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ABSTRACT: In this work, different strategies for
improving the association between hydrophilic wood flour
surfaces and poly(vinyl chloride) (PVC) hydrophobic
surfaces were tested. Three new coupling agents, based on
living radical polymerisation (LRP), involving PVC were
synthesised and tested in formulations with PVC and
wood flour. The melt mixing behaviour was analysed in
terms of the torque exerted by the mixing blades and
related to the structural properties of the mixture. These
products were ground and sheets were produced by press
moulding. The composites were characterised by dynamic

mechanical analysis. It was found that the use of a new
block copolymer poly(vinyl chloride)-b-poly(hydroxy-
propyl acrylate)-b-poly(vinyl chloride), prepared by LRP,
increases the elastic modulus of the composite, under con-
trolled conditions, involving the use of specific amounts of
the copolymer. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci
113: 2727–2738, 2009
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INTRODUCTION

Poly(vinyl chloride) (PVC)/wood flour composites
are the subject of considerable research. These mate-
rials are used in various applications such as win-
dow/door profiles, decking, railings, and sidings.
Wood flour polymer composites can have a longer
life than native wood, as they are less susceptible to
moisture-induced swelling, shrinking, and biodeter-
ioration. Wood plastic composites (WPC) take
advantage of the beneficial properties of both the
wood and the plastic components.1–6

The main disadvantage with most composites of
this type is the weak interfacial adhesion that arises
between the two components. A possible solution is
to use compatibilisers, such as block copolymers and
coupling agents. The inclusion of the most common
materials provides increasing hydrophobicity in the
wood flour phase, due to chemical reaction of each
specific group with the hydroxyl groups of the
wood. The surface tension of wood flour is reduced
and approaches that of the molten thermoplastic.
The most common coupling agents are organic
acids, anhydrides, isocyanates, and silanes.7–12

The use of silane-based coupling agents offers one
of the more successful routes to improving the asso-
ciation between fibres and polymers. These can act
as a bridge between the hydrophilic regions and the
hydrophobic regions of the materials. Acids and
bases catalyse the hydrolysis of the alkoxy silane to
the corresponding silanol, which can later undergo
condensation reactions. However, the formation of
polysiloxanes, inhibits the adsorption of the silane
beyond the fibre surface, so that in highly concen-
trated silane solutions, there is no additional silane
adsorption. After hydrolysis, the silanols slowly con-
dense to form oligomeric species.13–19

The conventional free-radical polymerisation of
vinyl chloride is the only industrial process that is
used for the synthesis of PVC. Living radical poly-
merisation (LRP) provides an efficient tool for poly-
mer synthesis, yielding macromolecules with
controlled molecular weights and narrow polydis-
persities. The macromolecules are also free of struc-
tural defects and contain long-lived chains that can
be further activated. The LRP of VC, initiated with
CHI3 and catalysed by Na2S2O4, is mediated mainly
by a combination of competitive single electron
transfer (SET) and degenerative chain transfer
(DT) and provides a novel pathway to living radical
polymerisation. This reaction can take place in an
aqueous medium at room temperature. This poly-
merisation process is technologically important
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because it requires only common industrial facilities
to produce PVC materials that possess the properties
described above.20–24

The chloroiodomethyl chain ends, arising from the
LRP-PVC, can be replaced with other reactive
groups, acting as a macroinitiator. The functionalisa-
tion of the chain ends is accessible by SET-mediated
organic reactions. This method provides the first
example of telechelic a-b-di(hydroxy)PVC.23

Copolymers have been added to improve the me-
chanical properties of WPC. This improvement is
due to a better dispersion of fibres in the matrix, a
more effective wetting of the fibres in the polymeric
matrix and better association between the two
phases. The grafting of the wood also presents a
promising approach to the modification of these
materials, by the inclusion of hydrophobic groups
into the wood flour surface.25–27

The ability to synthesise block copolymers of PVC
with acrylates, using the single-electron-transfer/
degenerative-chain-transfer LRP (SET-DTLRP) tech-
nique is extremely important because, by this
method, it is possible to control the influence of the
polymers with their different nature on the PVC
properties.28–31

Hydroxyl groups can be incorporated in a con-
trolled way into the PVC, by creating a block copoly-
mer of PVC with poly(hydroxypropyl acrylate)
(PHPA).32 A new pathway in WPC is thus created
since the interaction is increased by modification of
the plastic phase, increasing its hydrophilicity. This
opens up the possibility for the PVC to bond with the
wood flour by hydrogen bonding, or crosslinking,
thereby decreasing the degree of wood flour self-
entanglement. In the case of PVC-b-PHPA-b-PVC, the
copolymer would be expected to interact with the
PVC, via the PVC segments, and with the wood flour,
via the hydroxyl groups.

This study was aimed at the synthesis of new cou-
pling agents for WPC, based on LRPPVC, to enable
coupling between the PVC and the wood flour that
displayed strong intermolecular forces via hydrogen
and covalent bonding. The materials obtained were
characterised by melt mixing torque rheometry and
by dynamical mechanical thermal analysis.

EXPERIMENTAL

Materials

Wood flour (WF) from Bubinga (Switenia macro-
phylla) was donated by DPM - Distribuição e Produ-
ção de Móveis (Portugal). These fibres were ground
in a cutting mill, Retsch GmbH SM1, with a 500 lm
stainless steel trapezium shaped sieve.

PVC (a suspension grade, with a molecular weight
of about 63,000 g mol�1, Kvalue¼ 65.88, and d50 ¼

168.2 lm) was supplied by Cires, SA (Estarreja,
Portugal).
Stabilox CZ 2973 GN (calcium and zinc based

soap stabilizer and lubricant), sodium stearate (lubri-
cant), epoxydised soya bean oil (co-stabiliser and in-
ternal lubricant in PVC formulation), Kane Ace
PA210 (acrylic copolymer (MD-P210-C210) impact
modifier and lubricant), and wax PE520 (KWPEI 15)
(lubricant for plastics) were provided by Cires.
Hydroxypropyl acrylate (HPA) (95%), dimethyl

sulfoxide (99þ%), trimethoxyvinylsilane (97%), so-
dium dithionite (85%) (Na2S2O4), sodium bicarbon-
ate (99þ%) (NaHCO3), 2-allyloxyethanol (98%), and
iodoform (99%) (CHI3) were purchased from Sigma-
Aldrich (Portugal).
Isopropanol, hydrochloric acid (37% w/w), etha-

nol and methanol were purchased from José M. Vaz
Pereira, S.A. (Portugal). Hydroxypropyl methyl
cellulose (Methocel F50) and partially hydrolysed
poly(vinyl alcohol) (PVA) were provided by Cires,
S.A (Portugal). Vinyl chloride was purchased from
ShinEtsu (Japan).

Coupling agents

LRP-PVC preparation

The LRP-PVC synthesis was carried out in a 5L pilot
reactor charged with 3.00 L of water, 128.84 g of a
3% aqueous solution of PVA, and 89.06 g of a 1.86%
aqueous solution of methocel MF50. The other com-
pounds were then weighed and charged into the re-
actor: 9.24 g of CHI3, 32.70 g of catalyst Na2S2O4,
7.89 g of buffer NaHCO3, and 1.00 L of vinyl chlo-
ride monomer (VCM). The reactor was closed and
sealed. The oxygen was removed from the reactor
by applying four cycles of vaccum and nitrogen. The
VCM (1.00 L) was charged and the reactor was
heated up to the polymerisation temperature (42�C).
The reaction time was 24 h. The product was rinsed
three times with water and then filtered. The LRP-
PVC was dried in an oven at 70�C.

Wood flour-PVC covalent bonding (PVC-WF)

A solution containing 225 mL of trimethoxyvinylsi-
lane, 50 mL of distilled water, 240 mL of isopropa-
nol, and 3 mL of chloridric acid was prepared. 8.5
grams of Bubinga wood flour were poured into the
prepared solution. The contents were left in a 1-L
Parr Instrument Co. 4523 Pressure Reactor for 5 h at
30�C, with an agitation of 200 rpm and with an
absolute pressure of 3 bar. The fibres were washed 5
times with distilled water using a vacuum filtration
unit. The modified fibres (WFmod) were dried at
room under vacuum for 4 days at 70�C.
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A 1-L Parr Instrument Co. 4523 Pressure Reactor
was charged with 400 mL of dimethyl sulfoxide,
4.400 g of LRP-PVC [Mn (TriSEC) ¼ 41,196 g mol�1],
41.7 mg of sodium dithionite, 14.8 mg of sodium bi-
carbonate (99þ%) and 1.500 g of WFmod. The reac-
tor was conditioned with nitrogen for 10 min. Then
the inlet and outlet nitrogen valves were closed until
the system reached a constant pressure of 2.5 bar.
The reaction mixture was stirred at 200 rpm at 70�C.
After 4 h, the reactor was emptied and the mixture
was poured into 3 L of ethanol. The product was fil-
tered and rinsed three times with methanol and
dried in a vacuum oven at 70�C.

LRP-PVC functionalisation (PVC-OH)

A 1-L Parr Instrument Co. 4523 Pressure Reactor
was charged with 600 mL of dimethyl sulfoxide,
6.600 g of LRP-PVC [Mn (TriSEC) ¼ 41,196 g mol�1],
1.400 g of Na2S2O4, 1.400 g of NaHCO3 and 24 mL
of 2-allyloxyethanol. The reactor operation and prod-
uct purification were undertaken in the same way as
previously outlined in Section 2.2.1.

PVC-b-PHPA-b-PVC synthesis (PVC-PHPA)

The a,x-diiodopoly(HPA) synthesis was carried out in
a 5 L pilot reactor by the SET-DTLRP route, initiated
with 5.32 g of CHI3 in 1.2L deionised water at 25�C.
The reactor was also charged with 0.40 L of HPA,
9.42 g of catalyst Na2S2O4, 4.54 g of buffer NaHCO3,
45.99 g of a 3% aqueous solution of PVA, and 31.79 g
of a 1.86% aqueous solution of methocel F50. The reac-
tion was undertaken during 6 h at a polymerisation
temperature of 42�C. A sample of the macroinitiator
PHPA was collected at the end of this first stage.

Afterwards, the reactor was charged with 1.5 L of
water, 96.59 g of a 3% aqueous solution of PVA, 66.67
g of a 1.86% aqueous solution of MF50, 18.84 g of a cat-
alyst, Na2S2O4, 1.65 g of the buffer NaHCO3, and 0.75
L of vinyl chloride monomer (VCM). The reactor was
heated up to the polymerisation temperature (42�C)
and the reaction was undertaken during 24 h. This last
stage makes possible the completion of the synthesis
of the copolymer PVC-b-PHPA-b-PVC (PVC-PHPA).

Before each of the two reactions, the reactor was
closed and flushed 5 times with nitrogen for 5 min.
A vacuum was applied until 0.10 bar for 5 min. The

product was rinsed 3 times filtered with water and
dialysed in water. Finally, the block copolymer was
dried in a vacuum oven at 70�C.

Processing

Preparation of PVC – rigid formulation

PVC and the additives needed to create a rigid stand-
ard formulation were mixed in a high-speed mixer.
The solid components were poured into the mixer
and mixed for 1 min at 1000 rpm. Then the speed
was increased to 2500 rpm. This led to a temperature
increase and when it reached 70�C, the speed was
decreased to 1000 rpm and the liquid components
were added. Then the speed was increased again to
2000 rpm. Finally, when the temperature reached
110�C, the cooling water was turned on and the
speed reduced to 1200 rpm. The mixture was col-
lected when the stock temperature was about 50�C.
The PVC rigid formulation was prepared with 100

phr (per hundred of PVC) of PVC, 4 phr of Stabilox
CZ 2973 GN, 3 phr of epoxydised soya bean oil, 0.5
phr of sodium stearate, 1 phr of PA210, and 0.5 phr
of PE520.

PVC, Bubinga wood flour and coupling agents
blending

The composites were compounded using a Plasto-
graph Brabender mixer W50EHT, with two rotors. The
mixing temperature was set to 200�C. The mixture was
collected after it reached the melting point, to avoid
degradation. The fusion chamber was loaded with
40 grams of raw-materials and the mixing speed set to
40 rpm. Table I gives the composition of each sample.

Press mould composites

The fused and mixed materials, obtained in a solid
form were then ground in a Retsch GmbH SM1 cut-
ting mill, fitted with a 500 lm stainless steel trape-
zium shaped sieve.
The obtained ground materials were then used to

manufacture the desired boards by press moulding
in a laboratory hydraulic hot press (412BCE, Carver).
The materials were pressed for 2 min at 4 metric
tons, to reach the plates’ temperature (190�C). They
were then pressed for 3 min at 11 metric tons. After-
wards, cooling was applied with pressurised air
until a temperature below 100�C was reached.

Characterisation techniques

Dynamic mechanical thermal analysis

Dynamical Mechanical Thermal Analysis (DMA) of
2 mm thick specimens, of a size 6.5 mm � 6.0 mm,

TABLE I
Composition of Each Mixture (% w/w)

Component M00 M01 M02 M03 M04 M05

PVC 100.0 80.0 70.0 70.0 76.5 76.5
WF 20.0 20.0 20.0 20.0 20.0
PVC-OH 10
PVC-PHPA 10 3.5
PVC-WF 3.5
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was performed using a Triton Tritec 2000 unit in sin-
gle cantilever bending, in the multifrequency mode
(1 Hz, 3 Hz, 5 Hz ,and 10 Hz), with a standard heat-
ing rate of 2�C min�1. The composites were previ-
ously moulded with the required dimensions,
following the procedure given in Section 2.3.3. The
powders were characterised in the Constrain Layer
Damping mode, with a standard heating rate of 2�C
min�1, at the same frequencies as those indicated
above. The glass transition temperature (Tg) was
determined as the peak in tan d (E00/E0). Here, E00

and E0 are the loss modulus and storage modulus
values, respectively. Each run was repeated twice to
establish the reproducibility of the results. The
results presented correspond to the average value.

Thermogravimetric analysis

Thermogravimetric Analysis (TGA) was used to
determine the thermal behaviour of the raw-materi-
als and of the composites under non-isothermal con-
ditions. The measurements were carried out using a
TA Instruments SDT Q600 unit (thermobalance sen-
sitivity: 0.1 lg). Alumina crucibles were employed.
The calibration was performed in the range from
25�C to 1000�C with tin and lead as the standards.
Samples were loaded into open alumina crucibles. A
dry nitrogen purge flow of 100 mL min�1 was used
in all measurements. Sample weights ranging from 5
to 10 mg were used.

Nuclear magnetic resonance (NMR)

The 1H-NMR spectra (500 MHz) were recorded on a
Bruker DRX 500 spectrophotometer at 32�C in THF-
d8.

13C NMR spectra of the solid samples were
obtained in a 9.4 T Bruker Avance 400 WB spectro-
photometer (DSX model) on a 4 mm double-bearing
probe, at 100.6 MHz. The solid state NMR experi-
ments were conducted at room temperature under a
CPMAS frequency of 9000 Hz.

Fourier transform infrared spectroscopy

Fourier Transform Infrared Spectra (FTIR) were
obtained using a Nicolet 750 unit, with a Golden
Gate ATR accessory (Specac). The products were
analysed as prepared. The resolution was 4 and the
number of scans was 64.

Size exclusion chromatography

The chromatography parameters of the samples
were determined using a HPSEC unit (High Per-
formace Size Exclusion Chromatography); Viscotek
(Dual detector 270, Viscotek, Houston) with differen-
tial viscometry (DV); right-angle laser light scatter-

ing (RALLS, Viscotek) and RI (Knauer K-2301)
detection. The column set consisted of a PL 10-lm
guard column (50 � 7.5 mm2) followed by two
MIXED-B PL columns (300 � 7.5 mm2, 10 lm). The
HPLC pump (Knauer K-1001) was set with a flow
rate of 1 mL/min. The eluent (THF) was previously
filtered through a 0.2 lm filter. The system was also
equipped with a Knauer online degasser. The tests
were done at 30�C using an Elder CH-150 heater.
Before injection (100 lL), the samples were filtered
through a PTFE membrane with 0.2 lm pores. The
system was calibrated with narrow molar mass
poly(styrene) standards.

Chlorine microanalysis

The determination of the chlorine content was per-
formed by Schoniger flask combustion and titration
with mercury nitrate. The sample (placed in plati-
num basket) was combusted in a hermetically sealed
Schoniger flask, previously filled with oxygen and
allowed to stand for 20 to 30 min. Following this
time period, the basket was placed in the flask and
washed with the minimum amount of water. Brom-
phenol blue and nitric acid solution were added
dropwise until yellow colour was achieved. Then 0.5
mL more of nitric acid, 50 mL of ethanol, and di-
phenyl carbazone indicator were added. Titration to
a purple end point was undertaken with the 0.05 M
mercuric nitrate solution. A standard determination
was carried out on a standard of known percentage
of chlorine (p-chlorobenzoic acid).

Flexural experiments

The flexural tests were performed using a DARTEC
Universal Testing unit with a servo-hydraulic func-
tion of 200 kN capacity, fitted with a 5 kN loadcell
calibration, including increments of 0.001%. These
tests were performed according to the ASTM D790-
03 (procedure A), with five specimens for each sam-
ple being tested (2.0 mm in thickness, 55 mm in
length, and 12.7 mm in width), a crosshead motion
rate of 1.2 mm/min, until a midspan deflection of 6
mm and a support span of 38 mm were achieved.

Scanning electron microscopy

The morphology of the materials was investigated
using a JEOL JSM-820 scanning electron microscope
(SEM). All of the specimens were coated with gold
using a Bio-Rad SC500 diode sputter coating unit.
The samples were examined over the magnification
range from �20 to �1000 using an accelerating volt-
age of 5 kV.
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RESULTS AND DISCUSSION

Coupling agents synthesis

The synthesis of PVC-WF and PVC-OH depended
on the synthesis of LRP-PVC. This polymer was syn-
thesised through a mechanism that was developed
in previous work.21 The proposed chemical structure
is shown in Figure 1.

The LRP-PVC was analysed by 1H-NMR, revealing
the presence of terminal active chains ends (-CHClI)
between 6.1 and 6.3 ppm and the absence of any
structural defects (Fig. 2) as described previously.32

SEC analysis revealed a numerical molecular weight
of 42,000 g/mol with a polydispersivity of 2.831.

PVC-WF

During the first stage, the presence of water, chlori-
dric acid, and isopropanol allows the hydroxyl
groups (present in the cellulose of the wood) to react
with the trimethoxyvinylsilane through partial hy-
drolysis and co-condensation,17 making it possible to
synthesise WFmod. A possible chemical structure
for WFmod is shown in Figure 3.

The presence of the vinyl groups in WFmod
allows functionalisation of LRP-PVC, by a mecha-

nism described in previous work.23 The double
bonds of WFmod react at the edges of the LRP-PVC
through the iodine groups, resulting in a PVC-WF,
with the chemical structure shown in Figure 4.
Figure 5 represents the FTIR analysis of Bubinga

wood flour (WF), the Bubinga wood flour modified
with trimethoxyvinylsilane (WFmod), and the prod-
uct of reaction between WFmod and LRP-PVC
(PVC-WF). The WFmod trace shows that the vinyl
groups were present in the sample. The PVC-WF
spectra shows that significant proportion of the vinyl
groups reacted with the LRP-PVC, as observed from
the decrease in the appropriate FTIR band. The
broad band between 1100 and 1000 cm�1 and the
bands between 1000 and 950 cm�1 are due to the
presence of the -Si-O-Si- and -Si-O-CH2-bonds

32

respectively. Thus, Figure 5 shows the presence of
these groups in WFmod and PVC-WF. This band is
less pronounced in the spectrum of PVC-WF than in
WFmod, indicating that the reaction with LRP-PVC
has broken much of the associations between the sil-
ane groups. The peak at 600 cm�1 indicates the pres-
ence of C-Cl bonds which supports the presence of
PVC in the final structure.

PVC-OH

This telechelic material was functionalised following
the procedure described in Section 2.2.3 for which
the mechanism is described in previous work.23 Fig-
ure 6, shows the chemical structure of PVC-OH.
Figure 7 shows the FTIR spectra for the functional-

ised PVC and the comparison spectra of the raw-

Figure 1 Chemical structure of LRP-PVC21.

Figure 2 500 MHz 1H-NMR of the a,x-diiodo(PVC) pre-
pared by SET-DTLRP.

Figure 3 Chemical structure of WFmod.

Figure 4 Chemical structure of PVC-WF.
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materials. Hydroxyl groups were incorporated into
the PVC, as suggested by the presence of the broad
band for hydroxyl group as a small between 3600
and 3200 cm�1. Since the proportion of 2-allyloxye-
thanol is very small compared with that of the LRP-
PVC, it is not surprising to see that there is only a
small peak for the hydroxyl band in the FTIR spec-
trum of PVC-OH. Note also, that the vinyl group
band at 1600 cm�1, of 2-allyloxyethanol, is not pres-
ent for PVC-OH, suggesting that there is no residual
monomer present.

PVC-PHPA

As described in previous work,29 PVC-PHPA syn-
thesis by the SET-DTLRP approach is achieved by
synthesising as the first stage the acrylate polymer,
in this case poly(hydroxypropyl acrylate). In a sec-
ond stage, polymerisation of VCM on the acrylate
polymer chain edges is brought about. The resulting
structure is represented in Figure 8.

Figure 9 shows the FTIR spectra for sample of
PVC-PHPA, its correspondent homopolymers and
the initiator iodoform. The copolymer demonstrates
features of both of the homopolymers, as well as
those of C-I bond active chain ends. The presence of
the PHPA functional groups is shown by the broad
band that corresponds to alcohol groups and ester
groups. Carbon-chlorine bonds are not clearly
shown in this spectrum due to the lower level of
incorporation of PVC.

For a better evaluation of the inclusion of the PVC
segments (PHPA and PVC-PHPA being insoluble in
commonly used solvents in NMR analysis), 13C
NMR solid state analysis was undertaken on sam-
ples PHPA and PVC-PHPA. The obtained spectra
are presented in Figure 10. The presence of the PVC
segment of PVC-PHPA becomes clearer from the
presence of the peak at 58.7 ppm.34 The other PVC
group that should be around 47.4 ppm34 is seem-
ingly hidden by the PHPA methylene group peaks.
The methyl group shows resonance signals between
20 ppm, and the methyleneoxy groups, from the two
isomers of PHPA, show peaks between 63 and
73 ppm.35 Carbonyl carbon atoms from PHPA can
be identified in the region between 170 and
180 ppm.35,36 The active chain ends can be identified
by the peak at around 17 ppm.37 The reduction
of the peak from PHPA to PVC-PHPA can be
explained by the growth of the copolymer molecular
weight through reaction of the former active chain
ends with VCM. Chlorine microanalysis indicates a
total PVC incorporation of 10.2 % (wt.) in the pro-
duced copolymer.

Melt mixing behaviour

Figure 11 shows the torque that is exerted by the
blades during the melt mixing for products on dif-
ferent coupling agents and different compositions in
the polymeric phase. To avoid PVC degradation, the

Figure 5 FTIR spectra of WF, WFmod, PVC-WF, and
LRP-PVC (vinyl, silane, and C-Cl regions).

Figure 6 Chemical structure of PVC-OH22.

Figure 7 FTIR spectra of PVC-OH, LRP-PVC and 2-ally-
loxyethanol (hydroxyl and vinyl group regions).
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mixing process was stopped at the first hint of mate-
rial fusion.

The presence of wood flour strongly increases the
torque of the mixture. PVC powders and wood flour
are very different in respect of the particle shape
and intermolecular forces. The increasing torque,
when compared with that associated with the melt-
ing of PVC powders, is attributed to such differen-
ces. The inclusion of materials in the formulation,
that can promote association between the PVC and
the wood flour phases, leads to a decrease in the tor-
que. This effect is greater when PVC-PHPA is used.
Even for lower levels than that which is used with
the other coupling agents, the effect of stabilising the
mixture (leading to a lower torque) is enhanced with
the increased PVC-PHPA content in the formulation.
The presence of such a coupling agent allows for an
increased degree of entanglement between the PVC
and the wood flour. This leads to a less effort being
required to promote their mixing.

Mechanical and thermal analysis

The mechanical and thermal characteristics were
evaluated by DMA and by TGA. DMA is probably
the most versatile thermal analysis method available.
No other single test method providing more infor-
mation from a single test.38 In DMA, the material is
subjected to a forced mechanical vibration at a fixed
frequency, temperature, and elongation. A fraction
of the energy is absorbed (E00, viscous component)
and a fraction is returned elastically (E0, elastic com-
ponent). The determination of the ratio of these
events enables clear evaluation of the mechanical
performance. Other parameters may also be moni-
tored, such as the miscibility between different com-
pounds in the composite and any thermal events.
DMA, in multifrequency analysis, allows one to dis-
tinguish between frequency dependent processes
and those that are not. Molecular relaxations, such

Figure 8 Chemical structure of PVC-PHPA.

Figure 9 FTIR spectra of the PVC-PHPA, of the respec-
tive homopolymers and of the initiator, iodoform.

Figure 10 13C Solid state NMR spectra of PHPA and of
PVC-PHPA.

Figure 11 Torque exerted by the mixing of the materials
in the fusion chamber, depending on the time and the cou-
pling agents present in the formulation.
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as a relaxations (or glass transitions), b relaxations,
and the peak of tan d, are always frequency depend-
ent.37 Examples of processes that are not frequency
dependent are melting, thermal degradation, curing
and crystallization. Figure 12 shows the DMA ther-
mograms of the PVC that was used in this work.

Figure 12 reveals b and a transitions of the PVC at
�49.5 �C and at 87.3�C, respectively. The tan d at 1
Hz and the TGA traces of the major raw-materials,
PVC and wood flour, are compared in Figure 13.

Figure 13 reveals two major thermal transitions
for the wood flour that was used in this work. The
first transition is a broad peak in the DMA thermo-
gram, between 10�C and 100�C, which can be related
to the movement of chains that is associated to the

presence of moisture. The TGA thermogram of the
same sample shows that the first weight loss ends at
100�C. The second peak, at around 240�C, is associ-
ated with sample degradation and can be identified
either by TGA or by DMA. Regarding the PVC sam-
ple, it is possible to observe frequency dependent
transitions (in Fig. 13 these are represented only the
tan d at 1 Hz) that correspond to the b and a transi-
tions of the PVC, respectively.32 According to the
degradation profile shown in Figure 13, the PVC
and wood flour materials present higher degradation
ratios only after 240�C.
Figure 14 illustrates the DMA and TGA traces for

M01 (Table I). Sample M01 is the reference material,
used for thermal analysis since it contains only the
PVC and the wood flour.
The presented profile shows typical thermal

behaviour for a plastic material. E0 decreases nearly
steadily with the temperature until the glass transi-
tion temperature (temperature at which the greatest
decrease in E0 occurs). The Tg, at 89�C, can be con-
firmed by the sensitivity of tan d at this temperature
to the frequency of analysis. The tan d trace of M01
is close to that of the PVC materials, in terms of
damping peaks (for shape and temperature values,
see also Fig. 12). This suggests that the wood flour
plays the role of filler in the composite, the PVC
being responsible for the matrix of the composite.
After the Tg, the composite presents no plateau of
log E0 and loses very quickly its elastic capacity.
Rubbery flow occurs just after the Tg. At around
180�C, the composites become extremely soft and
the single cantilever experiment ends. At this tem-
perature, the matrix made of PVC loses its mechani-
cal resistance, reaching the softening temperature of
the PVC. In terms of the degradation profile the
composite shows a similar pattern to that observed
with PVC alone. It is interesting to note that the
weight loss up to 100�C, for sample M01, is minimal

Figure 12 DMA of PVC (raw material).

Figure 13 DMA (at 1Hz) and TGA traces of PVC (raw
material) and wood flour.

Figure 14 DMA (at 1Hz) and TGA traces of M01 (Table I).
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compared to the mass loss of the wood flour alone.
The cause of this effect is the high processing tem-
perature that eliminates the wood flour moisture.

The elastic modulus of the different composites is
presented in Figure 15. The results suggest that the
different composites present the same mechanical
behaviour within the range of the testing tempera-
tures. The different samples show a consistent
decrease in the elastic modulus with temperature
increase until around 50�C. After this, a sharp
decrease occurs. This indicates the beginning of the
movement of the main chains.

A closer view of the traces over very low tempera-
tures is presented in Figure 16, showing clearly the
relative values of the E0 for the different composites
at these lower temperatures.

The results show that the amount of VC-PHPA
that is added can have dissimilar effects on the elas-
tic modulus. The addition of 3.5% to the formulation
creates a higher elastic modulus in the composite,
whereas the addition of 10% creates a lower elastic
modulus. Increasing the amount of PVC-PHPA can
lead to such a degree of association between the
PHPA molecules that the elastic properties of the
material become poorer. In spite of the dissimilar
behaviour described above, it is interesting to notice
that, at �20 �C, the elastic modulus of the majority
of the samples is similar. The only samples that fall
outside this trend are the samples to which the co-
polymer of PVC-PHPA was added. The mechanical
properties of the composites, with increasing tem-
perature, are affected by the presence of the wood
flour and the coupling agents, leading to slight dif-
ferences in the values of E0 for each temperature.
The influence of PVC-OH and PVC-WF, used as
coupling agents, is less pronounced compared with
their influence on the composites produced using

PVC-PHPA. Functionalised PVC-OH and PVC-WF,
when used as coupling agents in the composite
PVC/wood flour, did not introduce major differen-
ces in the composites. However, considering the
results obtained, the addition of the copolymer PVC-
b-PHPA-b-PVC may be a matter of optimisation, in
terms of mixing and composition, to achieve the
desired performance properties.
The E00 obtained for the composites is presented in

Figure 17. Here it is possible to verify that the com-
posite with the lower viscosity is the reference, pre-
pared with only PVC and wood flour, confirming
the success in the enhancement of the association
between the PVC and wood flour, when the cou-
pling agents were added. It is interesting to note

Figure 16 Elastic modulus of the different composites
below 0�C.

Figure 17 Loss modulus of the different composites at
1 Hz.

Figure 15 Elastic modulus of the different composites.
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that the composite M04 (Table I) is the sample that
presents the higher viscosity and elastic modulus.
This result suggests the presence of increasing
entanglement between the PVC and the wood flour.

Figures 18 and 19 show SEM electron micrographs
of a composite that was formulated without cou-
pling agents (M01) and one formulated with 3.5% of
PVC-PHPA (M04). For M01, it is possible to observe
clearly the defined forms of the wood flour. How-
ever, for sample M04, because of the coupling agent,
and, in agreement with the DMA results, the com-
patibility between the wood flour and the PVC ma-
trix is increased. Thus, in Figure 19 it is no longer
possible to distinguish clearly the full wood flour
particles, due to a better entanglement with the PVC
matrix.

M02 (Table I) shows a profile that is slightly dif-
ferent from what was expected, considering that the
elastic modulus results did not show major differen-

ces from the results for M01. Two possible explana-
tions can be given to this profile. One concerns the
plasticising effect created by the inclusion of
hydroxyl groups at the LRP-PVC chain ends. The
seconds concerns of small amounts of the possible
remaining reaction solvent. However, it should be
noted that the product was washed and dialysed
several times before thorough drying to constant
mass.
Figure 20 presents the damping effect for the dif-

ferent composites that were prepared for this work.
The results indicate that the Tg is only slightly
affected over the different formulations studied. The
only exception arises with sample M02 which has a
lower Tg than that of the other samples. The pres-
ence of the small peak at �6.0�C should be noted.

Figure 20 Tan d of the different composites.

Figure 21 Tan d of the block copolymer PVC-b-PHPA-b-
PVC.

Figure 19 SEM electron micrograph of sample M04 (Mag.
�70).

Figure 18 SEM electron micrograph of sample M01 (Mag.
�70).
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Figure 21 represents the DMA plot of the block co-
polymer PVC-b-PHPA-b-PVC, that was used to for-
mulate the composites M03 and M04 (Table I). From
Figure 21 it is possible to identify the small peak at
�6.0 �C as being the Tg for the block copolymer. The
presence of this peak in the DMA trace of the com-
posites M03 and M04 indicates some immiscibility
of PVC-PHPA. However, the immiscibility issue
does not account for the increase of E0 for the com-
posite M04, as seen in Figure 21. One possible rea-
son for the presence of the immiscibility could be
the very high proportion of PHPA relative to the
PVC in the copolymer (around 9 : 1 in weight). This
leads to a copolymer that is rich in PHPA and with
a greater tendency to stick together, causing phase
segregation during the processing.

The different composites present a small peak that
is sensitive to the applied frequency at temperatures
around �50�C. This corresponds to the b transition
of PVC that did not disappear, regardless of the for-
mulation used, confirming the high dependence on
the PVC matrix.

Table II summarises the major mechanical and
thermal parameters for the different composites
studied.

The composite M01 presents the lower values of
E0 compared with those for the other composites.
The enhancement of the elastic modulus that was
observed for the other composites of PVC/wood
flour can be attributed to greater association between
the wood flour and the polymeric matrix, in this
case the PVC. The presence of these coupling agents
makes possible a real reinforcement of the PVC ma-
trix with the wood flour. This increase in interfacial
association, and in the degree of reinforcement,
could also restrict the free motion of the PVC chain
matrix, leading to an increased viscosity and a corre-
sponding increase in the loss of modulus,11 as
observed in the E00 values. The glass transition tem-
peratures are slightly affected, but the presence of
the coupling agents seems to give a plasticising
effect to the product relative to the flexibility that is
shown by the PVC/wood flour formulation without
the coupling agents. In terms of the energy involved
in the glass transition process, the values are in the

same range. However, the increasing complexity of
the system seems to cause a moderate decrease in
these energies. Again, M02 presents values that are
completely different.
To validate the consistent results obtained from

the DMA analysis, composites containing 50% of
Bubinga wood flour together with 0, 5, and 10% by
weight of PVC-b-PHPA-b-PVC were submitted for
flexural experiments. The strengths at yield point
were 91.7 � 4.7, 103 � 1.0, and 77.5 � 5.8 MPa,
respectively. These results are in agreement with the
trends shown in DMA results, indicating improved
mechanical properties for samples with small
amounts of PVC-b-PHPA-b-PVC and then a decrease
in the strength of the composite as this amount
increases.

CONCLUSIONS

The results presented suggest the possibility for
improving the mechanical properties of PVC/wood
flour composites by adding components that were
prepared using a living radical polymerisation
method. These materials improve the melt mixing
process, leading to a lower stress being applied dur-
ing the mixing. The block copolymer PVC-b-PHPA-
b-PVC is the coupling agent that gave the best
results, leading to a mixing process for the PVC and
the wood flour that is similar to that of the PVC
alone. This block copolymer, at certain loadings,
enhanced the mechanical properties of the PVC/
wood flour composites. However, for higher load-
ings phase separation, due to increased association
between PHPA molecules, can occur leading to
poorer mechanical properties. The results showed
the improved reinforcement of the PVC matrix by
the wood flour, when coupling agents, of the type
described, are used.
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