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Abstract

A composite mixture of wood fiber and sodium silicate (SS) binder has been explored as a viable material for use in addi-
tive manufacture of wood based composite materials. Mixtures of 50-60% wood fiber and 50-40% SS were explored.
The curing behavior of these formulations were examined by differential scanning calorimetry (DSC) and dynamic rhe-
ometry. An exothermic curing peak of 83 °C was observed for SS and increased to 153 and 163 °C with the addition of
wood fiber. Rheology flow curves showed higher viscosity values for 50/50 blends and lower values for SS. A custom
extrusion system was fabricated and 50/50 wet blends were extruded, cured at different temperatures, and characterized
for flame retardancy, mechanical, thermal, and water absorption properties. Surface chemistry changes before and after
curing were determined by Fourier Transform Infrared (FTIR) spectroscopy. Mechanical properties, determined by three-
point bend testing, improved with the addition of the wood fiber but varied with different curing temperatures and thermal
stability of the composites increased with curing temperature. This extruded wood-SS composite shows promise for use
in additive manufacturing.

1 Introduction and composite decking (wood plastic composites) (Cher-

kasova 2020). The production of composite panels requires

Sawmill residues (sawdust and planar shavings) is a use-
ful resource that can be utilized as a sustainable feedstock
and in the U.S.A, 83.4 million tons of primary timber wood
residues were generated in 2010 and 85% was used in wood
composites (Falk and McKeever 2012). Waste wood is also
commonly used in composite wood panels (particleboard)
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binders which are mostly synthetic resins (urea-formalde-
hyde and phenol-formaldehyde) that require curing in a
heated press and can release formaldehyde emissions which
pose environmental and health risks (Papadopoulos 2020;
Antov et al. 2020). Studies have implemented the use of
wood residues and different matrix in additive manufactur-
ing using different fabrication processes, however, using
high content wood residues with thermosets has not been
widely explored (Buschmann et al. 2021; Krapez Tomec
and Kariz 2022; Rosenthal et al. 2018).

The global additive manufacturing and materials market
was $12.8 billion in 2018 and is expected to grow annu-
ally by 25% by 2023 (Additive Manufacturing Materials
Market — Industry Reports, 2019). This expansion has been
driven by rapid advancements in materials used, new addi-
tive manufacturing technologies, and shifting from proto-
typing to parts fabrication. This process typically involves
a layer-by-layer deposition process which is repeated until
the part is created. The most common and known form
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of additive manufacturing is fused filament fabrication or
fused deposition modeling (Mazzanti et al. 2019). A new
method of 3-dimensional (3D) printing called fused particle
fabrication or fused granular fabrication uses thermoplas-
tic powders/pellets that feed into an extruder that produces
a filament in-situ for printing (Whyman et al. 2018). This
process can also form composite materials by combining
reinforcing particles/fibers and plastic waste to form compo-
nents but via a melt process (Woern et al., 2018). An alterna-
tive method of additive manufacturing involves the use of
a liquid resin-based 3D printing that uses UV-light curing
(stereolithography and digital light processing) and this has
been applied to high-resolution printing applications, how-
ever the resins used are expensive (Bagheri and Jin 2019).
Ming et al. (2019) had produced epoxy-continuous fiber
composites but also required high temperature curing. For
construction applications, cement-based 3D printing sys-
tems have been used but require long curing times of 28
days and have high embodied energy (Rahul et al. 2019).
There is a gap in additive manufacturing technology to pro-
duce low temperature cured, formaldehyde free, inorganic
based thermoset resin-wood composite materials.

Sodium silicate (SS), also known as water glass, is an
example of an inorganic binder used due to its eco-friendly
nature, affordability, ease to handle and prepare, high
strength, weather resistance, and flame retardant properties
(Dimas et al. 2009). It is commonly used in thermal insula-
tion, as a binder for sand-cast molding in foundries, and to
modify natural fiber surfaces (Chen et al. 2018; Mamun and
Arifuzzaman 2020; Chai et al. 2021; Owusu 1982). SS has
been impregnated into solid wood lumber and wood surface
treatments to protect wood from biodegradation, improve
its physical, mechanical and flammability properties (Peng
et al. 2010; Pratheep Kumar et al. 2015; Ming-Li et al.
2019). Composites made with natural fibers like sugarcane
bagasse, hemp fiber, coconut, raffia palm, and sisal using SS
as binder have been produced and resulted in materials with
improved mechanical properties (Ng et al. 2018; Bifulco et
al. 2020; Korniejenko et al. 2016).

Studies have shown that the curing of SS can be attained
using different methods including the use of alkali activa-
tors like sodium hydroxide or potassium hydroxide, use of
weak acids, catalysts, the removal of water through heat-
ing, the use of carbon dioxide (CO,), and the use of liquid
ester hardeners (Owusu 1982; Mazhirin 2002). SS acts as a
binder through its formation of silicate, silicic acid, and pre-
cipitated gel bonds when cured. The gel further stiffens into
a solid “glass” due to the water molecules which are drawn
and adsorbed to the surface of the gel and the crosslinking
and polymerization of the solid material into complex chains
and networks (Sarmin et al. 2014; Brown 2000). Although
the use of SS is common in various applications, a limited
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number of studies on the rheology, thermal properties and
curing of SS in the presence of wood fiber have been docu-
mented (Pham and Hatzignatiou 2016; Katoueizadeh et al.
2020).

The aim of this study was to explore the use of SS with
wood fiber from sawmill residues to produce an extruded
wood composite material. The study explored the mixing,
formulation, and effect of wood particle size and composi-
tion on composite properties. Curing behavior was deter-
mined by differential scanning calorimetry (DSC) and
dynamic rheology. The rheology of a wood-SS paste was
determined by a combination of dynamic and capillary
rheology. The wood-SS paste was extruded into rod for
studying the influence of curing temperature on flexural
properties of the composite. The thermal stability of the
composites was determined by thermogravimetric analysis
(TGA) and a flame test.

2 Materials and methods
2.1 Materials

Sawmill residues were obtained from Plummer Forests
Products, Post Falls, ID., USA. Wood residues (100 g
batches) were screened using 40 mesh standard US screen,
collected, and pooled together. Commercial SS solution (37
wt%, ThermoFisher Scientific, Waltham, MA, USA), pH
12.5, 1.39 g/cm® at 20 °C, was used as received.

2.2 Composite preparation

Wood fiber moisture content was determined using a HB43-
S Halogen Moisture Analyzer (Mettler Toledo, Columbus,
OH, USA) for 2.6 to 3.5 g of samples in triplicate.

Screened 40 mesh (<0.425 mm) wood fiber and SS were
mixed in ratio of 50:50 and 60:40 ratio on a dry weight
basis taking into account the wood moisture content and
the SS solids content. Small batches (2 g total weight) were
mixed (30 s) using an herb grinder (Fig.S1 in Supplemen-
tary Information) for dynamic rheology tests and larger
batches (200 g total weight) were mixed (1-2 min) using
food processor (Hamilton Beach model 70730 (450 W, 10
cup capacity)), (Fig. S2 in Supplementary Information) for
capillary rheometry and extrusion studies.

2.3 Sample characterization

Wood fiber morphology (length and width) was deter-
mined on 400 particles by optical microscopy (Olympus
BX51 microscope with a DP70 digital camera at 40x, San
Diego, CA, USA). Images were analyzed using Fiji Image]
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software (version 2.1.0/1.53c, Java 1.8.0 172 (64bit)).
Sieve analysis was performed on 100 g of the screened
40 mesh wood fibers for 10 min using a standard shaker
to pass through 40, 60, 80, 100 and 200 US standard mesh
screens. Sieve analysis was performed in triplicate and the
total weight of samples between sieves was determined and
the cumulative percent weight was determined to ascertain
size distribution.

Wet and cured extruded wood-SS blends were ana-
lyzed (in triplicate) by Fourier transform infrared (FTIR)
spectroscopy using a Nicolet-iS10 spectrometer (64 scans,
Thermo-Scientific, Madison, WI, USA) with an attenuated
total reflectance (ATR) accessory (Smart Orbit, Diamond).
The spectra were baseline and ATR corrected and averaged
using the Omnic v9.8.3 software.

2.4 Thermal analysis

Each blended wood-SS formulation was freeze-dried prior
to DSC analysis since the presence of water had a peak due
to evaporation that coincided with that of the curing peaks.
To improve sensitivity of traditional DSC, modulated DSC
(MDSC) experiments were performed, in quadruplet, on
blends (5 mg — 10 mg) using a Q200 DSC (TA instruments,
New Caste, DE, USA) under nitrogen (20 mL/min) and
refrigerated cooling. Samples were equilibrated at 40 °C,
modulated at +3.183 °C for 60 s, kept isothermal for 2 min
and ramped from 40 to 200 °C, at a heating rate of 10 °C/
min. Data was analyzed using the TA Universal analysis
software.

Thermal degradation and curing behavior of wet and
cured wood-SS blends under different curing regimes were
determined in triplicate using a Perkin-Elmer TGA-7 instru-
ment (Shelton, CT, USA) under nitrogen (30 mL/min).
Isothermal runs were performed on wet sample blends
wood-SS (50:50, 30 mg) from 40 °C to the desired curing
temperatures of 60 or 105 °C at 20 °C /min and held iso-
thermally for 24 h. Temperature ramp scans were done on
wet and cured sample blends (46 mg) from 40 to 900 °C
at 20 °C/min. Data was analyzed using the Pyris v13.3.1
software.

2.5 Rheology

Curing and flow behavior of wet wood-SS molded discs
(2.00 mm (h) x 25 mm (0)) was determined from dynamic
rheology measurements (complex viscosity (n*), storage
modulus (G’), and Tan ) performed on a Discovery Hybrid
Rheometer (DHR2, TA instruments, New Caste, DE, USA)
between two serrated parallel plates. For SS curing experi-
ments, flat parallel plates (25 mm @) were used. Temper-
ature ramp experiments were from 30 to 200 °C at 2 °C/

min with 0.1% strain and frequency of 1 Hz. Frequency
sweep experiments were performed isothermally at 22 °C
using a Peltier plate with a 0.1% strain from 0.01 to 100 Hz
to obtain lower shear rate flow property values with con-
trolled sample temperature. Results were analyzed using the
TRIOS software v5.1.1.

Capillary rheology experiments were performed using
two capillary rheometers to determine the flow curves of the
wet wood-SS blends at higher shear rates. Experiments were
performed at room temperature (22 °C) using an Instron
5500R-1137 universal testing machine at crosshead speeds
2,6, 10, 20, 60, and 100 mm/min. The small capillary rhe-
ometer (Instron model 3213) was originally used with a bar-
rel diameter of 9.55 mm, two dies of different lengths (14
and 55 mm) and diameter of 4.0 mm equipped with a 44 kN
load cell. To produce larger diameter rods a larger custom-
built capillary rheometer was used with a barrel diameter
of 44.45 mm, a die length of 19.05 mm, and die diameter
of 8.89 mm. It was equipped with a 133 kN load cell (Fig-
ure S4). Data were acquired and analyzed using the Blue-
hill v3 Instron software according to the ASTM D3835-02
standard. Rheological data were also fitted to the Ostwald’s
power law model of Eq. 1.

o=Ky" (1)

where o is the shear stress, y is the shear rate, K is the con-
sistency index and » is the flow behavior index which is
dimensionless (Yoo and Yoo 2005; Lewandowski et al.
2016).

2.6 Extrusion system

An extruder was custom-built to extrude wood-SS mix-
tures (Figure S3 in Supplemenatry Information). The screw
(5 mm pitch) and barrel, with a 35 mm @ barrel and 420 mm
length, were provided by RobotDigg (Shanghai, China). A
mild steel 13.5 mm @ die was secured to the end of the
extruder barrel. The screw was coupled to a geared motor
(745.7 W, 0-40 RPM, NORD, USA) with a variable fre-
quency drive (Altivar 12). Blends of wood-SS (200 g) were
manually fed into the extruder and run for 3 min, with slow
screw speeds 0—20 rpm and high screw speeds 2140 rpm to
produce extruded rods.

2.7 Curing extruded rods

The wet extruded rods were cured separately using five dif-
ferent temperature regimes which includes 11 d at 22 °C,
2 d at either 45 °C, 50 or 60 °C, and at two different tem-
peratures (1 d at 60 °C and then 1 d at 105 °C). The wood-
SS (60:40) sample rods were only cured for 2 d at 50 °C.
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Fig. 1 (a) Optical micrograph (40x) of screened 40 mesh wood fiber and (b) size distribution curve from sieve analysis done on the screened 40

mesh wood fiber

Density was determined on wet and cured samples using the
mass per unit volume method.

2.8 Flexural, water soak, and fire tests

Flexural three-point bending tests were performed on cured
extruded rod specimens (13.5 mm @ x 240 mm, 5 replicates)
according to ASTM D790, using a Mecmesin MultiTest-dV
2.5 test machine (Virginia, USA), using a 2.5 kN load cell,
support span of 216 mm and crosshead speed of 5 mm/min.
Data were acquired and analyzed using the Vector Pro v6.11
software. Data were statistically tested using single factor
ANOVA using Excel (Microsoft Office 2017) with a 95%
confidence interval.

Dimensional stability of the various cured extruded
wo0d-SS rods (2 mm x 13.5 mm @) was determined after
soaking in water for 24 h at 22°C according to ASTM D570.
Percent weight gain and thickness swell were determined
based on original and soaked dimensions.

A simple Bunsen burner fire test was performed on wood-
SS (50:50) cured composites, in triplicate, for smoldering
and flame retardancy. Samples were exposed to the tip of
the Bunsen burner flame (1000—1100 °C) and monitored for
5 min via a thermocouple and video camera. Images taken
from the video were analyzed every minute for sample
changes and final weight loss recorded.

3 Results and discussion
3.1 Fiber characterization

The screened wood fiber had a moisture content of 5.2%.
Wood fiber dimensions (width and length) were determined
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by optical microscopy (Fig. 1a) in conjunction with image
analysis. Sieve analysis plot for 40-mesh screened wood
fibers is shown in Fig. 1b. The fiber length ranged from 18
to 1929 um with a mean of 206 +242 pum. The fiber width
ranged from 12 to 1716 pm with a mean of 192 +227 pm.
The average aspect ratio of the fibers was 1.3. Longer
fibers passed through the mesh screens vertically hence the
length was larger than the screen holes. Sieve analysis of
the fibers (Fig. 2b) shows the 40 —20 mesh (250—420 pm)
fraction was 37 w/w% while the size range 60—200 mesh
(73-250 um) contained 46 w/w%. 17 w/w% of fibers was
>40 mesh (>420 um). Sieve analysis supports the presence
of long fibers as observed by image analysis.

3.2 Blending of wood-SS and rheology of wet
mixtures

Wood-SS wet samples were freshly mixed and homog-
enized for each experiment to minimize drying and curing
reactions from occurring prior to analysis. To understand
the flow properties and steady shear rheological behavior,
dynamic rheology frequency sweep and capillary rheology
experiments were performed on wood-SS and SS samples.
Frequency sweep experiments at 22°C were done to
determine the influence of shear rate (Hz) on the elastic
(G") and loss (G"”) moduli of SS and wood-SS wet blends as
seen in Fig. 2a. G’ and G" both increased with an increase
in shear rate and generally G’ > G" showing more elastic
behavior. The lower G” was associated with the molecular
friction and loss of energy in the viscous material (Artner
et al. 2021). A rapid increase in G’ was observed for SS due
to the viscoelastic nature of the material (Sandomierski et
al. 2020). Cross over points, where G’ = G”, is assigned to
the gel point which did not occur for the wood-SS blends,



European Journal of Wood and Wood Products (2023) 81:45-58 49
(a) (b) 1.0E+06 ]
- ——ss
~
e S — —W508S50
016 TOE+05 ¢ . >~ e W60SS40
©
u' —_
2 ® 1.0E+04 ;
o a
2 IS
©
) 1.0E+03 §
—G'-S8 — —G"-S8 —G'-W50S850
— —G"-W50SS50 —— G'-W60SS40 — — G"-W60SS40
0.008 T T 1.0E+02 T r r
0.03 0.6 12 0.05 0.5 5 50

Frequency (Hz)

Frequency (Hz)

Fig. 2 (a) Elastic (G’) and viscous (G”) moduli versus frequency plots of SS and wood-SS blends and (b) flow curves (n* vs. frequency) for SS

and wood-SS blends

Table 1 Dynamic viscosity values at 1 Hz and flow behavior index ()
and consistency coefficient (K)

Sample n*atlHz K n R?
(kPa.s) (kPa.s) values
SS 13 11 0.83 0.8191
wood-SS (50:50) 52 47 0.87 0.9604
wood-SS (60:40) 19 18 0.91 0.9575

however, for SS a cross-over frequency of 0.04 Hz was
observed. With an addition of 50% wood, the stiffness of the
matrix increases and the G’ increases showing a solid-like
elastic behavior and increased dense network. The reduction
in the SS content from 50 to 40% in the presence of wood
resulted in the reduced molecular interactions between the
SS chains which leads to the reduction in the G’ (Berlangieri
et al. 2018). This resulted in a 65% decrease in G’ at 1 Hz.

Flow curves (complex viscosity (n*) vs. shear rate) for
wet wood-SS blends are shown in Fig. 2b and n* values at
1 Hz are documented in Table 1. Shear thinning behavior
of SS and wood-SS blends was observed for all samples
(Zhu et al. 2017). In contrast, Yang et al. (2008) had shown
a shear thickening behavior for SS solutions from 17 to
34% concentrations. The n* of SS at 1 Hz was 13 kPa.s
and increased by 286% upon addition of 50% wood fibers.
Adding more wood fiber to 60% reduced the n*. This find-
ing was in contrast to previous studies which have shown
an increase in viscosity with wood content in wood plas-
tic composites systems (Kaseem et al. 2017; Laufer et al.
2017; Li and Wolcott 2004; Duretek et al. 2015; Mazzanti
and Mollica 2020).

The flow curves for wood-SS blends (0.05-100 Hz) gen-
erally followed a power law fit model. However, for SS
showed a deviation at low frequency and the power law
model was thus fitted between 0.1 Hz and 100 Hz.”. The
power law parameters fitted well with coefficient R? values
(Table 1) of 0.82 for SS and ~ 0.96 for SS-wood blends. The
tendency for the viscosity to change with shear rate can be

explained with the flow behavior index (n) (Lewandowski
et al. 2016). The samples have n values between 0.83 and
0.91 indicative of a pseudoplastic material (Pongsawatma-
nit et al. 2006). The n value increased with the addition of
wood fiber to SS and increased fiber content from 50 to
60%. In contrast to this, Feng et al. (2011) recorded a reduc-
tion in n values with increased fiber content due to stron-
ger shear thinning behavior in the study of sisal fiber and
poly-butylene-succinate composites. Manning et al. (2019)
stated that there was a decrease in n values with increased
addition of a polyether amine and a nano-clay filler causing
a decrease in the shear thinning behavior. The magnitude of
K increased with the addition of wood fiber to the SS and
reduced with increased wood composition from 50 to 60%
(Lewandowski et al. 2016; Li et al. 2020).

Capillary rheology (in the small system) was used to
study the extrudability of the wood-SS (50:50) blends at
high shear rates (y) comparable to extrusion using two die
lengths at room temperature (20-23 °C). Images of the
extrudates for the small and large capillary rheometer are
shown in Fig. 3a. Bagley and Rabinowitch corrections were
performed on the rheological results according to ASTM
D3835 to obtain true viscosity (1)) and y values (Fig. 3b;
Table 2). The y obtained were between 2 and 100 s™!. The
N decreased with y and values obtained were from 49.4 to
1.2 kPa.s (Table 2). Shear thinning and pseudoplastic behav-
ior was also observed with an increase in shear rate as seen
with most polymer melts (Lewandowski et al. 2016). The
flow curve followed a power-law fit model and the model
parameters (n and K) are given in Table 2. The power law
component, n for the wood-SS (50:50) decreased to 0.76
and consistency coefficient value, K, increased to 92 kPa.s
in comparison to the dynamic rheology results showing a
higher shear thinning behavior at higher shear rates (Maz-
zanti and Mollica 2020).
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Table 2 Viscosity values for small and large capillary rheology dies

Shear rate (1/s) 1. (kPa.s)

nvalues K values (kPa.s) R2

Small capillary rheology

2.0 494 0.76 92 0.998
6.0 15.7

10.0 10.5

20.1 5.8

60.2 1.9

100.3 1.2

Large capillary rheology

1.4 225.0 0.95 339 0.979
4.1 123.1

6.9 90.1

13.8 522

414 19.4

68.9 12.4

A large capillary rheometer was constructed to produce
large diameter rods for evaluation. The large capillary rhe-
ometer had a single die length and n was calculated with
an intercept pressure value considered as zero. Values for
y were from 1.4 s™! to 69 s~ and with a concomitant shear
n from 225 to 12.4 kPa.s (Table 2). The n values from the
small capillary rheometer were lower than those obtained
with the larger system. Values from the larger capillary rhe-
ometer were not corrected for true shear stress according to
Bagley since only one die length was used (ASTM D3835)
hence the higher range of n,. values. Bagley corrections
are essential to account for pressure losses sustained by the
sample in motion from the barrel to the capillary die, die

(a) (b) 1.0E+07

entrance and effects with different die lengths (Mazzanti
and Mollica 2020). The flow curves also followed a power-
law fitted model (Table 2; Fig. 3b). A 25% increase was
observed for the power law index #» in the large capillary
rheometer and K values increased over 200%. The rheologi-
cal measurements on the wood-SS (50:50) blend from the
dynamic, and two capillary rheometers are shown together
in Fig. 3b. In comparison to the dynamic rheology, the cap-
illary rheology true viscosity values are slightly higher due
to the influence of the pressure driven methodology and
increased shear rate which causes the increase in viscosity
values (Mazzanti anf Mollica 2020). All flow curve plots
(dynamic and capillary) had similar slopes, but a definite
offset (K) was observed.

3.3 Curing of wood-SS blends (DSC, Isothermal TGA
and temp ramp rheology)

The curing of SS and wood-SS blends was monitored by
DSC. To improve the resolution of the analysis of these
wet materials, modulated DSC (MDSC) was used to obtain
the reversible and non-reversible heat flow and heat capac-
ity data. Curing reactions were observed by the presence
of exothermic peaks in the DSC thermograms of SS and
wood-SS blends (Fig. 4a). The peak temperature and
enthalpy of SS and wood-SS blends are given in Table 3.
To verify these exotherms, MDSC curves of the wood par-
ticles were obtained (Fig. 4b), and exothermic peaks were
not seen except between 45 and 60 °C. The area under each

® L arge capillary rheometer
® Small capillary rheometer

® Dynamic rheometer

1.0E+06
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y (1/s)

Fig.3 (a) Photograph of extrudates from the small and large capillary rheometer and (b) viscosity versus shear rate (flow curves) plots of wood-SS

(50:50) blend by dynamic and capillary rheometry at 22 °C
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Fig.4 (a) Nonreversible heat MDSC heat flow thermograms of SS and wood-SS blends and (b) MDSC heat flow thermograms of wood fiber

Table 3 MDSC peak values for wood and SS samples

Sample Major Exothermic Peak (°C)  Enthalpy (J/g)
SS 83 (+0.6) 6.4 (£0.5)
Wood-SS (50:50) 163 (£9.2) 23.2(%8.2)
Wood-SS (60:40) 153 (+2.0) 31.5(+6.9)

curve was measured for the enthalpic heat of reaction. Kel-
ley et al. (1987) in a study of spruce wood attributed the
DSC peak at 50 °C to enthalpy relaxation which is closely
associated with the glass transition temperature (T,) (Kel-
ley et al. 1987). The enthalpy of curing and the intensity
of exotherms also increased with the addition of wood. It
is assumed that with an increase in wood content, the cur-
ing of SS occurred at a lower temperature due to the free
movement of SS molecular chains (Phiri et al., 2020). Major
curing peak temperatures were seen at 83 °C, 163 °C and
153 °C for SS, Wood-SS blends at 50:50 and 60:40, respec-
tively. Zhou et al. (2009) observed two endothermic peaks
for SS at 88.3 and 126.1 °C for the dehydration condensa-
tion of the silanol groups in SS and further condensation,
respectively).

The curing behavior of SS and wood-SS blends was
also examined by dynamic rheology (n" and tan 3) using
a temperature ramp (Fig. 5). This approach was used by
Katoueizaha et al. (2020) and Pham and Hatzignatiou
(2016) to investigate the gelation of SS. At low temperature
(30-50 °C), the curing reaction is slow and a slight increase
in n* was observed. As the temperature increases from 50
to 105 °C, the n" decreases due to softening of SS. Finally,
>105 °C there was a rapid rise in 0" as the SS goes from
a liquid to a gel and then to a vitrified glass (Candan et al.
2016). During the curing of SS, foaming and spreading of
the solution occurred with an increase in temperature leav-
ing a foam-like residue. Subasri and Nife (2008) recorded
that this foaming reaction occurs between 400 and 750 °C
for pure SS followed by the crumbling of the structure. The
sharp increase in 1" of SS shows the start of gelation under

the low strain used. With the addition of wood fibers to SS,
the mixture has a higher n° (Dominguez 2018; Vasconce-
los et al. 2021). For the wood-SS blends, the temperature
at maximum 0" was 110 °C for 50:50 mix and 103 °C for
60:40 mix were assigned to gelation. The max 0" for the
wo0d-SS 50:50 blend was higher than the 60:40 blend and
could be attributable to a decrease in SS content.

Tan 6 (G"/G') plot against temperature (Fig. 5b) was used
to establish gelation of the SS. Tan 6 for the formulations is
dependent on fiber volume fraction, temperature and type of
fibers (Vasconcelos et al. 2021). As temperature increased
tan o increased to a maximum (104 °C for SS, 108 °C
for 50:50 blends and 96 °C for 60:40 blend) which corre-
sponded to more molecular mobility (liquid behavior). Tan
d then decreased to a minimum with temperature (120 °C
for 60:40 blend and 135 °C for 50:50 blend) and this was
assigned to the gelation point. Tan 6 was highly influenced
by wood content (fiber fraction) which can restrict polymer
chain movement (Phiri et al., 2020; Joseph et al. 2010).

The curing behavior of wood-SS 50:50 blend was also
studied by isothermal TGA by examining temporal loss in
weight of water (Fig. 6). The thermogram curves show a
weight loss of 37% at 10 min while being cured at 105 °C.
While at 60 °C curing took 24 min to achieve a 37% weight
loss. The final weight loss after 24 h of isothermal curing at
60 and 105 °C was about 40—41%.

3.4 Extrusion of wood-SS blend

The wood was blended into SS in a 50:50 or 60:40 ratio
using high shear mixer and a slight warming of the mix
was observed which was attributed to an exothermic reac-
tion of SS reacting with ambient CO,, which was about 400
ppm (Brown 2000; Liithi et al. 2008). The mixture was fed
into the extruder and the screw speed was shown to greatly
influence the surface smoothness (<20 rpm) or roughness
(Fig. 7). At higher screw speed 21-40 rpm, shark skin
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Fig.6 Isothermal TGA thermo-
grams for wood-SS 50:50 blend
at 60 and 105 °C
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(surface fracture) was observed in the extruded rod due to
elastic surface instability (Venet and Vergnes 2000). Sev-
eral arguments have also attributed this occurrence to some
stick-slip phenomena which occur at the die-exit (Vlacho-
poulos and Strutt 2003).

The extruded rods were initially cured at 105 °C and
surface cracks were formed and possibly due to differential
stresses caused by a moisture gradient. Therefore, different
curing regimes (22, 45, 50, 60 and 105 °C at different times)
were explored to mitigate crack formation. Crack formation
can be attributed to the rapid shrinkage of the composite
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surface, at higher temperature, whilst loosing water due to

thermal stresses (Kodur et al. 2016).

The density of the wet extruded rods ranged between 0.96
and 1.42 g/cm? (Table 4). The density of the rods decreased
after curing to between 0.79 and 0.92 g/cm®. This decrease
in density resulted from water removal (Gul et al. 2017; Bil-
gin Guller 2012).

The chemical features of wood fiber and SS blends
were determined by FTIR spectroscopy (Fig. 8). The
main absorption bands for SS were seen between 500 and
1200 cm™! and assigned to vibrations of the silicate group
(Izak et al. 2018; Rao et al. 2007; Cheng 2013). The distinct
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Fig. 7 Photographs of (a) smooth extruded wood-SS (50:50) rods and
(b) extruded wood-SS showing sharkskin

Table 4 Wet and cured density calculations for extruded wood-SS
50:50 and 60:40 blends

Sample Curing time (d=days) =~ Wet Density ~ Cured Den-
and temperature (g/cm’) sity (g/cm?)

Wood-SS  11dat22°C 1.42 (£0.02) 0.92 (+0.02)

(50:50) 2dat45°C 1.34 (+0.02)  0.86 (+0.02)
2dat50°C 1.33(£0.02) 0.83(+0.02)
2dat60°C 1.33(+£0.04) 0.79 (£0.03)
ldat60°C+1dat 0.96 (£0.03) 0.84 (£0.02)
105 °C

Wood-SS 2 dat50°C 1.30 (+0.05) 0.89 (+0.05)

(60:40)

Note: Standard deviation in parentheses

band at 1001 cm™!, which has two shoulders was attributed
to the Si-O-Si stretching vibrations. This band is known to
shift to higher frequency with an increase in the degree of
polymerization of silicate ions in SS (Izak et al. 2018). The
two shoulders at 888 cm™! and 1100 cm™! were assigned to
Si-OH bonds (Rao et al. 2007; Cheng 2013). The bands at
3364 cm™ ! and 1639 cm™! were due to the presence of water
and O-H stretching modes. The low intensity bands between
2100 cm™ ! and 2400 cm™ ! were assigned to hydrogen bridg-
ing in the silicate lattice (Koohestani et al. 2021; Bobrowski
et al. 2012; Firdous et al. 2021)

The wood fiber spectrum (Fig. 8) showed an intense O-H
stretching band at 3329 cm™'. A C-H stretching band at
2880 cm™! was also observed and assigned to wood poly-
mers and extractives (Sayilkan et al., 2004). The band at
~1100 cm™! was assigned to C-O stretching of cellulosic
polysaccharides. Bands at 1507 cm™! and 1600 cm™! were
assigned to lignin aromatic units ( Cheng et al. 2016). The
band at 1730 cm™! was assigned to an ester carbonyl (C=0)
groups in hemicellulose (Pandey 1999; Pillai et al. 2011).

FTIR spectroscopy was employed to examine the chem-
istry of the cured wood-SS material performed at different
curing regimes (Fig. 8). The wet wood-SS mixture showed
a large O-H stretching band at 3334 cm™! and 1639 cm™!
due to the presence of water (Bobrowski et al. 2012). In
addition, the mix had bands associated with wood and SS,
as described above. Upon curing of the wood-SS mix the
O-H stretching band (centered at 3300 cm™") decreased in
intensity and was temperature dependent. This decrease was
attributed to the removal of hydroxyl groups, dehydration
and crosslinking reactions that occurred (Le and Le 2021).

During curing the C-H stretching (methylene) bands at
2800 cm' and 3000 cm™! became visible. The Si-O-Si,
C-O stretching and Si-O symmetric stretching bands cen-
tered at 1000 cm™! also increased in intensity ( Chen et al.
2014; Sayilkan et al. 2004; Ukaji et al. 2007). Si-O-C vibra-
tions were also seen at 12601270 cm™! for all cured sam-
ples (Valadez-Gonzalez et al. 1999). The lignin aromatic
units in wood were also detected at 1508 and 1600 cm™ .
The skeletal C-C band centered at 1420 cm™! was shown to
increase in intensity with curing temperature. In addition,
the carbonyl band around 1700 cm™! associated with hemi-
cellulose was also observed (Cheng et al. 2016; Wang et al.
2016). These results show that FTIR spectroscopy clearly
found chemical functional group differences between wood-
SS blends cured at different temperatures.

3.5 Flexural, thermal degradation, water soak and
fire properties

The flexural strength and modulus of the extruded wood-
SS (50:50 and 60:40) cured rods were determined and the
results are given in Table 5. The flexural stress of the 50:50
blend rods cured between 22 and 60 °C was about 24 MPa
and not significant. The strength significantly decreased to
11 MPa for wood-SS cured using the 2-step regime (60 °C
plus 105 °C). Lower values of flexural strength in pine, SS
and clay composites were observed when cured at 75 °C
(Berzins et al. 2017). The decrease in strength may be
attributable to (i) non-homogenous cross-linked structures
(Gupta et al. 1985) and/or (ii) the formation of voids in the
matrix due to water formed bubbles as evident from its low
wet density (Tang et al. 2017). Changing the wood-SS blend
ratio from 50:50 to 60:40 (cured at 50 °C) did not signifi-
cantly change the flexural strength of the composite.

The flexural modulus of the 50:50 blend rods cured
between 22 and 60 °C was about 4.5 GPa and was not
significantly different (Table 5). The modulus decreased
significantly by half when the wood-SS mix was cured at
higher temperature. By increasing the wood content from
50 to 60% (cured at 50 °C) there was no significant change
in flexural modulus.
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Fig.8 FTIR spectra of wood fiber, SS solution, wood-SS (50:50) wet mix, and wood-SS (50:50) cured at different times and temperatures

Table 5 Bending strength values for wood-SS (50:50 and 60:40)
extruded samples cured at different temperatures

Cured wood-SS sample Flexural Modulus
Stress of Elastic-
(MPa) ity (GPa)
50:50 blend
11dat22 °C 23.5(£1.5)* 43
(£0.2)°
2d at 45 °C 23.9 (£2.0)* 4.6
(£0.2)°
2d at 50 °C 24.7 (£2.2)* 4.6
(£0.4)°
2d at 60 °C 232 (£3.7)* 44
(£0.6)
1d at 60 °C+1d at 105 °C 1.1 (x1.1)° 23
(£0.2)
60:40 blend
2d at 50°C 25.0 (+2.0)* 4.3 (+0.6)°

Note: Standard deviation in parentheses. Samples with different
superscript letters (a, b, c) are statistically different (p<0.05) using a
single factor ANOVA test

The thermal stability of the cured wood-SS materials and
the effect of increased wood composition in the blends was
studied by TGA. Thermograms and TGA values are seen in
Fig. 9; Table 6, respectively. The wood-SS (50:50) sample
cured for 11 d at 22 °C had the lowest residual weight of
57% (Fig. 9). As the curing temperature increased the higher
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Fig. 9 TGA and DTG thermograms of wood-SS samples cured at dif-
ferent temperatures

the residual weight remained (65% at 60 °C+ 105 °C). The
weight loss of the cured wood-SS occurred in 2 stages, as
observed by two negative DTG peaks, between 40—140 °C
and 140440 °C. Water loss occurred between 40—140 °C
(Sarmin et al. 2014; Zuhua et al. 2009; Tran et al. 2019).
The intensity of the water loss DTG peaks is seen to reduce
with increased curing temperature. Li et al. (2013) reported
a similar range of degradation temperature for SS from 75 to
221 °C associated with water loss. The second degradation



European Journal of Wood and Wood Products (2023) 81:45-58

55

Table 6 Thermogram peak values for the cured wood-SS composites

Curing time and temperature ~ First Peak ~ Second Resid-
(°C) Peak (°C)  ual (%)

50:50 blend

11dat22°C 79 (£4.5) 310(+£2.3) 57
1.1

2dat45°C 76 (£2.1) 305(£1.1) 57
(x1.4)

2dat50°C 77 (£3.7)  307(£1.2) 61
(£0.5)

2 dat 60 °C 103 (+6.2) 305(£2.4) 63
(+0.5)

1dat60°C+1dat105°C - 307 (£1.9) 65
(£0.7)

60:40 blend

2dat50°C 77 (£5.3) 309 (£2.6) 55(+3.0)

Note: Standard deviation in parentheses

stage is associated with the breakdown of silanol groups and
wood components (Li et al. 2020; Zaharescu et al. 2018)

With an increase in wood content to 60%, a lower resid-
ual weight was recorded at 55% in comparison to 61% for
wood-SS (50:50) samples, which were cured at 50 °C. This
is due to the presence of unbonded wood particles and low
thermal stability of the lignocellulosic components in wood
fiber. Natural fillers like wood in increased amounts are
known to reduce the thermal stability of composites hence
the observed residual weight reduction (Nabinejad et al.
2017).

3.6 Water absorption properties

The wood-SS composites were evaluated for their water
resistance by performing a 24 h water soak test. All the
wood-SS composites cured between 22 and 60 °C disinte-
grated after 24 h water soaking. The wood-SS sample cured
at the higher temperature (1 d at 60 °C+1 d at 105 °C)
remained intact after water soaking (80% weight gain and
21% thickness swell). It appears that curing at low tempera-
ture removed the water from the wood-SS mix but did not
cross-link the SS and that the higher curing temperature
resulted in SS crosslinking (Sarmin, 2016) .

3.7 Fire test

The wood-SS (50:50) composite cured at the higher tem-
perature was evaluated for its fire resistance using a Bunsen
burner test over 5 min (Fig. 10). At 1 min the composite
bent slightly. After 5 min the sample exhibited no smolder-
ing once the flame was removed and an average weight loss
of 20% was recorded. Visual inspection of the flame-tested
sample (Fig. 10d) showed some small sub-mm diameter
perforations (holes) on the surface with a physically intact
structure showing the wood-SS composite’s qualitatively
fire resistant properties.

4 Conclusion

Composites made from wood-SS were successfully blended,
extruded into 2-dimensional rods, and cured. The wood-SS
blends were shown to have good rheological properties suit-
able for extrusion and additive manufacturing. Wood-SS
(50:50) samples exhibited good thermal stability, burning
properties and flexural properties. The flexural properties
decreased with higher curing temperatures. The water soak
performance of the low temperature cured composites was
not satisfactory; however, at higher temperature curing the
composites performed well. The wood-SS composite mate-
rial shows potential for use in additive manufacturing for
interior applications. Furthermore, SS is an inexpensive
non-toxic binder in fire resistant natural fiber composites.
To move this technology forward further work is required
to (i) fully understand the curing mechanism of SS in wood
blends, (ii) improve the curing process to have good water
performance as well as flexural properties, (iii) integrate the
extruder into a 3D printer, and (iv) study interlayer bonding.

Acknowledgements The authors would like to acknowledge (i) the
Idaho State Board of Education-Higher Education Research Council-
IGEM award # IGEM 20— 002 for their financial support, (ii) USDA-
CSREES grant 2007-34158-17640 for support in the purchase of the
DSC, and the University of Idaho College of Natural Resources for
support in the purchase of the FTIR spectrometer.

Fig. 10 Photographs of the wood-SS (50:50) composite during a Bunsen burner flame test at (a) 0 min, (b) 2 min, (c) 4 min, and (d) after 5 min
(test completed)
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