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a b s t r a c t
This work aims to determine and understand the influence of a one-year natural UV weathering on the
reprocessing of a wood-plastic composite (WPC), i.e. a wood flour reinforced polypropylene (PP) com-
posites. Two wood flour contents (10% w/w and 30% w/w) were studied in comparison to neat PP.
Injected samples of were submitted to a long-term natural outdoor exposure followed by one complete
reprocessing cycle (grinding then injection). The visual aspect evolution of the surface was followed by
optical microscopy. In order to understand the material physical degradation, the mechanical behaviour
was measured thanks to tensile and Charpy impact tests. The assessment of the microstructural evo-

lution was performed by differential scanning calorimetry (crystallinity ratio), rheological tests (vis-
cosity), size exclusion chromatography tests (average molecular weights) and infrared spectroscopy
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phenomenon was highlighted as mechanical properties
the mixing and the dilution of the degraded chains into
g mechanism was detected. A comparison with an arti-
samples and exposed in a previous study was finally
1. Introduction

The wood-plastic composites (WPCs) mainly concern thermo-
plastic polymers reinforced by wood fibres or flour and are wide-
spread in outdoor decking applications. Themost commonpolymer
matrices are polypropylene (PP), polyethylene (PE) and polyvinyl
chloride (PVC).With the growing use ofWPC, their end-of-life issue
is expected to become larger and increasingly difficult and expen-
sive. Assessing WPC recycling capability is up to now a challenging
economic and scientific goal.

Several previous studies investigated the reprocessing of WPC
or natural fibre reinforced composites. Positive results were found
as satisfactory properties and a good aptness to be recycled were
observed [1e3]. Despite these favourable tendencies in results,
thermal degradation was found to be the major issue in WPC
reprocessing. Indeed, many studies showed that polymer matrices
tend to degrade by chain scissions under severe thermal and stress
ergeret).
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cycles [3e12]. Vegetal fibers or flours are also prone to degrade
under these conditions: decreases in particle size and particle ri-
gidity as well as chemical attrition were consensually reported [3],
[13e16].

A major degradation factor during the life cycle of WPCs is
outdoor exposurewhich is mainly characterized by a combined UV/
humidity exposure. Weathering performed on WPCs generally
induced a mechanical property alteration, a surface erosion with
flouring effect, a surface yellowing and bleaching, a surface
cracking, crystallinity changes and a dimensional instability
(swelling and shrinking) [17e19]. Concerning the PP matrix
degradation in WPCs, weathering degradation generally consists in
an oxidation phenomenon leading to the formation of radicals in
the polymer [20]. This results in chain scissions decreasing the
polymer chain length and entanglement, which deteriorates me-
chanical and rheological properties of the composite. Furthermore,
the oxidation of PP leads to carbonyl and hydroxyl groupswhich are
polar groups. It was noticed that these polar groups improve
compatibility between polar fillers such as lignocellulosic fibres,
bettering interface between untreated natural fibres and polymer
matrix [20]. Concerning the vegetal fillers, lignin bleaching and
particle swelling were evidenced as the main sources of material
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degradation [17,21]. However, Peng et al. highlighted the antioxi-
dant role of lignin as it prevents mechanical property degradation.
On the contrary, cellulose does not bleach but impacts more
importantly mechanical properties when degrading [22,23].
Otherwise, stabilizing solutions exist and are common in polymers
such as hindered amine light stabilizers (HALS) or UV absorbers
[24].

Few studies deal with the reprocessing of weathered polymer
and composite materials. Jansson et al. [25] studied the reproc-
essing of oxidised post-consumer PP/PE copolymers. They found
that the elongation drops considerably after each ageing step and
returns approximately to the initial value after each extrusion cycle.
Three combined mechanisms were proposed: i) changes in the
crystallinity ratio, ii) degradation located at the surface and iii)
dilution of degraded polymer chains after re-extrusion. Besides, a
synergistic effect between extrusion and ageing was evidenced as
the combination degrades stronger than reprocessing or ageing
does separately. Luzuriaga et al. [26] use a similar methodology
with various polymers and an accelerated UV weathering. They
showed that the PP melt flow index (MFI) increases progressively
with reprocessing cycles combined with UV ageing. This PP vis-
cosity evolution indicates a chain scission occurring during both
ageing and reprocessing without the shorter polymer chains being
diluted. Afterwards, a similar conclusion were expressed by both
Jansson et al. [25] and Luzuriaga et al. [26]: these authors add that a
complete understanding of the results remains elusive as the
amount and the type of stabilizing additives contained in com-
mercialised polymer granules are usually unknown. Concerning the
reprocessing of weathered PP based WPCs, our previous work [19]
highlighted the same trends than Jansson et al. [25] with the
recovering of mechanical properties after reprocessing of artificially
UV weathered samples. Numerous technics were used to under-
stand this “regeneration” phenomenon: SEC measurements, rheo-
logical and DMTA tests evidenced that the reprocessing allows the
degraded chains and the non-degraded ones to be mixed together
at the molten state to obtain a homogenized material. A PP matrix
recombination also occurs as the chain length increases and the
carbonyl concentration decreases after reprocessing [19].

To consolidate those conclusions about the reprocessing
behaviour of weathered WPCs, this work aims to determine and
understand the influence of a one-year natural UV weathering on
the reprocessing of PP based WPCs. A comparison with an artificial
UV weathering on similar materials is proposed to determine if
tendencies are in accordance between both UV weathering. Injec-
ted neat PP and PP/wood flour (10%w and 30%w wood content)
were submitted to a natural outdoor exposure followed by a
reprocessing cycle (grinding and injection). The evolution in sur-
face visual aspects was followed by optical microscopy. The me-
chanical behaviour was measured thanks to tensile and Charpy
impact tests to understand the material physical degradation. Dif-
ferential scanning calorimetry (crystallinity ratio), rheological tests
(viscosity), size exclusion chromatography (average molecular
weights) tests and infrared spectroscopy (chemical structure) were
performed to assess the microstructural evolution.

2. Materials & methods

2.1. Raw materials

Polypropylene (PP) used in this study is a standard homopoly-
mer PP H733-07 grade supplied by Braskem Co. (Brazil) with a melt
flow rate of 7.5 g/10min (230 �C, 2.16 kg) according to ISO 1133
standard. Maleic anhydride grafted polypropylene (MAPP) with a
1%w/w grafting rate is used as coupling agent and provided by
Arkema Co. (France) under the trademark Orevac® CA100. It was
dry-mixed before processing at 3%w/w of the PP. The wood flour is
based on spruce wood with a particle size included in the
200 mme500 mm range and is obtained from AFT Plasturgie Co.
(France). The wood flour was added at 10%w/w and 30%w/w in the
PP/MAPP matrix.

2.2. Processes and natural weathering

The processing methodology is summarized in Fig. 1 and the
successive stages are detailed below.

Beforehand, the wood flour is dried 15 h at 80 �C to remove
moisture from the particles. Then, the PP matrix and the wood
particles are mixed together in a BC21 Clextral (France) co-rotating
twin-screw extruder (step ①). Its L/d ratio is 36 with a 25 mm
screw diameter and a 900 mm screw length. Temperature is set at
180 �C along the barrel. The screw speed is fixed at 300 rpmwith a
total feeding rate of 4 kg/h. The extruder is equipped with a 4 mm
die diameter. The extruded compound rods are cooled into water
and granulated. Pellets are kept 6 h at 80 �C (step ②) in an air-
pulsing apparatus.

The pellets are injection moulded to produce normalized sam-
ples on a Krauss-Maffei KM50-T180CX. The temperature is fixed at
210 �C along the barrel. The mould is kept at 25 �C by a water
cooling system. The plasticization and injection speed are set
respectively at 120 rpm and 60 cm3 s�1. The samples are injected to
obtain dog-bone samples 1A according to ISO 527-2 (step ③).
Samples are characterized at this step to evaluate their initial stage
(INIT).

ISO 1A samples are exposed according to EN ISO 877 standard in
natural site in the South of France on galvanized steel racks (step
④). The exposure started in June 2012 and finished in June 2013
and included climatic conditions from the four annual seasons.
According to the mentioned standard, the samples are fixed on the
racks at an angle of 45� with the ground on a south facing flat land
(Fig. 2).

Aged samples are characterized (NAT stage), then grinded and
injected to simulate recycling (step ⑤). The grinding process is
performed in a RETSCH SM300 cutter mill to obtain flakes. The
grinding process is carried out at 700 rpm at room temperature
with an 8 mm sieve. The flakes are stored at room temperature and
vacuum dried overnight at 80 �C before injection moulding (REP
stage).

Samples used in this study are detailed in Table 1.

2.3. Characterization of surface aspect evolution

Colour and texture changes of the sample surface are visually
assessed with a Leica WILD M10 optical microscope. Pictures are
taken at �10 and �50 magnifications with a Leica DFC 420 camera.
Pictures from a same material are taken with the same light in-
tensity to properly discern colour changes.

2.4. Mechanical characterization

2.4.1. Tensile tests
Classical tensile tests are performed on a Zwick Z010 apparatus

with a 10 kN load cell. These tests are performed according to the
ISO 527 standard. The crosshead speed is set at 50 mm/min for the
break property measurements. Five measurements are carried out
for strength and elongation at break measurements.

2.4.2. Charpy tests
Impact strength is measured with a Charpy pendulum impact

tester ZWICK 5102. The tests are performed according to the ISO
179 standard and repeated for ten unnotched samples. A 4 J



Fig. 1. Stages of the weathering and reprocessing stages.

Fig. 2. Exposure racks used in this study.
pendulum is chosen. The unnotched samples are sawn from the ISO
1A injected samples with 80 � 10 � 4 mm3 dimensions.

2.5. Characterization of the polymer microstructure

2.5.1. Differential scanning calorimetry (DSC)
Themelting and crystallisation behaviours of biocomposites and

neat polymer are assessed through differential scanning calorim-
etry (DSC) using a Perkin Elmer apparatus (Pyris Diamond) equip-
ped with a cooling attachment, under a nitrogen atmosphere. Two
heating steps interspersed with a cooling step from 30 �C to 220 �C
at a constant rate of 10 �C.min�1 are carried out. The sample
Table 1
Designation of the studied materials.

Wood flour content by weight Unaged INITial state

0% PPINIT
10% PP/WF10INIT
30% PP/WF30INIT
weights are approximately 10 mg. They are analyzed in standard
aluminium DSC pans. At least, two specimens are used for each test
to ensure reproducibility. Melting enthalpies are obtained from the
1st and the 2nd heating step. The intermediate cooling step was
conducted at 10 �C.min�1. The crystallinity cc is calculated ac-
cording to (Equation (1)):

cc ¼ DHm
W � DHm100%

� 100 (1)

where DHm is the melting enthalpy of the composite, W is the PP
content by weight in the composite and DHm100% is the melting
enthalpy for a 100% crystalline PP polymer. It is considered equal to
209 J/g [27].
2.5.2. Rheological tests
The evolution of the rheological material properties directly

reflects changes in molecular parameters such as the chain scission
and crosslinking phenomena. Thus, dynamic rheological mea-
surements are carried out to assess the change in complex viscosity
using an ARES rheometer (Rheometric Scientific). The melt visco-
elasticity tests in oscillatory shear mode are performed with par-
allel plate equipment at a fixed temperature of 180 �C. The plate
diameter is 25mm and the gap between them is 1mm. A frequency
sweep is carried out from 0.1 to 100 rad s�1 for each experiment.

The samples are cut at the extremities of the injected dog-bone
samples and placed between the parallel plates. Once the fixed
temperature is reached, the gap is controlled at 1 mm. Then, the
molten excessive matter is removed and the test is started. At least
NATural UV aged REProcessed after natural UV ageing

PPNAT PPREP
PP/WF10NAT PP/WF10REP
PP/WF30NAT PP/WF30REP



three tests are performed for each material.
Additionaly, to determine information about the polymer

microstructure at the molten state, the Cole-Cole model was used.
The Cole-Cole diagram representation consists in plotting the
imaginary part h’’of the complex viscosity h* as a function of its real
counterpart h’. If the studied polymeric material obeys the Cole-
Cole model, plotted data form a circular arc described as follow
(Equation (2)) [28]:

h�ðiuÞ ¼ h0

1þ ðiulÞð1�aÞ (2)

where u is the test pulsation, l is the macromolecular chain
relaxation time, a is the dispersion parameter and h0 is the new-
tonian viscosity. Thus, the complex viscosity and the concomittant
molecular motions are dependent on frequency for the mechanical
relaxation of stress. The real and imaginary part of the complex
viscosity as modeled by the Cole-Cole function can be derived from
these two following Havriliak and Negami equations (Equations (3)
and (4)) [29]:

h
0 ðuÞ ¼

h0ð1þ ðulÞð1�aÞsin
�
ap
2

�

1þ 2ðulÞð1�aÞsin
�
ap
2

�
þ ðulÞ2ð1�aÞ (3)

h
00 ðuÞ ¼

h0ðul0Þð1�aÞ cos
�
ap

2

�

1þ 2ðu0lÞð1�aÞ sin
�
ap

2

�
þ ðul0Þ2ð1�aÞ (4)

By fitting these two equations with experimental data at each
test frequency by a least-square procedure, one can determine the
relaxation time l, the dispersion parameter a and the newtonian
viscosity h0 by extrapolation to low frequencies. These three pa-
rameters are representative of the polymer mobility and the
polymer chain length above melting temperature.
2.5.3. Size exclusion chromatography (SEC)
The evolution of average molecular weights (in number Mn and

in weightMw) of PP in neat PP and PP/WF composites is studied to
evaluate the effect of successive processing cycles on the PP
degradation. Size-exclusion chromatography is performed by Ca-
talyse Co. (Marseille, France). Fragments are cut into the middle
part of the dog-bone injected samples and solubilized into 1,2,4-
trichlorobenzene (TCB) at a concentration of 3 mg mL�1. These
solutions are agitated at 150 �C and, then filtered before test. The
separation is carried out by using a pre-column PLgel Olexis Guard
7.5 � 50 mm and three PLgel Olexis Guard 7.5 � 300 mm columns.
The temperature is set at 150 �C, and the flow rate is 1 mL min�1.
The solvent is 1,2,4-trichlorobenzene (TCB) with 0.2 mg.L�1 of
butylhydroxytoluol (BHT) added to stabilize the polymer against
oxidative degradation. Sample fragments were cut on the exposed
face and the unexposed face for comparison. Two tests were per-
formed for each sample.
2.5.4. Infrared spectroscopy
Infrared spectroscopy is carried out to assess the evolution of

specific chemical groups during the degradation phenomenon
induced by weathering and reprocessing. A spectrometer IFS66
from Bruker® is used in ATR mode (Attenuated Total Reflectance).
The spectra are measured from 400 cm�1 to 4000 cm�1 with a
2 cm�1 resolution on the sample exposed surface. The mentioned
peaks were normalized with the 2912 cm�1 attributed to a CeH
stretching band of methyl groups CH3. This band is chosen as a
reference because it changed minimally during weathering [30].
3. Results and discussion

Results of this present studywill be comparedwith our previous
study results concerning an artificial weathering [19]. Discrep-
ancies between initial state values are due to different processing
conditions between these two studies.

3.1. Evolution of the surface aspect

The sample surface aspect is presented in Table 2 for PP, PP/
WF10 and PP/WF30 respectively as a function of the different stages
(INIT, NAT and REP). Neat PP surfaces exhibit more important
cracking phenomena due to photodegradation during outdoor
weathering (NAT step) than during artificial UV weathering [19].
Moreover, the reprocessing step leads to a material displaying a
strong yellowing effect. For both PP/WF10 and PP/WF30, outdoor
weathering induces a wood particle bleaching and a protrusion of
these particles at the surfacewithmany cracks into the PPmatrix as
for artificial weathering. This degradation is so important that a
flouring phenomenon is obtained on the exposed surface. The
bleaching leads to an entirely white surface with no brown parts
visible. The surface is whiter than in the case of artificial weathering
[19]. It was previously shown that this wood bleaching is well-
known and is mainly due to the lignin chromophoric groups
absorbing in the UV/visible region. This photo-degradation is
explained by two competing reactions in the literature [31,32]: the
first one is lignin oxidation, which leads to the formation of para-
quinone chromophoric structures, and the second one involves
reduction of the paraquinone structures to hydroquinones, which
leads to photo-bleaching. Moreover, some black particles are visible
as aggregates accumulated into the cracks. These black aggregates
are supposed to be airborne pollutants such as combustion residues
from industrial or domestic activities or emissions from road
transport in the surrounding area of the natural ageing site.

Then, after reprocessing, the surfaces recover a glossy aspect
thanks to injection moulding process with no protrusion of the
wood particles. The bleached aspect has disappeared but the global
colour is much darker than the initial state. Similar phenomena
were observed in the case of UV artificial ageing [19]. This is
probably induced to a combined effect of the mixing and dilution of
bleached parts and the darkening due to wood degradation during
process.

3.2. Evolution of mechanical behaviour

3.2.1. Tensile property variations
Fig. 3 shows tensile ultimate strength values for all studied

materials at each stage (INIT, NAT, REP). A drastic decrease in the
yield strength with the natural weathering was observed with loss
of 60%, 18% and 14% for PP, PP/WF10 and PP/WF30 respectively. This
can be ascribed to a chain scission mechanism by photo-
degradation. Then, the reprocessing step after natural weathering
brings strength values up. PP, PP/WF10 and PP/WF30 recover 82%,
97% and 100% respectively of their initial strength. If comparing
with artificial weathering, previous results showed no significant
degradation of yield strength for similar materials [19]. Thus, the
natural exposure is more detrimental than the artificial ones under
these conditions.

Concerning the tensile elongation at yield (Fig. 4), the addition of
wood flour globally decreases the deformation rate because the PP
chain mobility is restrained by wood particles. Neat PP exhibits a
large drop from 7% ± 0.3%e1% ± 0.2% due to chain scission but re-
covers little ductility after reprocessing (4% ± 1.7%). Concerning the
PP/WF composites, no significant variation of the elongation was
observed after weathering and reprocessing. PP/WF materials are



Table 2
Micrographs of sample surface for neat PP and PP/WF composites at the different stages: INIT, NAT and REP.

INIT NAT REP

Neat PP

PP/WF10

PP/WF30

Fig. 3. Tensile yield strength of PP and PP/WF composites at the initial state (INIT), at
the weathered state (NAT), at the reprocessed state after weathering (REP).

Fig. 4. Tensile elongation at yield of PP and PP/WF composites at the initial state (INIT),
at the weathered state (NAT), at the reprocessed state after weathering (REP).
the most stable against weathering and reprocessing as their evo-
lution is very low compared to neat PP. The addition of wood flour
seems to stabilize the PP polymer against degradation. This obser-
vation is in accordancewith conclusions fromPeng et al. stating that
high wood content leads to high amount of lignin which has an
antioxidant role and hindersmechanical degradation [22,23]. In the
case of artificial weathering, neat PP is less degraded (4%± 0.1%) and
recovers better its valueof8%±0.1% inelongationafter reprocessing.
The PP/WFcomposite elongations stay in the same range andarenot
impactedby theartificialweathering. The similar tendencyof tensile
property recovery after reprocessing was observed only for artifi-
cially weathered PP samples, PP/WF composites being lowly
impacted by weathering and reprocessing [19].
3.2.2. Impact strength variations
Results from un-notched Charpy tests are plotted in Fig. 5. No

break for neat PP is observed at the initial state thanks to its ductile
property. PP becomes brittle after the natural weathering step with
very low impact strength (1 ± 0.1 kJ/m2) but return to its ductile
state (25 ± 3.9 kJ/m2) after reprocessing. This high impact strength
value confirms the tendency found with tensile elongation after
reprocessing. Concerning PP/WF10 and PP/WF30, the same ten-
dency is observed with a drop after weathering, and “regeneration”
of impact properties after reprocessing. This phenomenon is less
significant for PP/WF30 probably due to the stabilizing effect of
lignin [22,23].



Fig. 5. Un-notched impact strength by Charpy tests at the initial state (INIT), at the
weathered state (NAT), at the reprocessed state after weathering (REP).

Table 3
Crystallinity percentages of PP/WF composites measured by DSC tests at the initial
state (INIT), at the naturally weathered state (NAT) and at the reprocessed state after
weathering (REP).

Crystallinity percentages (%)

PP/WF10 PP/WF30

1st heating ramp INIT 46.0% ±0.9% 42.3% ±4.2%
NAT 45.5% ±0.1% 37.8% ±2.0%
REP 44.2% ±1.6% 42.2% ±2.0%

2nd heating ramp INIT 50.7% ±0.5% 46.9% ±3.1%
NAT 43.6% ±3.1% 43.4% ±2.3%
REP 46.9% ±0.2% 47.0% ±2.0%
3.2.3. Conclusion
To sum up the results obtained from static mechanical tests, the

addition of wood flour reduces the ductility of PP and reduces the
sensitivity against degradation by natural weathering and reproc-
essing thanks to the antioxidant role of lignin [22,23]. A “regener-
ation” tendency can be observed with the reprocessing as it enables
to recover a part of tensile ultimate strength, elongation at break
and impact strength. The same tendencies were previously ob-
tained for artificial weathered and reprocessed samples [19]. A
Fig. 6. Rheological results in complex plane diagrams with Cole-Cole model in dashed line of
dots).
competition between chain scission and chain recombination
mechanisms and a transfer of degraded chains from amorphous
phases to crystalline phases are suggested [19,25,26]. To comple-
ment these hypotheses, the polymer microstructure is investigated
further on.
3.3. Evolution of the polymer microstructure

3.3.1. Crystallinity variations
The crystallinity percentages are calculated from the melting

enthalpy on the first and the second heating ramp (Table 3). As the
melting enthalpy measured during the first heating ramp is related
to the initial crystallinity, it depends on the thermal background of
the sample i.e. the ageing and/or reprocessing step.

On the first ramp, considering the large scattering no significant
evolution could be revealed between PP/WF10 and PP/WF30 at the
different stages with equivalent crystallinity percentages in the
range of 42%e46%. These results show that the matrix crystallinity
does not have a significant impact on the mechanical properties.

On the second ramp, similar results are obtained between PP/
WF10 and PP/WF30 at the initial state. Nevertheless the natural
weathering induces a slight decrease of crystallinity for both PP/WF
composites. This decrease is presumably caused by an increased
number of impureties in the material which can be deposited
during the outdoor exposure such as dust or moisture. The pres-
ence of molecules that are smaller and more defective (because of
foreign groups like carbonyl and hydroperoxides) is also suggested
[33]. Then the REP samples recovered crystallinity values compared
to NAT samples.

If comparing to the effect of an artificial weathering [19], an
inverse tendency was found. The crystallinity ratio increases after
artificial weathering because of the crystallisation of shorter chains.
The first heating ramp revealed that the REP stage reached the
initial value matching with observations from mechanical results.
On the contrary, the second heating ramp showed that crystallinity
values are the same after the REP stage leading to conclude the
reprocessing did not influence significantly the crystallisation.
Similarly to this present study, the artificial weathering study
shows that the changes in crystallinity do not impact significantly
the mechanical properties.
PP/WF10 (a) and PP/WF30 (b) at every stage(INIT, NAT, REP) with experimental data (in



Table 4
Rheological parameters and SEC results for the PP/WF composites.

Materials l (s)a ab h0 (Pa s)c Mn(g/mol) Mw(g/mol) Ip ¼ Mw=Mn

PP/WF10INIT 1.06 0.49 7875 69 640 ± 2970 294 095 ± 32 067 4.2
PP/WF10NAT Exposed face 0.98 0.50 5023 25 185 ± 233 178 535 ± 6385 7.1

Unexposed face 55 120 ± 3889 323 565 ± 3274 5.9
PP/WF10REP 0.63 0.50 3548 38 280 ± 622 247 745 ± 5452 6.5
PP/WF30INIT 3.23 0.48 30 512 55 070 ± 2249 281 055 ± 24 204 5.1
PP/WF30NAT Exposed face 1.87 0.47 19 170 31 025 ± 8987 259 490 ± 17 918 8.8

Unexposed face 53 145 ± 1336 308 970 ± 13 718 5.8
PP/WF30REP 1.44 0.44 16 734 46 235 ± 2355 273 720 ± 3974 8.9

a Relaxation time calculated from Cole-Cole model on experimental results at 180 �C.
b Distribution parameter of relaxation times from Cole-Cole model on experimental results at 180 �C.
c Newtonian viscosity calculated from Cole-Cole model on experimental results at 180 �C.
3.3.2. Viscosity and macromolecular weight variations
Rheological results are plotted in Fig. 6 using a Cole-Cole dia-

gram representation (imaginary part of the complex viscosity h* as
a function of its real counterpart) for PP/WF composites. PP/WF10
presents a progressive decrease of viscosity after natural weath-
ering and then reprocessing related only to a chain scission
mechanism. PP/WF30 has a higher viscosity because of its high
wood content and shows also a decrease of viscosity after natural
weathering and reprocessing.

In earlier studies [34,35] correlations between Cole-Cole results
and degradation mechanisms during ageing for numerous
Fig. 7. Relative macromolecular weights for PP/WF10 (a) and PP/WF30 (b) c
polymers were evidenced. Thus a progressive drop of newtonian
viscosity and a diminishing circular arc caused by a chain scission
phenomenon is expected as reported by Verney [34]. Nevertheless,
the addition of wood flour induces significants gaps between
experimental data (in dots) and the Cole-Cole models (in dashed
lines) meaning that wood particles may impact PP rheological
behaviour.

In accordance with Havriliak and Negami equations [36], the
relaxation time l, the relaxation time dispersion a and the new-
tonian viscosity h0 by extrapolation to low frequencies can be
determined as developed in our previous study [19]. These
ompared to the initial state: Mn in plain bars and Mw in striped bars.



parameters are representative of the polymer mobility and the
polymer chain length above melting temperature. Table 4 displays
these parameters calculated with the Cole-Cole model as well as
averagemolecular weights in number (Mn) and inweight (Mw) and
polydispersity index (Ip ¼ Mw=Mn) measured through SEC for the
PP/WF composites. For PP/WFNAT samples, both exposed and non-
exposed surfaces were analyzed.

At the initial stage PP/WF30 exhibit a higher relaxation time l
than PP/WF10 because of the higher wood content restraining the
polymer chain mobility (1.06 s for PP/WF10 and 3.23 s for PP/
WF30). The newtonian viscosity h0 is also superior for PP/WF30
and must be due to wood flour restraining chain mobility. More-
over, their respective chain weigths by weight and by number are
very close meaning that wood flour does not impact significantly
the PP matrix at the initial state. In the artificial weathering case,
similar trends are observed at the initial state but values are
different because of different processing conditions.

The relaxation time l diminishes after natural weathering and
reprocessing (from 1.06 s to 0.63 s for PP/WF10 and from 3.23 s to
1.44 s for PP/WF30) as chain mobility is improved by chain scis-
sions. The distribution parameter a does not show a significant
variation whatever the composites and stages. The newtonian
viscosity h0 shows a progressive decrease after every step as ex-
pected with chain scission phenomenon but remains higher for PP/
WF30. This decrease in viscosity is about �55% for PP/WF10 and
-45% for PP/WF30 evidencing that PP/WF30 is slightly less sensitive
Fig. 8. Infrared spectrum of PP (a), PP/WF10 (b) and PP/W
to degradation under these conditions. By comparing SEC data
between exposed and unexposed surfaces, it can be highlighted
that a stronger chain scission by photodegradation on the exposed
surface occurs. SEC results after the REP stage show intermediate
values meaning that the reprocessing has induced a mix of more or
less degraded areas of the materials by grinding and injection
moulding of the whole dog-bone samples. The polydispersity index
increases with weathering and reprocessing. It can be induced by a
chain scission phenomenon predominent on the chain extremities.

As concerns artificial weathering [19], similar degradations
were observed after UV exposure with decreases in relaxation
times, viscosities and macromolecular weights attributed to chain
scission through photodegradation. Besides, the polydispersity in-
dexes are superior for artificial weathering meaning that degra-
dation is stronger at the chain ends under these conditions than
under natural weathering.

The relative values of macromolecular weights are plotted in
Fig. 7 for the two studies. The considered references are the values
at the initial state. A complete recovery of the macromolecular
weights is obtained after reprocessing in the case of artificial
weathering certainly due to a recombination of PP chains. On the
contrary, the reprocessing does not allow this recovery in our
present study: macromolecular weight values after reprocessing
are intermediate between values of the exposed and unexposed
faces. It can be explained by a mixture of degraded and non-
degraded chains with no recombination. As polydispersity
F30 (c) at the different stages (INIT, NAT and REP).



indexes were found to be different, variations between these two
studies can be partly explained by differences in chain weight
distribution.

3.3.3. Evolution of chemical structure
Infrared spectroscopy is used to determine structural and

chemical changes of the studied materials after weathering and
reprocessing. The present investigation is focused on the analysis of
carbonyl and vinyl groups in the range of 1800 cm�1 to 1500 cm�1

[37]. Infrared spectra are presented in this range for PP and PP/WF
composites and at each stage in Fig. 8.

Neat PP (Fig. 8a) presents three high degradation peaks after
natural weathering exposure: the main one is located at 1715 cm�1

and corresponds to carboxylic acid whereas the remaining two
attributed to 1650 cm�1 and 1590 cm�1)match with vinyl groups.
These groups are typical of PP photodegradation [33,37]. After
reprocessing, the spectrum returns to low absorbance values and
shows that carbonyl and vinyl groups have disappeared from the
sample surface.

At the initial state, PP/WF10 presents a 1650 cm�1 peak whereas
PP/WF30 shows two higher peaks at 1650 cm�1 and 1590 cm�1.
These peaks correspond to C]C stretching in the lignin aromatic
rings contained in wood flour. It is due to the presence of wood
particles at the surface. Thus the addition of wood flour impacts
surface chemical groups especially at high content such as at 30%
wt. For both PP/WF composites, the weathering provokes the
appearance of a high 1715 cm�1 peak and a lower peak at
1650 cm�1. Respectively attributed to carbonyl groups and vinyl
groups, these peaks can be related to both PP and lignin photo-
degradation and wood particles protrusion [21,33]. The PP/WF
composite spectra shape does not differ much from the PP spec-
trum at the weathered state.

Concerning the effect of reprocessing, the disappearance of all
degradation peaks can be observed. This can be attributed to the
homogenization of the material through grinding and injection
moulding as also observed in our previous study [19]. Indeed, the
degraded chains from the sample skin and the non-degraded ones
from the sample core are mixed together.

4. Conclusion

The aim of this work was to assess the influence of natural
outdoor UV weathering on the potential of reprocessing of spruce
wood flour reinforced PP composites (grinding-injection moulding
cycles) with 10%wt and 30%wt wood content. Numerous experi-
ments were carried out at the initial (INIT), naturally aged (NAT)
and reprocessed (REP) stages.

The visual observation of the surfaces after weathering has
shown a strongmicro cracking phenomenon for neat PP and PP/WF
composites. Moreover, the PP/WF composites have exhibited a
surface bleaching and a wood particle protrusion which are more
important with the higher wood content. After reprocessing, the
neat PP became yellow while the PP/WF composites display the
disappearance of the bleaching effect and a darker brown colour.

After natural weathering and reprocessing, the mechanical
properties measured by tensile and impact tests have highlighted a
“regeneration” phenomenon similarly to our previous study with
artificial weathering: despite the mechanical degradation due to
chain scission during photo-oxidation, the reprocessing step allows
to recover the initial properties. Increasing wood content limits the
material degradation and this can be explained by the antioxidant
role of lignin.

DSC tests performed on PP/WF composites have evidenced a
slight decrease in polymer crystallinity after natural weathering
which is recovered after reprocessing. No specific correlation with
the mechanical properties is observed.
Rheological tests have shown that the reprocessing step pro-

motes this chain scission furthermore. SEC results disclosed that
the reprocessing step consists mainly in mixing degraded chains
and non-degraded ones, leading to an intermediate macromolec-
ular weight values between the exposed and the unexposed face
values. No recombination mechanismwas detected contrary to our
previous study.

Infrared spectroscopy analyses led to conclude that the photo-
degradation induces the formation of carbonyl and vinyl groups
attributed to both wood flour and PP degradation. The reprocessing
step induces the mixing and the dilution of the degraded chains
into the material and the injection of smooth samples with a low
wood content at the surface.

To resume, a regeneration mechanismwas observed and is well
correlated well previous results with artificial UV weathering.
Although the one-year natural weathering is more detrimental on
mechanical properties than the 14-days artificial weathering,
similar trends in photodegradation and regeneration after reproc-
essing were highlighted. Through this comparison, the major
conclusion in material evolution is that no polymer chain recom-
bination was observed when the material is naturally weathered
contrarily to artificial weathering. It is assumed that macromolec-
ular weight distribution and presence of impurities from outdoor
may explain this difference.
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