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Abstract: The mechanical properties of wood flour/high-density polyethylene
composites (WPC) were improved by adding a small amount of nano-SiO, to
obtain a network-structured WPC with a continuous honeycomb-like nano-SiO,
network. The wood flour was modified with a fire retardant (a mixture of sodium
octabonate and amidine urea phosphate) to improve its fire retardancy. The flex-
ural properties, creep resistance, thermal expansion, and fire retardancy of the
WPC were compared to a control (WPCcrry ) without nano-SiO, or fire retardant.
The flexural strength and modulus of the WPC containing only 0.55 wt.% nano-
Si0, were 6.6% and 9.1% higher than the control, respectively, while the creep
strain and thermal expansion rate at 90°C were 33.8% and 13.6% lower, respec-
tively. The cone calorimetry tests revealed that the nano-SiO, network physically
shielded the WPC, giving it lower heat release and smoke production rates. The
thermal expansion was further decreased by incorporating fire retardants into the
WPC, which showed the lowest total heat release and total smoke production and
the highest mass retention. This study demonstrates a facile procedure for produ-
cing WPC with desired performances by forming a continuous honeycomb-like
network by adding a small amount of nanoparticles.

Keywords: Wood plastic composites; nano-SiO,; mechanical properties; creep;
fire retardancy

1 Introduction

Wood flour/thermoplastic composites (WPC) are environmentally-friendly materials that have been
extensively used in building, decorative, and logistics packing materials [1-3]. Nonpolar polyolefins
(polyethylene and polypropylene) are used as thermoplastics in WPCs due to their facile processing and
forming, low cost, and similar processing temperatures to wood flour. The wood flour originates from
wood processing residues, waste wood products, and agricultural and forestry residues. Weak interfaces
are formed between the polar wood flour and nonpolar polyolefins due to their surface energy differences,
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which results in low mechanical strength and creep resistance of the resulting WPC, which limit their
applications and shorten their service life [4—6].

Many studies have investigated methods to improve the strength and creep resistance of WPC [7],
including increasing interfacial compatibility and adding inorganic nanoparticles. For example, grafting a
mixture of polyethylene and polypropylene with maleic anhydride monomers improved the compatibility
between grafted polymers and wood flour. The flexural strength and modulus of the resulting WPC
increased by 117% and 29%, respectively, while the creep strain was lowered [8]. The incorporation of
maleic anhydride-grafted polypropylene into wood fiber/polypropylene composites increased the creep
modulus by nearly 28.0% at 60°C [9]. The creep resistance of wood flour/polypropylene composites
increased by about 15% and 22.5% after the addition of 1 wt.% nanoclay and transition metal-modified
nanoclay, respectively [10]. The flexural strength and modulus of polylactic acid composites after the
wood fiber was modified with 3 wt.% organo-montmorillonite increased by 30.7% and 46.8%,
respectively [11].

Nano-SiO, is a commercially-available inorganic filler that is easy to produce on large scales, low-cost,
and easily undergoes surface modification. It has the potential to improve the creep resistance and fire
retardancy of WPC [11,12]. The incorporation of 8 wt.% SiO, in polyethylene/polypropylene/flax ternary
composites significantly reduced the creep strain and improved the relaxation modulus [12]. Adding
14 wt.% nano-SiO, to wood flour/polyethylene composites reduced the average heat release rate and total
heat release by 30.3% and 12.8%, respectively, while it increased the smoke release [13]. To obtain
satisfactory creep resistance and fire retardation, high nano-SiO, loadings are required when using
traditional processes to directly disperse nano-SiO, in WPC [14,15]. This increases the cost and decreases
the mechanical properties of WPC due to the agglomeration of nano-SiO, [15].

In order to enhance the mechanical properties and creep resistance of WPC, a continuous honeycomb-
like nano-SiO, network was formed in a WPC using solution mixing, rotary evaporation, and mold pressing.
In the network-structured WPC, SiO, nanoparticles were distributed only at the boundaries between the
WPC pellets instead of uniformly throughout the WPC. Thus, the amount of nano-SiO, was significantly
reduced. In order to further improve the fire retardancy of the network-structured WPC, wood flour
modified with fire retardants (amidine urea phosphate and sodium octabonate tetrahydrate) was used to
fabricate WPC. The flexural properties, creep resistance, thermal expansion, and fire retardancy of the
resulting WPC were evaluated.

2 Experimental

2.1 Materials

HDPE pellets with a density of 0.954 g/cm’ and a melt flow index of 0.9 g/10 min were obtained from
Dagqing Petrochemical Co., Ltd. (Daqing, China). Wood flour (WF) with a particle size of 40—60 mesh was
prepared from poplar wood (Populus adenopoda Maxim) in our laboratory. Maleic anhydride-grafted
polyethylene (MAPE) pellets with a grafting ratio of 0.9 wt.% and a melt flow index of 1.9 g/10 min
were purchased from Sunny New Technology Development Co., Ltd. (Shanghai, China). The lubricant
was a mixture of stearic acid and polyethylene wax (1:1 in mass, Adisi Co., Ltd., Nanjing, China). SiO,
nanoparticles with an average diameter of 10—15 nm (marked as nSiO,) were obtained from Meng Tai
Hu Industrial Co., Ltd. (Shanghai, China). The fire retardant (FR) was a mixture of guanylurea phosphate
(abbr: GUP; molecular formula: C,HoN4OsP; purity: 99.04%; free phosphoric acid content: 0.41%) and
sodium octaborate tetrahydrate (abbr: DOT; molecular formula: Na,BgO;3-4H,0O; melting point: 741°C).
The mass ratio of GUP-to-DOT was 7:3 and was made in-house. Vinyltrimethoxysilane (abbr: VTS) was
purchased from Chi Ye Silicone Co., Ltd. (Shanghai, China). Ethanol solution was obtained from Tianjin
Guangfu Co., Ltd. (Tianjin, China).
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2.2 Experimental
2.2.1 Fire Retardant Impregnated Poplar Powder

WF was dried in a vacuum oven at 103°C for 12 h to reach 1-2% moisture content. The dried WF was
impregnated in a 9 wt.% aqueous solution of fire retardant through vacuum treatment at —0.01 MPa for 6 h.
Then, the impregnated WF was drained on a 100-mesh sieve, followed by vacuum drying at 80°C for 12 h to
obtain the modified WF (Fig. 1). The weight gain rate of the modified WF was 11.25 £ 1.06%. WF was also
treated with distilled water using the same process as the unmodified WF.

vacuum impregnation

. _‘ Dry
: ﬁ ? |
——
Wood Flour in

cotton bag DOT/IGUP
aqueous solution

Figure 1: Schematic diagram of wood flour impregnated with fire retardant

2.2.2 Preparation of WPC

The unmodified WF or modified WF and HDPE, MAPE, and Iubricant were compounded for 8 min at
ambient temperature using a high-speed mixer (SHR-10A; Tongsha Plastic Machinery Company,
Zhangjiagang, China). The mixture was melt-blended through a co-rotating twin-screw extruder (diameter
=40 mm, L/D = 30, SISH-30, Nanjing Rubber Machinery Corp., Nanjing, China) at a temperature range
of 145-165°C. The resulting extrudates were pelletized.

Preparation of control WPC and fire retardant (F R)-modified WPC: The obtained pellets were molded
into panels (160 mm x 160 mm x 3 mm) using a flat vulcanizing machine (XH-406B; Zhuosheng Machinery
Equipment Co., Ltd., Dongguan, China) at 180°C with a pressure of 12 MPa for 3 min after pre-pressing for
15 min. The obtained WPC panels with unmodified WF or modified WF were referred to as WPCcrgry and
WPCF, respectively. The weight ratio of each component in the panels is shown in Tab. 1.

Table 1: Weight ratio of each component in WPC panels (wt.%) (WPCcrrr, = control; WPCg = WPC panel
with nSiO, network; WPCg = WPC panel with fire retardant modified wood flour; WPCgr = WPC panel with
nSiO, network and fire retardant modified wood flour)

Sample nSiO, Fire retardant Wood flour HDPE MAPE lubricant
WPCcrre 0 0 50 45 3 2
WPCgq 0.55 0 49.45 45 3 2
WPCk 0 5.63 44.37 45 3 2
WPCgp 0.75 5.63 43.62 45 3 2

Preparation of network-structured WPC based on nSiO); : The pellets obtained in Section 2.2.2 were
uniformly mixed with nSiO, (3 wt.% based on the WPC pellets) using an electric mixer in an ethanol
solution. Subsequently, nSiO,-coated WPC pellets were obtained after evaporating ethanol. The nSiO,-
coated pellets were screened through a 30-mesh sieve to remove self-agglomerated nSiO,. The WPC
panels prepared using the nSiO,-coated pellets with unmodified WF and modified WF were marked as
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Figure 2: Schematic diagram of processing process of the network-structured WPC

WPCg and WPCgp, respectively. The amounts of nSiO, coated on the pellets were calculated and are shown
in Tab. 1. In the network-structured WPC panels, nSiO, was distributed at the boundary between the WPC
pellets (Fig. 2). The optical microscopic image in Fig. 2 shows that nSiO, formed a continuous honeycomb-
like network in the WPC.

2.3 Characterization

The micro-morphologies of the WPC pellets and the cross-sections of the WPC panels were observed
using a scanning electron microscope (SEM, FEI QuanTa200, FEI Co., Hillsboro, OR, USA) at an
accelerating voltage of 12.5 kV. The WPC pellets and panels were sputter-coated with gold. In addition,
the elemental distribution of the surfaces of the WPC pellets was analyzed using energy-dispersive
spectrometry (EDS).

The flexural properties of the WPC panel samples (80 mm x 13 mm %X 4 mm) were analyzed by a
universal mechanical testing machine (CMT5504, MTS Systems Co., Ltd, China) according to ASTM
D790-10. Eight replicates were tested for each group.

Creep and relaxation tests of samples (35 mm x 12 mm X 3.5 mm) were performed on a dynamic
mechanical analyzer (Q800, TA Instruments Inc., SA). Isothermal (50°C) creep was tested for 50 min
under a load of 2 MPa within the elastic deformation regime. Relaxation was tested under a constant
strain of 0.1%, and the change in the relaxation modulus was recorded.

Thermal expansion of the specimens measuring 10 mm x 10 mm x 3.5 mm (length % width x thickness)
was analyzed along the thickness direction using a thermomechanical analyzer (Q400, TA Instruments Inc.,
USA). Specimens were heated from room temperature to 100°C at a heating rate of 20 °C/min and then held
at 100°C for 3 min to eliminate the thermal history and moisture. A quartz probe was in contact with the
specimens under a loaded of 0.05 N. The tests were conducted from —40°C to 90°C at a heating rate of
3°C/min under a nitrogen atmosphere.

The fire retardancy tests of WPC specimens measuring 100 mm x 100 mm x 3.5 mm were conducted
using a cone calorimeter (Fire Testing Technology Ltd., East Grinstead, UK) according to ISO 5660-1 at a
heat flux of 50 kW/m?. The heat release rate (HRR), total heat release (THR), smoke production rate (SPR),
total smoke production (TSP), and residual mass were recorded. Two replicates were tested for each group.
The residuals after combustion were analyzed by a digital camera and SEM.

3 Results and Discussion

3.1 Morphological Analysis
The WPCcrgry pellets had a rough and uneven surface on which the WF was imbedded in an HDPE
matrix (Fig. 3a). The surface morphology of the WPCr pellets was similar to that of the WPCcrgry pellets
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Figure 3: SEM micrographs of the surface of the WPC control pellets (a), the WPC pellets coated with
nano-Si0, (b), and the fire retardant modified WPC pellets coated with nano-SiO, (c); EDS
corresponding to Fig. 3¢ (d)

(not shown). The nSiO, particle aggregates were visible on the WPCg pellets (Fig. 3b). For the WPCgg
pellets, the nSiO, particles and WF were enveloped by a viscous substance (Fig. 3c). The EDS result
showed that the viscous substance contained a small amount of N and P (Fig. 3d), indicating that it may
be the product of dissolving GUP in ethanol. The viscous substance could facilitate the adhesion of more
nSiO, particles, as demonstrated by the higher nSiO, content on the WPCgr pellet surface than on the
WPCg pellet surface (Tab. 1).

The SEM micrographs of the cross-sections of the flexural-fractured WPC panels are shown in Fig. 4.
The HDPE matrix underwent plastic deformation, as shown in the fracture cross-sections of the WPCcrry
and WPCr. (Figs. 4a and 4b). This was a result of the flexural failure loading mode [16]. A continuous nSiO,-
rich region was observed on the fractured cross-section of WPCg (Fig. 4c). This region exhibited brittle
fracture compared with the WPC region due to the high nSiO, content, and there was no obvious
boundary between the WPC pellets after hot-pressing. Furthermore, the high-magnification images of the
nSiO,-rich region showed a mixture of nSiO, and HDPE (Fig. 4d) due to the diffusion of molten HDPE
into the nSiO, lamella during hot-pressing. Compared with the WPCg, the WPCgr showed a wider
nSiO,-rich region on the fractured cross-section (Fig. 4e) due to the higher nSiO, content. The nSiO,-rich
region of WPCgr (Fig. 4f) exhibited more ductile fracture behavior compared with WPCg (Fig. 4d),
possibly because the viscous substance enveloping the nSiO, surface reduced the interfacial compatibility
between nSiO, and HDPE in the nSiO,-rich region of WPCgp.

3.2 Flexural Properties

The flexural strength of WPCg (37.3 MPa) was higher than that of WPCcrry (35.0 MPa) due to the
formation of a rigid nSiO, network (Fig. 5a) which could transfer stress due to its compatibility with the
HDPE matrix [17]. Compared with the WPCcrgry, the flexural strength of WPCg (33.5 MPa) was slightly
lower due to the weak interfacial bonding between the fire retardant-impregnated WF and HDPE matrix
[18,19]. The flexural strength of WPCgr (33.0 MPa) was further decreased compared with that of WPCg
because the viscous substance weakened the nSiO, network.
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Figure 4: SEM micrographs of the flexural-fractured section of the WPC control panel (a, x1000), WPC
panel with fire retardant modified wood flour (b, x1000), WPC panel with nSiO, network (c, x1000; d
x5000), and WPC panel with nSiO, network and fire retardant modified wood flour (e, x1000; f, x5000).
Yellow rectangles in (c) and (e) demonstrate the region shown in (d) and (f), respectively
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Figure 5: Flexural strength (a) and flexural modulus (b) of the WPC. (The abbreviations in the figure are the

same with Tab. 1)
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The flexural modulus of WPCg was 9.1% higher than that of the WPCcrgy, due to the formation of a
rigid nSiO, network (Fig. 5b). Unlike flexural strength, the flexural modulus of WPCg was higher than
that of WPCcrgrp. This was attributed to the positive effect of the rigid fire-retardant particles (DOT and
GUP) on the modulus, which compensated for the negative effect of the weak interfacial effect between
the modified-WF and HDPE [20]. The flexural modulus of WPCgr was higher than that of WPCp, which
may have resulted from the combined action of rigid fire retardant particles and nSiO, network.

3.3 Creep and Relaxation Analysis

The creep resistances of the four WPC panels followed the order: WPCcrrp < WPCg < WPCgr < WPCgq
(Fig. 6a). The creep strain of WPCg (0.047%) was significantly lower than that of WPCcrgry (0.071%) after
applying an external force for 45 min. This was attributed to the formation of a rigid nSiO, network in WPCg,
which served as a rigid support that transmitted stress and provided deformation resistance. Compared with
WPCcrry, the lower creep strain of WPCp arose due to the introduction of the rigid fire retardant [1]. The
creep strain of WPCgr was slightly higher than that of WPCg, possibly because the viscous substance
wrapping the nSiO, reduced the rigidity of the nSiO, network in WPCgg. Similar to the improved creep
resistance, the relaxation moduli of WPCg, WPCg, and WPCgr were higher than that of WPCcrgry
(Fig. 6b). The relaxation modulus of WPCg was 21.3% higher than that of WPCcrgy, indicating that the
introduction of a rigid nSiO, network effectively resisted the deformation of WPC caused by the constant
external force.
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Figure 6: Creep strain (a) and relaxation modulus (b) of the WPC. (The abbreviations in the figure are the
same with Tab. 1)

3.4 Thermal Expansion Behavior

The thermal expansion rates of WPCg, WPCp, and WPCgr were lower than that of WPCcrgry and ranged
from —40 to 90°C (Fig. 7a). This was due to the presence of a rigid nSiO, network and fire retardant which
were inherently not prone to thermal expansion [21]. The WPCgg showed the lowest thermal expansion rate
over the test temperature range compared with the other WPC panels due to its higher nSiO, content. The
thermal expansion rates of WPCg, WPCg, WPCg, and WPCcrrr at 90°C were 19.9%o, 24.3%o, 24.2%o,
and 28.0%o, respectively. The linear coefficient of thermal expansion (LCTE) increased with temperature,
and a higher increment was observed after 50°C (Fig. 7b). This was because the thermal motion of
HDPE increased with the temperature, causing an increase in the macroscopic volume of WPC [22]. It
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Figure 7: Thermal expansion rate (a) and linear coefficient of thermal expansion (b) of the WPC. (The
abbreviations in the figure are the same with Tab. 1)

was found that the LCTE of WPCgr was significantly lower than that of WPCcrr1, suggesting that the wider
rigid nSiO, network region effectively reduced the thermal expansion.

3.5 Combustion Characteristics
The WPCcrrr was burned to ashes (Fig. 8a). The white residual material on the surface of WPCg was
nSiO,, and the bottom was mainly carbonized wood flour (Fig. 8b). The cracks produced on the WPCgq

Figure 8: Digital photographs of the residues of four kinds of WPC after cone test: WPC control panel (a),
WPC panel with nSiO, network (b), WPC panel with fire retardant modified wood flour (c), and WPC panel
with nSiO, network and fire retardant modified wood flour (d)
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residuals were caused by the gas impact, which was responsible for the higher smoke release of WPCg after
300 s. The residuals of WPCk also exhibited cracks (Fig. 8c). The combustion residuals of WPCgg were
thicker than those of WPCg because the wider nSiO, network region hindered the gas release and the gas
impulse caused the expansion of the residuals [4] (Fig. 8d). The physical integrity of the WPCr and
WPCgr residues were poor, indicating a weak strength, which did not help reduce the heat and smoke
release of WPCg and WPCgg. In contrast to WPCg, no nSiO, was deposited on the surface of the WPCgp
residues, possibly because the APP and PPA produced by the decomposition of GUP reacted with nSiO,
to form pyrophosphate silicon [13].

The WPCcrrr was burnt into short carbon fragments (Fig. 9a). Compared with WPCcrry, the EDS
results indicated the formation of an nSiO, crust on the residuals surface of WPCg (Fig. 9b) and a
complete carbon skeleton of WF on the bottom of the residuals (not shown). The residuals of WPCg were
dense (Fig. 9c), and their surfaces were coated by lamellar sodium octabonate (Fig. 9d). P and N were
detected on the WPCr residuals by EDS (Fig. 9d), indicating that the degradation products of GUP, such
as PPA, also remained on the surface of the residuals. Similar to WPCp, compact residuals were observed
for WPCgr (Fig. 9e). Its surface was coated by a layer of a glassy substance containing Na, P, N, and Si
(Fig. 9f), which indicated that this film may be composed of sodium octabonate, polyphosphoric acid,
pyrophosphate silicon, and unreacted nSiO,.

20pm

4004im d

Figure 9: SEM of the WPC residual: the WPCcrgry (a, X1000), the surface of WPCg (b, x1000), the surface
of WPCk (¢, x100; d, x5000), the surface of WPCgr. (e, x100; f, x5000), the line drawings in the lower right
corner of figure (b), (d), and (f) are from EDS. (The abbreviations are the same with Tab. 1)
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Compared with WPCcrgrp, the HRR of WPCg decreased slightly before 300 s during combustion
(Fig. 10a) because the nSiO, network exerted physical shielding and catalytic charring effects [23].
However, the nSiO, loading (0.55%) was insufficient to significantly decrease the HRR of WPCg. After
300 s of combustion, the HRR of WPCg was higher than that of WPCcrry (Fig. 10a) due to the
formation of a large number of cracks on the surface of the residuals (Fig. 8b). These cracks provided
channels for heat and combustible gases to penetrate, increasing the HRR [24]. The HRR and THR of
WPCr were lower than those of WPCcrrp (Figs. 10a and 10b). The reasons for the reduction may be as
follows: (1) the thermal decomposition reactions of the fire retardant (GUP and DOT) could absorb heat
from the fire source. The small molecular gasses (H,O, NH3, and CO,) produced by the decomposition of
GUP and DOT could reduce the O, concentration, which decreased oxidative pyrolysis [25]; (2) the
glassy sodium borate that was produced from the degradation of DOT coated the residuals and provided
physical protection [26]; (3) the decomposition products of GUP may have catalyzed the charring of WF
[20]. Compared with WPCg, WPCgr showed a slightly lower HRR and THR, which may have been due
to the synergistic effect of the nSiO, network and fire retardants (DOT and GUP).
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Figure 10: Heat release rate (HRR) (a), total heat release (THR) (b), smoke production rate (SPR) (c), and
total smoke production (TSP) (d) of the WPC. (The abbreviations in the figure are the same with Tab. 1)

The SPR and TSP of WPCg were higher after 300 s compared with those of WPCcrrp (Figs. 10c and
10d). These increased values were due to the production of cracks in the residues during the later stage of
combustion, which resulted in the combustion of the bottom substances and an increased smoke release
[24]. As for WPCF, an instantaneous increase in SPR was observed at 200 s. This may be due to the
release of the bottom substances due to the local collapse of the residuals (Fig. 8c). The SPR and TSP of
WPCgr were lower than those of WPCcrrp, although cracking occurred in the WPCgr residuals
(Fig. 8d). The shielding effect of the glassy sodium borate on the bottom substances and the release of
H,0, NH;, and CO, during combustion reduced the combustion power, which decreased the smoke
release of WPCgp.

The combustion reactions are shown in Fig. 11. The silanol groups on the nSiO, surface acted as active
catalytic sites for Brensted acids that catalyzed the carbonization of WF in WPCg and WPCgr by removing H
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Figure 11: Possible reactions during combustion

and O (Fig. 11a). The formation of a carbonized layer protected the substrate from fire and heat, which
decreased the heat release [27]. The DOT in WPCy and WPCgr decomposed into non-combustible
sodium borate and water at 130°C. The sodium borate acted as a barrier, and the water could absorb heat
as it evaporated, which both helped reduce the burning rate [28] (Fig. 11b). The GUP decomposed into
CO,, NH3, and condensed guanidine phosphate (GPP) at temperatures higher than 185°C. The produced
GPP further decomposed into ammonium polyphosphate (APP) above 285°C, and the APP decomposed
into polyphosphate acid (PPA) and NH; above 380°C [29]. The APP and PPA then catalyzed the
carbonization of WF by removing H and O [30] (Figs. 11c and 11d), and the formation of a stable carbon
layer played a shielding effect to isolate the heat and O,. The APP or PPA generated during combustion
reacted with the nSiO, in WPCgf to produce pyrophosphate silicon, H,O, and NH3, which could absorb
heat and dilute O, (Fig. 11e) [13].

The mass retention of WPCg was similar to that of WPCcrry (7.2%) after burning for 400 s due to the
extremely low nSiO, loading in WPCg (Fig. 12). The mass retention of WPCg and WPCgg was obviously
higher than that of WPCcrgry due to the formation of stable carbon layers. The mass-loss rates (the slope
of the curve) of WPCg, WPCg, and WPCgr were lower than WPCcqrr, which indicated that the
introduction of an nSiO, network and fire retardant reduced the burning rate of WPC.
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Figure 12: The mass retention of the WPC during combustion. (The abbreviations in the figure are the same
with Tab. 1)

4 Conclusions

In this study, a facile approach was used to fabricate WPC with a continuous honeycomb-like nano-SiO,
network (WPCsg). The rigid nano-SiO, network improved the strength and dimensional stability of WPCs at a
considerably low nano-SiO, content (0.55 wt.%) compared with WPCcrrr. When the WF was modified
with fire retardants (DOT and GUP), the flexural modulus and creep resistance of the network-structured
WPC (WPCgg) also increased compared with WPCcrrp. WPCsr showed the lowest thermal expansion
rate and LCTE, and its flexural strength only decreased by 5.5% compared with that of WPCcrgry.
Additionally, WPCgr showed an improved fire retardancy compared with WPCcrgrp. The results
presented here demonstrated that an efficient and facile procedure could be used to produce WPC with
desired functions through the formation of continuous honeycomb-like nanoparticle networks.
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