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Abstract: This article presents the assessment of bulk and
in situ mechanical properties of rubber—wood—plastic
composites (RubWPC) and their correlations, aiming to
obtain a thorough understanding of mechanical behav-
iour of RubWPC, which is an essential prerequisite
in realising their optimal design and applications. Dynamic
mechanical analysis results showed that the composites
treated with multiple coupling agents (combination of maleic
anhydride polyethylene [MAPE] and bis(triethoxysilylpropyl)
tetrasulfide and combination of MAPE and vinyltrimethoxy-
silane) exhibited greater storage modulus than both the
untreated and single coupling agent treated composites
owing to their superior interfacial bonding quality. The
shift of relaxation peak and T, towards higher tempera-
tures observed in the treated composites confirmed the
enhancement of interfacial interaction and adhesion.
Nanoindentation analysis suggested that the composite
with optimised interface (MAPE and Si69 treated) pos-
sessed better nanomechanical property (elastic mod-
ulus) due to the resin penetration into cell lumens and
vessels and the reaction between cell walls and coupling
agents.
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1 Introduction

The ever-increasing environmental concerns towards the
global disposal of waste tyres has led to an unprece-
dented need to recycle and reuse the main component
of the tyres, namely tyre rubber [1,2]. Currently, the incor-
poration of waste tyre rubber into thermoplastics to
develop a class of polymer composites with both elasto-
meric and thermoplastic behaviour has gained a lot of
attention and is becoming one of the most straightfor-
ward and preferred options to achieve the valorisation
of waste tyres [3,4]. In view of the unique properties pos-
sessed by rubber and the rapid expansion and versatile
application of wood plastic composite (WPC) materials,
the inclusion of tyre rubber as a raw material into WPC to
develop an entirely new generation of WPC, namely rub-
ber-wood-plastic composites (RubWPC), was presumed
to be another highly promising solution to turn waste tyres
into value-added materials. Cosnita et al. investigated
multifunctional, environmental-friendly composite mate-
rials fully based on wastes of polyethylene terephthalate
(PET), rubber, high density polyethylene (HDPE), and
wood, aiming for indoor and outdoor applications [5].
The work particularly addressed the limited rubber-PET
compatibility with the aid of HDPE, so as to obtain good
mechanical and stability properties. Moni Ribeiro Filho
et al. developed hybrid composites with epoxy polymer,
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rubber tyre particles, and sugarcane bagasse fibres with a
specific focus on the impact behaviour [6]. It was con-
cluded that in general, the combination of rubber wastes
and bagasse fibres appeared to offer an appealing alterna-
tive for the development of new sustainable structural
materials for low-carbon impact engineering applications.

Thorough understanding of mechanical properties
of composites is an essential prerequisite in realising
their applications [7]. The major factors affecting the
mechanical performance of cellulosic polymer compos-
ites include: (1) the strength and modulus of reinforcing
fibre, (2) the strength and chemical stability of polymer
matrix, and (3) the effectiveness of load transfer across
interface [8]. Investigation of interface is of special sig-
nificance in understanding the macro-behaviour of the
composites [9,10]. Interface is the region separating the
bulk polymer from the fibrous reinforcement. It is not a
distinct phase with clear boundaries, it is more accurately
viewed as a transition zone with three-dimensional and
heterogeneous nature. Interface region is hypothesised
to possess mechanical properties distinct from those of
the reinforcing phase and bulk polymer [11]. Recently,
the direct determination of the property and size of inter-
face of cellulosic polymer composites has been achieved
with the advent of depth sensing indentation technique,
which is generally referred to as nanoindentation [12,13].
This technique allows the penetration of an indenter into
the material surface with controlled force and synchro-
nous recording of the force applied as a function of
indentation depth, and thus provides considerable in
situ mechanical property information (e.g. elastic mod-
ulus, hardness, and creep factor) [14,15].

Following our report on the novel formulation of
RubWPC with the focus on their interfacial optimisation
by using maleated and silane coupling agents [16], and
finding that the coupling agents could dramatically
improve the constituent compatibility, filler dispersion
and embedment, and interfacial adhesion of the compos-
ites, this work specifically investigates the nanomechan-
ical and dynamic mechanical properties of RubWPC,
aiming to understand the contribution of the refined inter-
facial bonding to the bulk and in situ mechanical properties
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Figure 1: Chemical formulae of the coupling agents.
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and their correlation, thus enabling the optimal design of
RubWPC materials.

2 Materials and methods

2.1 Materials

The recycled tyre rubber used in this research was sup-
plied by J. Allcock & Sons Ltd (UK), with the particle size
between 0.05 and 0.5 mm and bulk density of 360 kg/m°.
The recycled wood-flour was supplied by Rettenmeier
Holding AG (Germany), with the bulk density of 285 kg/m>
and mean length of 0.55 mm. The recycled HDPE pellet
with the melt flow index (MFI) of 0.6 g/10 min at 190°C
and bulk density of 960 kg/m> was obtained from JFC
Plastics Ltd (UK).

Lubricants 12-hydroxyoctadecanoic acid (12-HSA) and
Struktol TPW 709 (a unique proprietary blend of proces-
sing aids made by Struktol company) were purchased from
Safic Alcan UK Ltd (Warrington, UK). The coupling agents,
maleic anhydride polyethylene (MAPE, MFI of 1.9 g/10 min
at 190°C, 0.5 wt% maleic anhydride [MA]), bis(triethoxysi-
lylpropyl)tetrasulfide (Si69, >95% purity, 538.95g/mol,
250°C boiling point), and vinyltrimethoxysilane (VIMS,
>98% purity, 148.23 g/mol, 123°C boiling point), were pur-
chased from Sigma-Aldrich (Dorset, UK), the chemical for-
mulae of which are presented in Figure 1. All the raw
materials and additives were stored in a cool and dry place
before use.

2.2 Formulation of RubWPC

The formulation of untreated and treated RubWPC with
specific ratios was summarised in Table 1. In our previous
works [3,17], it was found that VTMS and Si69 were very
effective in improving the bonding quality of WPC and
Rubber-HDPE composites, respectively, while MAPE
appeared to be effective in both types of materials.
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Table 1: Formulation of RubWPC

Nanomechanical and dynamic mechanical properties of RubWPC —— 169

Sample Rubber (%) Wood (%) HDPE (%) TPW 709 (%) 12HSA (%) MAPE (%) Si69 (%)  VIMS (%)
Untreated 20 30 43 3.5 3.5 0 0 0

MAPE treated 20 30 40 3.5 3.5 3 0 0

Si69 treated 20 30 40 3.5 3.5 0 3 0

VTMS treated 20 30 40 3.5 3.5 0 0 3

MAPE and Si69 20 30 40 3.5 3.5 1.5 1.5 0

MAPE and VTMS 20 30 40 3.5 3.5 1.5 0 1.5

MAPE and Si69-10 10 40 40 3.5 3.5 1.5 1.5 0

MAPE and Si69-30 30 30 30 3.5 3.5 1.5 1.5 0

Therefore, in addition to single coupling agent, the com-
binations of MAPE and Si69 and MAPE and VTMS were
also used in the formulation of RubWPC materials. All the
composites were prepared under the processing condi-
tion as follows: the required amount of HDPE for each
batch was first placed in a Brabender Plastograph twin-
screw mixer and allowed to melt at 100 rpm and 190°C for
2min, and subsequently mixed with rubber powder and
wood flour for 3min. The lubricants and/or coupling
agents were then added into the system and mixed for
another 10 min. The resulted RubWPC mixture was then
ground to pellets by using a Retsch cutting mill (SM 100,
Germany). The ground blends were compression moulded
on an electrically heated hydraulic press at 190°C under a
pressure of 9.81 MPa for 10 min.

2.3 Dynamic mechanical analysis (DMA)

Dynamic mechanical properties of the composites were
measured by using a dynamic mechanical analyser (Q800,
TA Instruments, New Castle, USA) under single cantilever

strain-controlled mode. The temperature ranges from —100
to 120°C with a heating rate of 3°C/min. The oscillation
amplitude was 20 pm, the frequency was 1Hz, and the
specimen dimension was 17.5 mm x 10.8 mm x 1.4 mm.

2.4 Nanoindentation analysis

The samples for nanoindentation determination were
prepared as follows: a sloping apex (around 45°) was
created on the cross section of the sample by using a
sliding microtome, then the sample was mounted onto
a PowerTome ultramicrotome and transversely cut with
a glass knife and a diamond knife to obtain an exception-
ally smooth and flat surface. The cross section of the
samples was first observed under an optical microscope
to select the regions to be indented (Figure 2a). The tests
were performed on a Nano Indenter (Hysitron TI 950 Tri-
bolndenter, USA) equipped with a three-side pyramid
diamond indenter tip (Berkovich). In each test region,
the space between two adjacent testing positions was
30 times more than the maximum indentation depth

Figure 2: Typical in situ imaging nanoindentation test: (a) microscope image of testing cells in transverse section, (b) image of cell walls in
region 1 of (a) before indenting, and (c) image of cell walls in region 1 of (a) after indenting.
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(Figure 2b and c). The indentations were conducted under
load-controlled mode consisting of three segments, i.e.
loading with 150 pN in 5s, holding for 2s, and unloading
in 5s. A typical loading-displacement curve is presented in
Figure 3. The maximum load P,.,, the maximum depth
hmax, the final depth after unloading h,, and the slope of
the upper portion of the unloading curve S were monitored
in a full loading-unloading cycle. The material properties,
such as reduced elastic modulus and hardness, could be
extracted by analysing the data with the method developed
by Oliver and Pharr [18].
The hardness (H) was calculated as follows:

= o, M

where A is the projected contact area at maximum load.
E,, the reduced elastic modulus accounting for the com-
pliance of the indenter tip, was determined as:

Ja dP 1
E="—" —,

where, dP/dh = S. The results reported in the work were
from the indentations placed in the valid positions, clearly
on the cells with intimate and firm resin contact, excluding
the results from cracks and other positions.

3 Results and discussion

3.1 The DMA

The transition of a polymeric material from glassy state to
rubbery state, commonly investigated by DMA, has been
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Figure 3: Typical loading—unloading curve of nanoindentation test.
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considered as a significant material property. Figure 4
illustrates the temperature dependence of the storage
moduli of both the untreated and coupling agent treated
RubWPC. The storage moduli of all the composites
gradually decreased with the increase in temperature.
Compared to the untreated counterpart, the composites
treated with single coupling agent (i.e. MAPE, Si69, or
VTMS) showed inferior storage moduli in the temperature
range from -100 to -50°C. At the temperature above
—50°C, the storage moduli of MAPE and Si69 treated com-
posites were higher than that of the untreated compos-
ites, while that of VTMS-treated composites remained
slightly lower, but appeared to be much closer. In our
previous studies of WPC [19] and rubber-HDPE compos-
ites [3], the use of single coupling agent was able to
enhance the storage modulus of the composites. The dis-
tinct phenomena observed in RubWPC could be ascribed
to the uneven distribution of coupling agent between
the fillers (wood flour and rubber powder) in the complex
RubWPC system, which resulted in relatively nonuniform
and heterogeneous structures and poor overall bonding
refinery. Furthermore, it was worth noting that the com-
posites treated with combined coupling agents, espe-
cially MAPE and VTMS, exhibited greater modulus values
than both untreated and single coupling agent treated
composites. Compared to single coupling agent, the com-
bination of MAPE and Si69 or MAPE and VTMS might
generate a complementary influence, maximising the
capability of interface refining and bonding strength-
ening of each coupling agent. This result was in accor-
dance with the tensile properties owing to the superior
interfacial adhesion and bonding quality, which had
been revealed in our previous study [16].
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Figure 4: Storage modulus of untreated and coupling agent treated
RubWPC as a function of temperature.
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Figure 5: Loss modulus of untreated and coupling agent treated
RubWPC as a function of temperature.

The loss modulus is a measure of the energy dissi-
pated as heat, representing the viscous portion of the
material that flows under certain condition of stress.
Figure 5 presents the variation in loss modulus as a func-
tion of temperature of the composites. The relaxation
peaks at —38 to —16°C in the curves were associated with
the molecular motion of rubber phase corresponding to its
glass transition (Table 2). It was observed that the coupling
agent treatments led to a flattening of the relaxation peaks
with lowered loss modulus values, and a shift of relaxation
peaks from -38.0°C (untreated) towards higher tempera-
tures (Table 2). These results indicated the enhanced inter-
facial interaction and adhesion between rubber particles
and other constituents of the composites. In addition, the
relaxation peaks observed at around 50°C were attributed
to the a transition of HDPE matrix, corresponding to its
chain segment mobility [20-22]. The relevant loss modulus
at this temperature was seen to have a marginal increase
after the coupling agent treatments, which was probably
due to the reduced flexihility by introducing constraints on

Table 2: Crucial parameters extracted from DMA curves of RubWPC

T
100
Temperature (°C)

Figure 6: tan g of untreated and coupling agent treated RubWPC as a
function of temperature.

the segmental mobility of macromolecules at the relaxa-
tion temperatures [23,24].

The damping property of material gives a balance
between the elastic phase and viscous phase in a poly-
meric structure. The mechanical loss factor or damping
factor tan 6 of the composites as a function of tempera-
ture is presented in Figure 6. The glass transition tem-
peratures (T;) of the treated composites shifted to higher
temperatures, namely from -33.2°C (untreated) to —32.3°C
(MAPE treated), -13.0°C (Si69 treated), —29.3°C (VTMS
treated), —21.7°C (MAPE and Si69 treated), and -32.8°C
(MAPE and VTMS treated), (Table 2). This observation
should be associated with the intermolecular crosslinking
induced by the coupling agent treatments [25], which had
been thoroughly discussed in our previous work (16), i.e.
the hydrophilic moieties in coupling agents (maleic anhy-
dride of MAPE, ethoxy groups of Si69, and methoxyl
groups of VIMS) reacted with the hydroxyl groups of
wood flour to form strong covalent bonds, while the non-
polar molecules (PE chains in MAPE, dissociated sulfide

Sample Temperature of rubber Loss modulus Glass transition tandat T,
relaxation peak [T,] (°C) at T, (MPa) temperature [T] (°C)
Untreated -38.0 205.7 -33.2 0.073
MAPE treated -37.5 190.1 -32.3 0.067
Si69 treated -20.5 179.1 -13.0 0.073
VTMS treated -34.8 178.6 -29.3 0.071
MAPE and Si69 -28.9 190.5 -21.7 0.070
MAPE and VTMS -37.5 295.6 -32.8 0.075
MAPE and Si69-10 -16.4 158.5 -9.1 0.054
MAPE and Si69-30 -31.7 244.5 -22.5 0.098
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Figure 7: Microscope images of nanoindentation test regions of untreated (a) and MAPE and Si69 treated (b) RubWPC.

groups of Si69, and vinyl groups of VTMS) chemically
crosslinked with rubber and HDPE macromolecules. The
presence of the crosslinking was assumed to restrict the
mobility of the polymeric chains so that more energy was
required for the transition to occur [26]. On the other hand,
the decline in the tan§ intensity or amplitude of the
treated composites (Table 2) suggested that the number
of molecular portions responsible for the transitions had
decreased after the treatments [26]. This result along with
their better interfacial bonding, reduced interchain che-
mical heterogeneity, and relatively restricted segmental
mobility of polymer molecules gave rise to less energy
dissipation in the treated composites, leading to the reduc-
tion in the tan § amplitude.

As presented in Table 2, Si69 and MAPE and Si69
treated composites had much higher glass transition tem-
peratures, compared to other composites. This was because
Si69 has proven to be a highly effective coupling agent for
enhancing bonding quality of rubber based composites
[27-30], and it could significantly improve the interfacial
bonding and molecular interactions between rubber and
HDPE, resulting in greater immobility of molecular chains.
However, the Si69 added in Si69-treated RubWPC could be
primarily dominated by rubber particles which favourably
reacted with HDPE molecules. Due to this, the bonding
between wood flour and other components (rubber and
HDPE) in the composite could hardly be improved without
the presence of MAPE, which thus impaired its overall
property.

It was seen that a gradual decrease in the storage mod-
ulus with the continuous addition of rubber into MAPE and
Si69 treated composites, indicates the decrease in stiffness
of the composites. Regarding the difference between the
composites with 20 and 30% rubber, the lower storage mod-
ulus in the composite with 30% rubber was ascribed to its
poorer filler distribution and wetting due to the lower con-
centration of HDPE matrix in the system. The relaxation

peaks of the composites with less rubber addition were
observed at higher temperature regions, which were consis-
tent with their higher T,. This suggests that the stronger
rubber-wood and rubber-HDPE interactions occurred in
the composites contributed to the segmental immobilisation
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Figure 8: Nanomechanical properties of untreated and MAPE and
Si69 treated RubWPC by nanoindentation.
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of the polymer chain along the interfaces and hence, caused
a lowering of the corresponding tan § amplitude [31].

3.2 Nanomechanical property analysis

Figure 7 shows the nanoindentation test regions of untreated
and MAPE and Si69 treated RubWPC, the results from the
measurements are presented in Figure 8. The hardness of
the cell walls in the treated composite was nearly equal to
that of untreated composite. In contrast, the reduced elastic
modulus of the treated cell walls was significantly increased
by 20.84% compared to that of untreated cell walls, which
was well in line with its storage modulus (Figure 4). This
result might be associated with the considerable penetration
of polymer resin into the more deformed and accessible cell
lumens and vessels after the treatment [16]. Although it was
widely accepted that the indentation modulus in damaged
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Figure 9: Comparison of the hardness in different test regions of
untreated (a) and MAPE and Si69 treated (b) RubWPC.
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cell walls were lower than that in intact cell walls, the resin
filling in cell lumens may work as a mechanical interlock
that could provide additional strength, recovering the loss of
elastic behaviour due to mechanical processing [32-34]. It
was worth mentioning that in our previous nanoindentation
analysis of WPC [19], the coupling agent treatment might
exert a weakening or softening impact on the cell walls
through chain scission or weakening of interfibrillar interac-
tion, resulting in lower mechanical properties compared to
the untreated cell walls. The contrary behaviour explored in
RubWPC indicated that with respect to the influence on
nanomechanical properties of treated cell walls, the resin
penetration was more pronounced over the weakening or
softening impact with the inclusion of rubber particles into
the composite. Therefore, the nanomechanical properties
of the cell walls in untreated RubWPC remained unaffected
by the rubber particles due to the lack of intimate physical
contact between wood flour and rubber particle in untreated
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Figure 10: Comparison of the reduced elastic modulus in different
test regions of untreated (a) and MAPE and Si69 treated (b)
RubWPC.
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RubWPC [16], leading to subtle distinction from the nano-
mechanical properties of WPC [19]. In addition, MAPE and
Si69 coupling agents might be able to diffuse into wood cell
wall and form hydrogen bonding and covalent bonding with
the structural components of the cell wall especially hemicel-
lulose owing to its greater accessibility [33], thus increasing
the nanomechanical property of the treated RubWPC.

The individual nanomechanical property of every
marked region in Figure 7 is presented in Figures 9 and
10 for the purpose of figuring out the variation in the
nanomechanical behaviour of the cell walls. The hard-
ness and indentation modulus of the cell wall in both
untreated and MAPE and Si69 treated composites increased
with the increase in its distance to the zone being in
immediate contact with rubber particle and HDPE matrix.
For instance, the elastic moduli in region 1 (15.64 GPa) and
region 5 (14.45GPa) were lower than those in region 3
(16.67 GPa) and region 4 (17.50 GPa) of the untreated com-
posite, the hardness in region 1 or region 6 of the treated
composite was not comparable to the counterpart in other
regions. This was because the cell wall in intimate contact
with other components was more deformed than the cell
wall further away from the bonding region, leading to
inferior local mechanical property [34], albeit it might
have more resin penetration into the adjacent cell lumen
and coupling agent diffusion. Furthermore, the hardness or
modulus distinction among different regions of the
untreated composite (up to 0.05 and 3.05GPa, respec-
tively) was not as apparent as that of the treated composite
(up to 0.06 GPa and 4.64 GPa, respectively) due to the
less deformed and accessible cell walls in the untreated
composite, which was in accordance with their micro-
structure [16].

4 Conclusion

The assessment of bulk and in situ mechanical properties
of untreated and coupling agent treated RubWPC was
accomplished by systematically carrying out DMA and
nanoindentation measurements. The enhanced inter-
facial bonding of the treated RubWPC was confirmed by
the shift of relaxation peak and T, towards higher tem-
peratures along with the reduction in tan § amplitude,
which were associated with the restricted segmental
polymer motion and less energy dissipation. The compos-
ites with less rubber addition demonstrated the corre-
sponding relaxation peaks at higher temperatures with
higher T, and lower tan § amplitude, primarily due to their
stronger interfacial interactions. The composites treated
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with multiple coupling agents (MAPE and Si69 or MAPE
and VTMS) exhibited better overall mechanical properties
than the composites treated with single coupling agent
owing to their superior interfacial bonding. MAPE and
Si69 treated RubWPC possessed more outstanding nano-
mechanical property than the untreated counterpart (i.e.
elastic modulus increased from 15.93 to 19.25 GPa), which
was ascribed to the considerable resin penetration into the
more deformed and accessible cell lumens and vessels as
well as the bonding formed between the diffused coupling
agents and the structural components of cell walls. In
addition, the nanomechanical properties (harness and
elastic modulus) of the cell wall in both untreated and
treated composites increased with the increase in its dis-
tance to the interfacial zones being in intimate contact
with rubber particle and HDPE matrix.
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