown in Figure 1. The BC had a
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smaller average size (38 pm) than the wood fiber (284 um), which is likely due to attrition
of the brittle BC particles. The Raman spectra of the BC showed both disordered (D) and
graphitic (G) carbon by the presence of bands at 1370 cm ! and 1598 cm 1, respectively. The
intensity ratio, Ip/Ig, was 1.19, indicating a relatively high level of amorphous disordered
carbon [32-34]. An additional broad band (2500-3200 cm~!) was observed and assigned to
the 2D band and D + G overtone and associated with disordered carbon materials with
a low extent of graphitization. The presence of these Raman bands is consistent with the
literature for BC [33,35-37].

Table 2. Properties of the wood fiber and BC.

Property Wood Biochar
C (%) 50 78
N (%) 0.25 0.49
Particle size average (um) 284 (£21) 38
Surface area (m?/g) 2.00 (£0.21) 78 (1)
Density (g/cm?) 1.43 (40.02) 0.63 (+0.01)
(a) 7 - (b) 1%
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Figure 1. (a) Particle size analysis of the wood fiber and BC and (b) the Raman spectrum of BC.

3.2. Rheological Properties of the Wet Formulations

The flow curves (complex viscosity (n*) vs. the frequency (shear rate)) of the various
composite formulations at 25 °C were assessed by dynamic rheometry (Figure 2). All
composite formulations showed shear-thinning behavior characteristic of non-Newtonian
fluids, which are suitable for extrusion [38,39]. For comparison between formulations, the n*
at 1 Hz is given in Table 3. Formulations containing BC recorded lower n* compared to 50W
(464 kPa-s) due to their smaller particle size [40,41]. Ref. [42] reported the same value of n*
for a 50W composite formulation, showing confidence in the rheological measurements.
Adding 10 and 20% BC to WSS progressively decreased the n* of the formulations down
to 52 kPa-s, even as the binder content decreased to 30%, causing reduced polymer chain
entanglement [43,44]. Furthermore, for 3D-printable resins with high filler contents, low
matrix interconnectivity has been observed, resulting in poor structural integrity of the
extrudate [45]. The BC-only formulations (50B-70B) had a relatively consistent n* of
190-236 kPa-s, with 60B being the highest. This observation was because BC is a porous
material with high surface area, which promotes particle-particle and particle-matrix
interactions, resulting in the formation of an interconnected network in the composite
that restricts flow and exhibits resistance to deformation [46,47]. This increased as the
BC content increased from 50B to 60B; however, at 70B, the SS was insufficient, hence the
reduction in n* [48,49].
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Figure 2. Flow curves (complex viscosity (n*) versus frequency) of various wood fiber/BC/
SS formulations.

Table 3. Dynamic viscosity values at 1 Hz, the power law flow behavior index (r), and the consistency
coefficient (K) of the wood fiber/BC/SS formulations.

n* at 1 Hz (kPa-s) K (kPa-s) n R?
50W 464 (+£37) 412 0.124 0.954
50W10B 189 (+11) 161 0.136 0.985
50W20B 52.4 (+£13) 46.9 0.035 0.998
50B 190 (£15) 191 0.002 0.998
60B 236 (£7) 245 0.021 0.995
70B 196 (+7) 201 0.009 0.995

The flow curves for the formulations showed linear relationships (on log-log plots)
and were successfully modeled using the power law equation. The lower law model
parameters (non-Newtonian or flow behavior index (1), consistency coefficient (K), and
coefficient of determination (R?)) are given in Table 2. The plots of all formulations show
a good fit with R? > 0.95. For the 50W formulation, 7 was 0.124 and was comparable to
wood and hemp fiber thermoset composite formulations [35]. The addition of 20% BC
to 50W lowered n to 0.035, and this phenomenon is consistent with the literature on n
decreasing with filler content in composites [50]. The BC-only formulations (50B to 70B)
had very low n values (0.002-0.02), showing that these behaved as a highly pseudoplastic
(non-Newtonian) system. This parameter  is critical for 3D printing formulations because
lower values indicate more significant shear-thinning behavior, corresponding to rapid
recovery of high viscosity after shear stress is removed. This allows printed layers to retain
their shape and support subsequent layers [51-54].

3.3. Cured Composite Properties

The composite formulations were high-shear blended prior to extrusion and then
extruded into a pliable rod. Upon visual inspection, the extruded rods were homogeneous
(Figure 3), which is consistent with previous work [11-13], with even the blends containing
both WFs and BC. The rods were cold-pressed to obtain flat ribbons, cured, and then
prepared into test coupons for testing.
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Figure 3. Photograph showing the extrusion of the 70B (70% BC and 30% SS) formulation.

The flexural strengths of the composites are reported in Figure 4a. The 50W had a
flexural strength of 23 MPa, and with the addition of 10% BC in 50W10B, it increased to
29 MPa, showing a 26% increase in strength while using 10% less SS resin. The composite
formulations 50W20B, 50B, 60B, and 70B were shown to have FS values of 12.6, 5.8, 11.6,
and 10.3 MPa, respectively. Increasing the BC content to 20% resulted in a 53% reduction in
strength. This shows that replacing 10% of the weight of the SS resin with BC significantly
improved the flexural strength while increasing the biobased content of the composite
and potentially reducing cost; however, 20% BC (50W20B) replacement showed reduced
strength due to too-low resin content [55,56]. The ability of the porous BC to improve
strength is due to its ability to fill in the interstitial voids in the matrix up to its maximum
capacity; this mechanism is called the micro-filler effect [57,58]. The BC-only composites
had low flexural strengths (6-12 MPa), and the lowest was 50B. Adding too much BC to
the composites can result in a loss of structural integrity, especially without wood, because
biochar acts as a particle filler while wood acts as a fiber reinforcement [59-61].

35 - d — 7000 q
g 30 < gooo | ¢
s | a l = 1 I ab
=254 A 2 5000 I " . " b
® 90 - = 4000 I : I
[} o
£ 15 - ? b be £ 3000 [
€ 10 - c I I £ 2000
3 54 I 3 1000 -
E 14
0 0
Q Q Q Q Q ® Q Q ®
(«3Q$ $’\9 &"\9 S & A 99@ @'\«Q $$ S S A
(a) B B (b) BS B

Figure 4. Flexural strength (a) and flexural modulus (b) of the cured wood-BC-SS composite
formulations. Statistical differences between samples were determined (p-value < 0.05) and the
differences are shown by letters.

The flexural modulus values (Figure 4b) of 50W and 50W10B were 4.5-5.5 GPa (sta-
tistically insignificant), while the other formulations (50W20B, 50-70B) had lower values
(3.5-3.8 GPa). The moduli are in the range of 3.0-4.6 GPa for other natural fiber-SS com-
posites [11,42].

The TGA and DTG thermograms of BC, wood fiber, and composites are shown
in Figure 5. The degradation onset temperature (Tonset) and residual mass at 500 and
850 °C are given in Table 4. WFs and WF composites had a small decrease in mass below

https:/ /doi.org/10.3390/pr14132094


https://doi.org/10.3390/pr14132094

Processes 2026, 14, 2094

8 of 15

200 °C that was associated with moisture loss. Wood fiber had a Tonget of 258 °C and was
associated with hemicellulose and cellulose degradation [23]. The WF composites (50W,
50W10B, and 50W20B) had Topsets between 260 and 291 °C, which was associated with
wood polymer degradation. BC was shown to be very thermally stable, as expected, with
a Tonset 0of 506 °C and had a residual mass of 77% at 850 °C compared to wood at 16%. A
consistent increase in Tonset Was observed with increasing the BC addition from 260 °C for
50W to 287 °C for 50W10B and 50W20B because BC serves as a thermal shielding insulative
barrier hindering the degradation of volatile components since it consists of highly stable
carbon that can withstand higher temperatures [21]. The BC composites (50B-70B) were
more thermally stable with Tonsets 0of 361-373 °C, as well as a degradation rate (DTG)
comparable to the WF composites in this study [62,63]. The DTG peak for WF was at
365 °C and is associated with wood polymer degradation, while for 50W and 50W20B, the
DTG peak was at 306 °C. The decrease in the DTG peak for the composites relative to the
WEF could be associated with alkaline degradation of wood polymers with SS. The residual
mass for the 50W composite was 55% at 850 °C, and this was attributed to some char and
mainly sodium silicate, while the BC composites had a higher residual mass of 77-84%.
These results clearly show that BC helps improve the thermal stability of the composites.

Temperature (°C)
50 250 450 650 850

100

—__BC N By

80
0
= —WF B
8601 5w E 2]
2 —50W108B \ 2
= 40 1 —s0w20B \ g -4 s‘
—50B N = \ | —BC —WF
20 { —e08B —_— £ -6 1 \ [ —sow  —s50w108
—70B > g \ / —50W20B — 508
) +—1r—"1-—T——T-"rT—r—T—TTrrr — \ 60B 208
50 250 450 650 850 v _
(a) Temperature (°C) (b) -10 -

Figure 5. (a) TGA thermograms and (b) DTG thermograms of wood-BC-SS composite formulations.

Table 4. Thermal stability of composites showing the onset of degradation.

Composite Sample Tonset (°C) Residual Mass (%) Residual Mass (%)

at 500 °C at 850 °C

WE 258 (+2) 23 16
50W 260 (+5) 67 55
50W10B 287 (2) 64 62
50W20B 291 (+11) 63 55
50B 373 (£7) 89 84
60B 368 (£5) 88 83
70B 361 (4) 86 77
BC 506 (+6) 91 77

The storage modulus (E’) with respect to temperature was determined using DMA to
show any thermal transitions (Figure 6). A transition was observed around —16 to 0 °C for
some samples (50W, 50W10B, 50B, and 60B), and this could be associated with the presence
of water (that melts) in the sample. A Ty was observed for the wood-SS composites (50W,
50W10B, and 50W20B) around 210 °C, which is likely associated with amorphous wood
polymers such as lignin [64]. BC-SS composites (50B, 60B, and 70B) had Tyrs around 340 °C,
which may be attributed to tars and other amorphous components present in the BC [65-67].
Generally, the E’ for BC composites did not decrease much with increasing temperature
due to their higher thermal stability compared to WF composites [68]. The 50W composite
had the highest E’ at 20 °C (1.67 GPa) and decreased progressively with the addition of BC
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(1.44, 0.061, 0.82, 0.10, and 0.09 GPa for 50W10B, 50W20B, 50B, 60B, and 70B composites,
respectively), and this observation is consistent with the flexural modulus results [37,69].

10
—50W —50W10B —50W208B

—50B —60B —7/0B

|
@J

E' (GPa)

0-1 ' 1 L 1 ' 1 L 1

-50 50 150 250 350
Temperature (°C)

Figure 6. Storage elastic (E') thermogram of the wood-BC-SS composites.

The water drop contact angle of the composite surfaces was measured to determine
their surface wettability (Figure 7). Wood-containing composites showed lower contact
angle values (50W (24°), 50W10B (29°), and 50W20B (28°)) than BC-SS composites (50B (97°),
60B (114°), and 70B (115°)), indicating that biochar incorporation improves hydrophobicity.
Increasing the addition of BC increased the contact angle, as expected. Water contact
angle > 90° signifies a hydrophobic surface, and thus the material is not readily wettable.
This will inhibit water absorption to some extent, thus making the composite more resistant
to biological degradation, and potentially more durable over time [70,71].

50w 24105 50wW10B ' 20+1.6 50W20B ' 28+ 0.6

50B 114°+6.6 70B 115° % 3.3

Figure 7. Contact angle measurements on the wood-BC-5S composites at 5 s.

Water soak tests were performed on the wood-BC-5S composites. The results of the
water absorption (WA) and thickness swell (TS) tests after 2 h of immersion are shown in
Figure 8. WA values for wood-containing composites 50W, 50W10B, and 50W20B were
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59%, 45%, and 58%, respectively. Moreover, these composites were shown to have lower
WA values than particleboard made with rubberwood and biobased binder (87-91%) [72],
and were comparable to coir-urea formaldehyde particleboard (45-76%) [73]. The 50B,
60 B, and 70B composites had lower WA values of 28%, 31%, and 23%, respectively. The
wood-SS composites (50W, 50W10B, and 50W20B) had TS values of 15-22%, which were
higher than wood—phenol-formaldehyde particleboard at 5% [74], while the BC composites
had lower TS values (~5%) and were comparable to particleboard. These water soak tests
clearly show that BC impedes water ingress into the composites due to its hydrophobic
nature, as seen in the contact angle measurements [75-78].

H50W = 50W10B ©050W20B m50B m60B ®m70B H50W ®50W10B @0 50W20B m50B m60B B70B
70 25
60 ——
% x] 20 Ex

g 40 = g 15

= o = 10
20

(@ o (b) o

Figure 8. Box and whisker plots (showing average (x) and standard deviation (box)) of (a) water
absorption and (b) thickness swelling of the various W-BC-SS composites.

3.4. 3D Printing Demonstration and Fire Testing

In a previous study, the 50W was successfully printed into a test piece [12]. Using the
same setup, the 50B formulation was 3D-printed to demonstrate the feasibility of producing
these composites on a larger length scale (Figure 9). The formulation was not optimal
and showed some sagging initially, and then stopped once the formulation started to
cure, but multiple layers were printed. The print fully cured at ambient conditions over a
2-week period.

Figure 9. Photographs of the 3D-printed 50B formulation.

The extruded 50B and 50W composite filament rod was subjected to a Bunsen burner
flame (Figure 10) over a 5 min period as described by [11]. The 50B and 50W composites
showed good fire resistance, as evidenced by the photographs shown. A mass loss of 5%
was recorded after the flame test for 50B compared to 18% for 50W. The mass loss for the
50W sample is likely attributable to wood combustion and moisture loss in the outer layer
of the composite, while the 50B composite was found to be less combustable. Other studies
on BC composites showed improved fire resistance [79,80].
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Figure 10. Photographs of the Bunsen burner flame test of the 50B and 50W composites at 1, 3, and
5 min.

4. Conclusions

This study successfully produced W-SS, BC-W-SS, and BC-SS extrudable compos-
ites. BC was shown to be a hydrophobic filler compared to wood. The addition of 10%
BC to 50W improved its flexural strength by 26% to 29 MPa, the thermal stability by
29 °C to 287 °C, the dimensional stability by 10%, and the water absorption by 45%.
These improvements were due to the ability of the BC to improve bonding within the
W-SS system and thereby enhance stress transfer, mechanical strength, and stability. The
addition of more BC (20%) had a negative effect on W-SS composites. The BC-5S com-
posites were shown to have the highest dimensional (4.2-5.7% TS) and thermal stability
(Tonset 361-373 °C) compared with the W-5S composites. The W-5S composites were shown
to have better mechanical properties than the BC-SS composites. 3D printing of the cold-
setting BC-SS formulation was successfully demonstrated; however, further research is
required to improve the formulation in order to minimize sagging.
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