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The goal of the work was improvement of mechanical and tribological properties of high
density polyethylene (HDPE) while finding use for wood sawdust (wood flour). Two chem-
ical modification methods have been used for wood sawdust treatment to improve com-
patibility between the HDPE matrix and wood sawdust. Traditional silane coupling was
used as a first approach to modify the sawdust by 3-methacryloxypropyl-trimethoxysilane
(3MPS) and thereby forming CAOASi bonds. As a second method, we decided to combine
sol–gel process with 3MPS treatment to form SiAOASi and CAOASi linkages. Silica
nanoparticles are filling wood fiber cells and silica rods formation is seen; as a result, ther-
mal expansivity decreases. As expected, the enthalpy of fusion and the degree of crys-
tallinity go down with increasing filler concentration. Tensile modulus goes up as result
of filler loading while the tensile strain at break goes down. As the result, brittleness B goes
up somewhat, but overall the values of B are quite low. With one exception, residual depth
in scratch resistance testing decreases as a consequence of introduction of the fillers.
Addition of unmodified wood results in increasing dynamic friction, chemical modification
of wood particles results in lowering friction. Combination of focused ion beam milling
with scanning electron microscopy shows clearly positive effects of modification on adhe-
sion between the phases.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

One-half of all industrial materials used in the United States are wood-based [1]. Wood is the basic material for furniture,
interior decorating, and construction industries. The increasing demand for good-quality wood has resulted in over-logging
of extensive non-renewable hardwood timber in many tropical rain forests. There is an urgent need to find suitable substi-
tutes for good quality wood [2]. Polymer + wood composites (PWCs) have been in existence for a long time; however, the
increasing cost of virgin plastics and the limited availability of appropriate wood fiber restrict their rapid development.
Recycling and reuse of wood fiber, thermoplastics, and their virgin composite products have great potential. In recent years,
about 190 million metric tons of municipal solid waste have been generated in the United States [3–8]. Waste wood, waste
paper, and waste plastics are major components of municipal solid waste (MSW); this waste offers great opportunities for
making recycled ingredients into wood fiber + plastic composites.
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Using sawdust in this fashion provides an additional use for recycled wood fibers—and thus further reduces waste in
landfills. The wood flour is clean, consistent, inexpensive, free flowing, and readily available as a waste byproduct from
secondary manufacturing operations. However, there is a problem with using wood sawdust as filler for thermoplastics;
the thermoplastic interacts poorly with the wood cell wall surface, which lowers the overall strength of the composites
[9–17]. The thermoplastic matrix holds the wood, but since poor adhesion exists between wood and polymer, stresses do
not transfer across the interface between the wood and polymer matrix. The higher surface energy of the cellulose fibers does
not correspond to a lower surface energy of the polymer. This gives rise to a distinct interface between the thermoplastic and
reinforcing cellulose fibers. Literature tells us clearly how important interfaces are for composite properties [18–22].

Since polymers are often hydrophobic while wood and wood products are hydrophilic [23], modification of the filler, or
the matrix, or both, helps [24]. The methods for surface modification of fillers can be physical or chemical. Frequently used
approaches include bleaching, acetylation, and alkali treatments. The main chemical method used in the surface modifica-
tion of natural wood fibers is chemical coupling [12,16,25–27]. The most commonly used coupling agents are maleated poly-
olefins [11,25]. There have also been studies on other coupling agents such as isocyanates [28] and silanes [25–27]. Other
chemical methods involve changing the surface tension to improve impregnation of the fibers by a matrix [16,29]. However,
in the past, neither chemical nor physical methods have significantly improved the interfacial adhesion and the thermal–me-
chanical properties of PWCs.
2. Scope and objectives

In this situation, we have used post-consumer high density polyethylene (HDPE) and waste wood sawdust to prepare
composites. Clearly a new science strategy was necessary for modification of the wood fibers, and we developed one by using
colloidal sol–gel silica solution for introduction of silica particles within the fiber cell walls. The nanosilica, so introduced,
was used as sites to attach micromolecules of 3-methacryloxypropyltrimethoxysilane (3MPS) coupling agents and to modify
the hydrophilic character of the wood through formation of stable SiAOASi bonds. These bonds are more hydrolytically
stable than the cellulose equivalent CAOASi bonds. Thus, the modified fibers should be more suitable for a polymer com-
posite. Our aim was to improve the compatibility between HDPE matrix and wood sawdust and develop PWCs that have
better properties than neat HDPE. For comparison, the blends of HDPE with 25.0 and 50.0 wt.% unmodified wood were also
prepared and evaluated under identical conditions.
3. Experimental

3.1. Materials

Recycled wood sawdust samples were provided by Snider Industry as a gift. HDPE milk and water containers were col-
lected randomly from several locations and were pelletized after cleaning. Tetraethyl orthosilicate (TEOS, Si(OCH3)4), 3-m
ethacryloxypropyl-trimethoxysilane (3MPS, H2C@C(CH3)CO2(CH2)3Si(OCH3)3), toluene (C7H8), and methanol (CH3OH) were
supplied by Aldrich Chemicals Co. Toluene and methanol were used as the solvents for the modification. All reagents were of
analytical grade and were used as received.
3.2. Treatment of the wood

Two methods have been used to modify the wood surface:
Method 1: 3MPS coupling reagent was used to modify the hydrophilic character of the wood. The functional groups of the

3MPS are reacting with cellulose hydroxyls and forming CAOASi silicate ester bonds. Grafted macromolecules are increasing
the compatibility between polymer and fiber wall; however, it turned out that the CAOASi covalent bonds between cellulose
and silicon are insufficiently stable to have a strong and durable enhancement on wood fiber-polymer composite properties.

Experimental part: The reaction mixture contained 0.2 mol 3MPS, 1.9 mol toluene and 50 g wood. After dispersing the
wood in solvent, we added 3MPS and refluxed the resulting mixture for 3 h during continuous mixing. Afterwards the fibers
were washed with fresh solvent to remove the excess chemicals absorbed on the surfaces. Final products were dried at 70 �C
under a vacuum for 24 h.

Method 2: We synthesized silica particles from Si-alkoxide using the traditional sol–gel process. So produced silica
nanoparticles were embedded within the fiber cells in order to impart glass surface properties inside the wood. By embed-
ding silica within the fiber cell wall and attaching a silane coupling agent—3MPS—to silanol groups, we tried to form a
SiAOASi bond between silicated fiber cells and 3MPS macromolecules.

Experimental part: Hydrolization and co-condensation of TEOS were conducted via a sol–gel reaction. A silica precursor
(0.16 mol) in the presence of methanol (6.0 mol), deionized water (0.16 mol), and hydrochloric acid (0.001 mol) was mixed
with 50.0 g wood at room temperature. After 3 h of mixing, we added 0.06 mol 3MPS and subjected the system to mixing 3 h
more at 70 �C.
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3.3. Sample preparation

Composites based on dried HDPE and wood particles were melted and mixed in a C.W. Brabender D-52 Preparation Sta-
tion at the rotation speed of 80 rpm and at 135 �C. Composites obtained this way were pelletized and dried; they contained,
in turn, 25.0 and 50.0 wt.% wood. Subsequently, the samples were molded in a Carver compression molding machine at
150 �C temperature and 2.07 � 104 kPa compression pressure. A total of six different materials were prepared.
3.4. Characterization techniques

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA): DSC measurements were performed on a
Perkin Elmer DSC-7 instrument. A sealed liquid-type aluminum capsule pan was used as a sample holder. The temperature
range from 10 �C to 200 �C was covered under a nitrogen atmosphere at 10 �C/min heating rate. A Perkin Elmer TG-7 instru-
ment was used to determine a temperature profile of the samples over the temperature range from 50 �C to 700 �C in nitro-
gen atmosphere at the heating rate of 10 �C/min. These techniques are clearly described by Menard [30]. Thermal analysis
was performed on hot-pressed films.

Dynamic mechanical (DMA) and thermomechanical analysis (TMA): We performed these tests using a DMA7e apparatus
from Perkin Elmer Co. Specimens were analyzed in rectangular form using the three point bending fixture in the temperature
T scan mode. TMA experiments were performed over the temperature range from �50 �C to +100 �C at the heating rate of
10 �C/min with a compression analysis kit. TMA provides values of linear isobaric expansivity (often called thermal expan-
sion coefficient or CTE) defined as
aL ¼ L�1ð@L=@TÞP ð1Þ
L is the length (actually height, the distance between top and bottom parallel surfaces) of the sample, T = temperature, and
P = pressure. These techniques are also described by Menard [30]. Volumetric isobaric expansivity a = V�1(@V/@T)P, where
V = volume, can be obtained from the determination of aL. If the material is isotropic, one determination of aL is sufficient.
Otherwise three determinations along three Cartesian coordinates are needed.

Fourier-transform infrared spectroscopy (FTIR): The spectra were recorded on a Nexus 470 FTIR ESP Series spectrometer
equipped with an attenuated total reflectance (ATR) objective. FTIR spectra were collected over the range from 4000 cm�1

to 650 cm�1 with the resolution of 4 cm�1. To enhance the signal-to-noise ratio, each of the reference and sample spectra
presented constitutes the average of 40 scans recorded.

Focused ion-beam + scanning electron microscopy (FIB/SEM): This combination of techniques has been reported as quite
useful before [31]. The FEI Nova 200 NanoLab was used to study the morphology of the composites. A small fraction of
the samples was mounted on a copper stub and coated with a thin layer of gold to avoid electrostatic charging during exam-
ination. A dual-beam FIB system is comprised of a high-resolution field emission SEM and scanning Ga+ ion beam column.
The composites were milled with a 0.5 nA Ga+ ion beam current at an accelerating voltage of 30 kV. The inner region of the
cross-section area was polished (cleaned) with a lower beam current 50 pA.

Tensile testing: The quasi-static tensile behavior of the samples was determined at room temperature with a MTS tester
(model QTEST/5). The cross-head speed was 50 mm/min.

Dynamic friction testing: Friction tests were conducted on the Nanovea pin-on-disk tribometer from Micro Photonics
reported before [29,32,33]; reviews of polymer tribology are available [34,35]. Each test was performed using 3.2 mm steel
302 balls (made by Salem Specialty Ball) under the following conditions: temperature 20 ± 2 �C, radius 2.0 mm, load 5 N,
speed 100 rpm, and the number of revolutions with 3000 revolutions. Surface images of the samples and used balls were
captured after friction tests using a Nicon Eclipse ME 600 microscope. Areas of wear tracks were measured with a Veeco Dek-
tak 150 Profilometer. We used cross-sectional areas so obtained to estimate the wear volume Vm as
Vm ¼ 2pRmAm ð2Þ
Here Rm and Am represent the radius and the average cross-section area of wear track, respectively. The wear rate Z in mm3/
Nm was calculated as
Z ¼ Vm

WL
ð3Þ
Here Vm is the volume loss of the sample after testing, W is the normal load, L is the length.
Scratch resistance: Micro-Scratch Tester (MST) from Anton Paar was used. For each sample, progressive scratch and mul-

tiple scratch testing were performed. The parameters for progressive scratch were: initial load 1.0 N, final load 30.0 N, load-
ing rate 10.0 N/min, scanning load 0.05 N, scratch length 5.0 mm and scratch speed 5.9 mm/min. The conical diamond
intender had a diameter of 200 lm and a cone angle of 120�. One so determines the instantaneous or penetration depth
Rp and the residual or healing depth Rh (2 min after the scratch run). This technique has been also explained in reviews
on polymer tribology [34,35].
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4. Characterization of Modified Wood Sawdust by EDS and TGA

To determine the progress of the modification process, we analyzed ashes remaining after burning the wood samples at
700 �C. Energy dispersive spectroscopy (EDS) shows significant difference between the samples. EDS spectra of the wood ash
before treatment gave only the peaks of microelements corresponding to contaminations – impurities of the wood ‘‘saw-
dust” (Fig. 1a).

Strong SiA, and OA peaks in modified wood samples are the evidence of the modification progress. EDS of the modified
wood did not detect microelements due to extraction from the wood during high temperature treatment and purification.

Thermogravimetric analysis (TGA) has been performed to obtain more evidence elucidating the progress of the modifi-
cation process. The amount of the residuals increased from 0.6 to 6.8 and 20.4 wt.%, respectively, upon modification. The dif-
ferences can be assigned to the inorganic part of the modified wood that survived after heating the samples at 700 �C. The
organic part inside wood all decomposed below 500 �C. Significant differences between residuals of the unmodified and
modified sample are associated with the modification process.

Another beneficial effect of modification is the increase in hydrophobicity. TGA results (Fig. 2a) clearly suggest that the
obtained network is highly hydrophobic and confers moisture resistance to the hybrids.

Wood modification reaction with 3MPS was followed up by Fourier transform infrared spectroscopy (FTIR) (Fig. 2b).
The presence of SiAOACcellulose, SiAOASi bonds, and the carbonyl stretching band AC@O at ca. 1716 cm�1 on the
cellulose surface confirms that the silane coupling agent 3MPS was efficiently held on the fibers surfaces through both
condensation with cellulose hydroxyl groups and self-condensation between silanol groups. The bends at 550 cm�1 and
817 cm�1 are related to the symmetric bending and stretching vibrations of inter-tetrahedral oxygen atoms present in
silica (symmetric SiAOASi stretching), while the peak at 1156 cm�1 represents characteristic SiAOAC cellulose
vibrations.

FTIR spectra (Fig. 2b) of wood/sol–gel silica sample are nearly identical to wood/3MPS spectra. In Method 2 the band
intensity for SiAOASi at 555 cm�1 and 813 cm�1 became more pronounced and the band intensity for SiAOACcellulose at
1160 cm�1 slightly decreased. TGA data, together with EDS and FTIR, gave us evidence of successful wood modification
process.

Moreover, during SEM and EDS examination of the wood ashes, we noticed completely different morphologies for each
wood samples. We recall that all three wood samples were heated at 700 �C for 1 h. For sol–gel silica modified wood samples,
we noticed many scattered rods (Fig. 3c).

We decided to investigate the rods further. The results turned out to be fairly impressive. We increased heat treatment
time from 1 to 2 and 3 h respectively, to evaluate better the effect of the heat treatment at 700 �C (see Fig. 4).

The longer we burned the wood, the more evident the rod structures became. EDS data further revealed that these rods
are in fact silica rods (Fig. 5).

FTIR data show a broad band around 1045.6 cm�1, the characteristic peak of the anti-symmetric stretching vibrational
mode of the SiAOASi siloxane bridges. The other two bands detected at about 796.4 cm�1 and 444.9 cm�1 are also assigned
to SiAOASi siloxane bridges. The peak at 796.4 cm�1 is related to the symmetric vibration mode of the SiAOASi bridges, and
the 444.9 cm�1 peak corresponds to the vibrational adsorption peak of the SiAOASi siloxane bridges, which is the charac-
teristic peak of silica. The clean FTIR spectrum also indicates that there are no other impurities adsorbed onto the surface
of the silica rods. In order to understand formation of the rods, we also examined the ash sample of the sol–gel treated wood
after heating one at 700 �C only for 5 min (Fig. 6).

As we know, wood consists mainly of two kinds of cells: wood fibers and vessel elements. Wood fibers are elongated cells,
which are similar to tracheids but smaller, only 0.7 mm to 3 mm long and less than 20 � 10�6 m in diameter. SEM image
shows us that silica nanoparticles are filling wood-fiber cells. In a later stage, namely during high temperature heating, so
introduced particles bonded with each other and created a strong silica network. In this process, silica-functionalized wood
fiber cells act as a structure-determining ‘‘agent.” This observation once again proves that wood sawdust was successfully
modified using sol–gel approach in combination with 3MPS (Method 2).
5. Thermal properties determined by DSC

As discussed by Menard [30] thermal characterization of the crystalline or semi-crystalline polymers provides us infor-
mation about melting temperature Tm, crystallization temperature Tc, and enthalpy of fusion Hf in Jg�1. Melting and crystal-
lization parameters are displayed in Table 1.

From DSC thermograms relatively sharper and stronger melting peaks are observed for recycled HDPE (R-HDPE),
indicating the decrease of fusion enthalpy and the presence of less homogeneous crystalline structures in the
composites. The melting (Tm) and crystallization (Tc) temperatures of R-HDPE are slightly influenced by wood fibers.
For example, Tm decreases from 130 �C of R-HDPE to 129 �C and 127 �C of composites containing 25.0 and 50.0 wt.% neat
wood, respectively. Thus, the crystalline lamella thickness of R-HDPE in composites is smaller than that in neat R-HDPE.
The fusion enthalpy and crystallization of R-HDPE were found to be 184 Jg�1 and 63%, respectively. From DSC curves one
can see that the crystallization peak temperatures (Tc) of composites are slightly altered; significantly narrow and weak
intensity of the melting and crystallization signals suggests a progressive decrease in the overall crystallization upon



Fig. 1. EDS of the wood ashes: neat wood (a); wood/3MPS (b); wood/sol–gel modified (c).
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Fig. 2. TGA (a) and FTIR (b) diagrams of the neat and modified wood.
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Fig. 3. ESEM images: wood ash (a), wood/3MPS ash (b) and wood/sol–gel silica ash (c).
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fiber loading. As expected, the presence of wood lowers the degree of crystallinity of R-HDPE. There is a decrease of
crystallinity from 63% to 18% after filling the matrix with 50.0 wt.% wood. However, applying 3MPS treatment
increases the crystallinity to 28% while the sol–gel approach together with 3MPS application results in crystallinity
equal to 32%.

Similar but necessarily smaller effects are seen for 25.0 wt.% wood composites. Inclusion of unmodified wood lowers the
degree of crystallinity from 63% to 46%. Treatment with 3MPS increases the crystallinity to 49%, treatment with a combina-
tion of sol–gel technique plus 3MPS to 50%.

The fact that the composites have lower crystallinities than neat R-HDPE is easily understandable. Interesting is the fact
that modification of the fibers enhances crystallinity. Below in Section 8 we report that the fibers after modification are cov-
ered with R-HDPE. Thus, fiber surfaces can now serve as nucleation sites for crystallization.



Fig. 6. ESEM images: wood/sol–gel silica ash/5 min at 700 �C and wood microstructure [23].

Table 1
Melting and crystallization parameters.

Materials Tc/�C Tm/�C DH/Jg�1 Xc/%

R-HDPE 102 130 184 63
R-HDPE + 25 wt.% wood 101 129 136 46
R-HDPE + 50 wt.% wood 105 127 54 18
R-HDPE + 25 wt.% wood/3MPS 103 132 145 49
R-HDPE + 50 wt.% wood/3MPS 100 132 82 28
R-HDPE + 25 wt.% wood/sol–gel silica 102 129 146 50
R-HDPE + 50 wt.% wood/sol–gel silica 102 129 94 32
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6. Mechanical properties and thermal expansivity

Mechanical properties of wood + R-HDPE composites were evaluated using DMA, and tensile testing while TMA was used
to determine thermal expansivity. Influence of the temperature on the mechanical response of the materials was studied by
DMA. The storage modulus E0 and the tan delta as a function of the temperature are shown in Fig. 7a. Linear isobaric expan-
sivity values (see Eq. (1)) are displayed in Fig. 7b, including error bars.

We see that the storage modulus E0 increased after wood addition to R-HDPE. Higher E0 is seen for all samples, but the
improvement is higher for modified composites. The highest E0 were obtained for R-HDPE + wood/MPS samples, relatively
low E0 values for composites with unmodified wood. One can conclude from DMA data that wood fibers became stiffer after
modification. Tan delta curves presented above show a-relaxation in the �130 �C to �100 �C temperature range and can be
used to locate the glass transition region and the glass transition temperature Tg. That temperature reflects significantly long
range motions of the main chains. Compared to neat R-HDPE, the tan d peak of the composites slightly shifts to higher tem-
peratures, but there are no significant differences between the Tg values of the composites. Furthermore, the higher temper-
ature relaxation, known as b-relaxation was observed for the composites in the temperature range �45 �C to �55 �C
temperature; the appearance of the peak becomes noticeable upon increased wood content. We see here conformational
changes experienced in the cellulose or hemicellulose fragments of the wood.

We have determined thermal expansivity (TE) of our composites; see again Eq. (1) above. The dimensional changes of the
samples were measured in the temperature range �50 �C to +50 �C. The values of TE at 25 �C are presented in Fig. 8b. We see
that TE decreases with the increase of the wood content. Expansivity of R-HDPE is 9.82 � 10�5/�C while for R-HDPE + 25 wt.%
wood and for R-HDPE + 50.0 wt.% wood the values are 9.25 � 10�5/�C and 7.70 � 10�5/�C, respectively. Thermal expansion also
involves the transmission of stress across an interface, and should thus throw light on the adhesion between the phases. R-
HDPE + wood composites form two-phase systems; their expansion is higher than that of composites prepared with surface-
modified wood particles. This phenomenon might be related to interface adhesion. When one heats unmodified composites,
the matrix expansion is more than that of the fillers. Because of poor adhesion between the two phases, there are no residual
compressive stresses across the interface. As a result, the matrix expands away from the fibers. Considering all composites,
the sol–gel silica modified samples have the lowest TE while unmodified wood-filled samples have the highest TE. Recall that
the sol–gel modified wood composites contain inorganic silica particles. As we know, the intrinsic TE of silica is lower than
TEs of wood or HDPE. As a result, well dispersed silica filler plays a significant role in the dimensional stability of our
composites.

The tensile properties of the composites as well as of neat R-HDPE were determined. We present the Young modulus and
the strain at break results in Fig. 8, including error bars.

Young modulus E values for the blends filled with wood are about 1.2 times higher than for neat R-HDPE. The increase in
the modulus with fiber loading shows the same linear trend as observed for the thermal expansivity. Higher modulus E
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values are seen for all the composites. However, E values did not show significant change and remained almost constant after
treatment with 3MPS (as compared to the samples with unmodified wood). The most effective treatment was found to be
sol–gel process (Method 2). The samples prepared via this method display the highest modulus. Moreover, for any given fiber
loading, sol–gel modified wood samples had the highest modulus increment, equal to 512 MPa. One can clearly see that the
sol–gel process induced the enhancement of tensile strength from 1361 MPa of neat R-HDPE to 3313 MPa of R-HDPE
+ 50.0 wt.% wood composite. The results can be attributed to the presence of the silica particles when compared to other
composites. Another possible reason to explain the higher modulus of sol–gel modified wood composites is improved adhe-
sion between the wood and polymer interfaces.

Values for the strain at break of our composites are presented also in Fig. 8. The strain at break Єb of all samples decreases
with increasing amount of the wood fibers. We recall that the material brittleness [36] is inversely proportional to Єb:
B ¼ 1=ðE0ЄbÞ ð4Þ
The E0 values at room temperature are those from DMA results in three point bending. Fig. 8 shows that the strain at break of
the composites had fallen rapidly from 3.8% to 0.8% upon loading the matrix with 25.0 wt.% and 50.0 wt.% wood fibers,
respectively. The descent of Єb is faster than the increase in E0. Therefore, the brittleness values increase from 1.44 �
(10�10% Pa) of R-HDPE to 7.97 � (10�10% Pa) for the composite with 50.0 wt.% wood content. All these values are small. Poly-
styrene, admittedly a very brittle polymer, has B = 878 � (10�10% Pa) [36,37]. We note that B is inversely proportional to ten-
sile toughness [38].

Addition of the surface modified wood did not affect tensile behavior significantly. The treatment, however, produced
lower values of the brittleness as well as higher percent of the strain at break as compared to unmodified samples. Thus,
modification also helps for enhancing the elongation at break and lowering brittleness.
7. Tribological properties

Friction, wear and scratch resistance results also contribute to the conclusion that the modified wood samples have better
strength and higher load-carrying capacity than the unmodified samples or the neat R-HDPE. In scratch resistance testing, all
wood composites have lower penetration and residual depths compared to neat HDPE (Fig. 9).
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Fig. 9. Progressive scratch testing results.
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The modified samples were more stable to instantaneous deformations at loads higher than 20.0 N. Overall, high scratch
resistance was found for R-HDPE + 50.0 wt.% wood/sol–gel silica and R-HDPE + 50.0 wt.% wood/3MPS samples. This applies
to both penetration and residual depth. Neat-wood-containing polymer composites show less viscoelastic recovery, while
the samples with modified wood gave lower value of the residual depth. However, wood content did not show significant
effect on the materials viscoelastic recovery. The recovery percentage is defined as f = (Rp � Rh).100%/Rp.



Fig. 10. Optical microscopy images of the HDPE (a) and composites with: 50.0 wt.% wood (b), 50.0 wt.% wood/3MPS (c), 50.0 wt.% wood/sol–gel silica (d).
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Optical observation of the ball surfaces after dynamic friction test revealed the film transfer phenomenon (Fig. 10).
Tribological (friction and wear) data support our assumption about the film formation process. This is directly associated

with the poor adhesion between the wood and polymer interfaces. The lowest friction was observed in the neat polymer
while the highest was observed in the HDPE + wood sample. All the composites rapidly reached the steady friction value
in an early stage of the test. Friction increased slightly upon applying the higher load. Tribology data did not provide us cor-
relation between friction and the test conditions; however, in all cases the friction of the samples with modified wood
showed the lowest friction compared to composites containing the same but neat wood.

Optical observations of the ball surface aimed at explaining tribological response of the composites. Compared to sol–gel
modified wood composites (Fig. 10d), more film transfer was noticed for neat wood and wood/3MPS containing samples.
Surface area increases due to film transfer and so does friction.
8. Morphology

We conducted microscopic examinations to explain mechanical and tribological response and to study the role of surface
treatment on the deformation processes of our composites. FIB/SEM images of the various composites with 50.0 wt.% wood
content are presented in Fig. 11. Parallelepipeds were cut out by FIB milling before SEM observations.
Fig. 11. FIB/SEM images of the HDPE composites with: 50.0 wt.% wood (a), 50.0 wt.% wood/3MPS (b), 50.0 wt.% wood/sol–gel silica (c).
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Improvement in interfacial adhesion upon wood surface modification is apparent from FIB/SEM micrographs. Morphol-
ogy of the composites became more uniform when modifiers are added into the system. A sample with neat wood (Fig. 11a)
does not show evidence of adhesion between the fibers and the polymer matrix; gap between the two phases as well as
empty domains are clearly noticeable in high magnification images. An examination of the composites filled with 50.0 wt.
% modified wood (Fig. 11b and c) reveals that fibers seem to be covered with R-HDPE. This fact may be explained by a stron-
ger interaction between the two phases, resulting in higher adhesion between the components. The morphological observa-
tions are consistent with the mechanical and tribological performance of the composites.

Overall, the sol–gel modification process, that is Method 2, obviously had positive effects on the bond and strength of the
R-LDPE + wood sawdust materials. While the importance of natural fibers is increasing [39–41], methods of providing their
strong adhesion to polymeric matrices is becoming more important as well.

For generality, we note that our approach of using wood sawdust is only one option of using materials available in Nature
[42]. Bamboo is a material used in housing construction in several countries. The problem in combining bamboo with poly-
mers is similar to ours: lack of good interfacial adhesion. Guimarães et al. [43] used NaOH and benzophenone tetracarboxylic
dianhydride to improve the adhesion – with good results. Also water absorption was lowered significantly.
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