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The main aim of this thesis is to study the effect of pigments on the weathering properties of
wood-polypropylene composites (WPC). The studied properties are color change, water
absorption, thickness swelling and Charpy impact strength. The impact of weathering and UV
exposure on WPCs was studied by using pigments and minerals as protective agents. The study
shows that the pigments and/or mineral fillers can be used to improve the weathering properties
of WPCs. The effect of pigments was found to vary with the type of pigment and the method of
weathering. The black pigment, an inorganic carbon black master-batch, was found to be the
most effective one in reduction of the discoloration of WPCs. By preventing discoloration, and
further reducing the degradation of the surface of the WPC, the pigments were found to reduce
the decrease in the impact strength after weathering. As well as UV protection, the moisture
resistance is a significant factor affecting the durability of WPCs. The addition of mineral fillers
was found to improve the moisture-related properties, such as water absorption and thickness
swelling, of WPC significantly. According to the findings, addition of pigments and mineral
fillers to wood-polypropylene composites appears to be beneficial: color stability and moisture
resistance can be enhanced especially in outdoor weathering. The combined effect of black
pigment (carbon black master-batch) and wollastonite as a mineral filler was found to bring about
the most effective properties against weathering.
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SECTION I

OVERVIEW OF THE THESIS

1 INTRODUCTION
1.1 Ultraviolet radiation
The Sun, the vital energy source of the Earth and human life, emits electromagnetic radiation
which is classified by wavelength into radio, microwave, infrared, visible region, ultraviolet, X
and gamma rays, most of which are invisible to human eyes. The visible region that we perceive
as light is usually defined as having a wavelength between 400 and 700 nm. Ultraviolet (UV)
radiation with a shorter wavelength than that of visible light can be divided into three regions,
mainly according to the effects of radiation caused to human health and the environment
(International Standard 21348 2007):

UV-A radiation, wavelength 315-400 nm
UV-B radiation, wavelength 280-315 nm
UV-C radiation, wavelength 100-280 nm.

As sunlight passes through the atmosphere, all UV-C and most UV-B are absorbed by the ozone
layer, whereas UV-A is not significantly filtered. UV-A accounts for approximately 95 % of the
total UV radiation reaching the Earth's surface. UV-A is transmitted through a window glass.
UV-B is filtered by most window glasses. Because of its complete filtration by the atmosphere,
UV-C is irrelevant in outdoor weathering (Klyosov 2007).

The UV region, about 7 % of the total radiation, is the most energetic, and therefore the most
damaging region of the spectrum of sunlight. The shorter the wavelength of UV radiation is, the
higher is the energy of photons, and the greater the potential for harm. The wavelengths between
100 nm and 290 nm are the most destructive (Klyosov 2007). UV radiation causes damages to
the surface of a material or very close to the surface. UV exposure causes changes in the surface
chemistry – also known as photodegradation – which may lead to discoloration of the surface
and loss of mechanical properties (Andrady et al. 1998, Muasher & Sain 2006).
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Photodegradation of wood-plastic composites (WPCs) is also understood as the weathering of
both major components of WPCs (the wood and plastic matrixes) (Matuana et al. 2011). The
exposure of WPC to natural environmental changes, such as UV radiation from sunlight, and
changing atmospheric moisture and temperature, results in chemical modification of the structure
of the material components of WPC and a concurrent color change. The consequences of water
absorption and photodegradation on WPC are a loss of aesthetic appeal (changes in color and
surface quality) and mechanical properties (Fabiyi et al. 2008, Fabiyi & McDonald 2010).

The photodegradation of wood originates in the degradation of lignin. While all components of
wood are susceptible to photodegradation, lignin (which constitutes only 25–30% of wood)
absorbs 80–95 % of the total amount of UV light absorbed by wood (Morrell et al. 2006). The
presence of moisture in wood accelerates the oxidation reaction, which is a direct consequence
of photodegradation. In addition, moisture sorption and desorption make the wood cell walls
swell and crack on WPC, thereby facilitating UV light penetration, as it provides more sites for
further degradation (Fabiyi & McDonald 2010).

Temperature has a great effect on the photodegradation of plastic. A higher temperature
accelerates the degradation process strongly. The degradation reaction is propagated via free
radical mechanisms and can lead to oxidation of the polymer chain, chain scission, and/or
crosslinking. The result is a loss of surface quality, increase in UV absorbing characteristics, and
a decrease of mechanical properties (Morrell et al. 2006, Klyosov 2007, Stark 2007).

1.2 Color measurement
The CIELAB color system is a uniform three-dimensional color space widely used in industries.
The system has been developed as a color space for calculating color differences. Since its
establishment in 1976, CIELAB has become the practical international standard in color
measurement (He & Chen 2012), even though it has some limitations, particularly in the dark
regions of the color space (Sharma & Rodriguez-Pardo 2012). The CIELAB color space can be
used to calculate the color appearance attributes of simple color tips under simple observing
conditions, but under complex observing conditions the prediction of the color appearance
attributes is insufficient (He & Chen 2012).
6

Figure 1. CIELAB color space (Sharma 2002)
The CIELAB color system is used to measure the surface color in L*, a*, b* coordinates (Fig. 1).
L* represents the lightness coordinate and varies from 100 (white) to 0 (black); a * represents the
red (+a*) to green ( a*) coordinate; and b* represents the yellow (+b*) to blue ( b*) coordinate.
The values of L*, a*, and b*are defined in terms of CIE X, Y and Z coordinates as
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Xn, Yn, Zn are the tristimulus values of the reference white point.
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The color difference ( E*) can be calculated as outlined in ISO 7724 according to the following
equation:

=

) +(

) +(

)

(5)

where L*, a*, and b* represent the differences between the initial and final values of L *, a*,
and b*, respectively. A low E* value corresponds to a low color difference.

1.3 Pigments

Materials can be colored by using colorants. Colorants are classified as either pigments or dyes.
Pigments are colored, black, white, or fluorescent particulate organic or inorganic solids; they
are usually insoluble in, and essentially physically and chemically unaffected by, the vehicle or
substrate in which they are incorporated. Unlike pigments, dyes dissolve during their application
and in the process lose their crystal or particulate structure. In many cases the general chemical
structure of pigments and dyes is the same. Pigments alter their appearance by selective
adsorption and/or by the scattering of light (Herbst & Hunger 2004, Vernardakis 2007).

Pigments can be characterized by their chemical composition and by their optical or technical
properties. The coloring properties, such as color, tinting strength or lightening power, are
important in determining application efficiency and hence economics. In addition, the chemical
and physical properties (e.g. chemical composition, moisture and salt content, content of watersoluble and acid-soluble matter, particle size, density, and hardness), stability properties (e.g.
resistance toward light, weather, heat, and chemicals) and behavior in binders (e.g. interaction
with the binder properties, dispersibility) are important. (Hempelmann & Völz 2005).

Pigments are usually dispersed in vehicles or substrates for application, such as in inks, paints,
plastics, or other polymeric material (Vernardakis 2007). To achieve a good distribution of
pigments in the plastic, a concentrate or masterbatch will be used in the compounding process
instead of raw organic or inorganic pigments. Polymer granulates with a high percentage of
additives, higher than in the end use are called a masterbatch. Later in the manufacturing process,
these granulates are mixed with the raw polymer for coloring or achieving certain properties. The
8

benefits of a masterbatch are e.g. improved increased process stability, color development, and
higher productivity. One disadvantage of the masterbatch approach is the inability to adjust
individual colorants if color adjustments are required to meet quality standards (Brewer 2004,
Russell 2004).

The most important areas of use for pigments are paints, varnishes, plastics, artists’ colors,
printing inks for paper and textiles, leather decoration, building materials, imitation leather, floor
coverings, rubber, paper, cosmetics, ceramic glazes, and enamels (Hempelmann & Völz 2005).
In WPCs, pigments, though not technically photostabilizers, are often used as photo-blockers to
inhibit the photodegradation of plastics (Stark & Matuana 2006). Pigments typically slow down
the fading of WPC material, and they are usually used in conjunction with other protective agents,
such as UV absorbers. Pigments also increase the flexural property retention of WPCs
significantly after accelerated weathering (Falk et al. 2000).

Pigments can be divided into two subdivisions, inorganic and organic ones. Organic pigments
are combinations of carbon, hydrogen, oxygen, nitrogen, and sulfur. Chemical analysis of many
organic pigments will reveal the presence of a few selected metals. These metals enter the organic
pigment chemistry as precipitating agents or as pigment particle surface additives. Inorganic
pigments are combinations of metallic or metalloid elements with oxygen, sulfur, or selenium
(Charvat 2004).

Furthermore, organic-inorganic colorant combinations exist to satisfy specific end-use
applications. The most widely used inorganic colored pigments lack in saturation, cleanliness,
and/or tinting strength and often cannot achieve certain color space at all or can achieve it only
at excessively high concentrations. As a result, organic-inorganic colorant combinations
represent a practical way to achieve certain color space and to take advantage of their respective
and often complementary performance properties. The organic colorant provides the major
component of chroma, saturation, and tinting strength, whereas the inorganic colorant provides
opacity and a baseline of fastness properties that the formulated color may revert to over time
(Rangos 2004).

9

1.3.1 Organic pigments
An organic pigment is normally recognized as a synthetic product, based on a backbone of
carbon, hydrogen, and nitrogen, and as such these organic-derived colorants will produce very
little ash if heated above the point of decomposition (Lewis 2004). Organic pigments are highly
colored, inert synthetic compounds that are usually brighter, purer, and richer in color than
inorganic pigments. Generally, however, they are less resistant to sunlight, chemicals, and high
processing temperatures. In addition, they are often more expensive than inorganic pigments
(Vernardakis 2007). Organic pigments are traditionally used in the mass coloration of plastics
and synthetic fibers, and in surface coatings such as paints and inks (Hao & Iqbal 1997).

1.3.2 Inorganic pigments
The major inorganic pigment families are e.g. carbon blacks, titanium dioxide, iron oxides, zinc
sulfides, and zinc oxides (Charvat 2004). Generally, inorganic pigments provide a great margin
of safety in use, and they are easy dispersing, heat stable, lightfast, weatherable, insoluble, and
opaque (Rangos 2004). Most inorganic pigments are extremely weatherfast and many exhibit
excellent hiding power. Their rheology is usually an advantage, being superior to that of most
organic pigments under comparable conditions (Herbst & Hunger 2004).

Carbon black is an industrially manufactured fluffy powder with excellent pigmentation
properties and low density. Carbon black consists of more than 95% of carbon. Depending on
the production processes and the raw materials, carbon black also contains chemically bound
hydrogen, oxygen, nitrogen and sulfur. Carbon black is one of the most stable pigments in use
today, and literally ubiquitous in plastic products. It possesses the smallest particle size and
highest oil absorption among the commercially available pigments for plastics. Because of its
relatively fine particles and high surface area, carbon black has a significant effect on compound
physical properties than any other mineral fillers. Carbon black tends to increase hardness, tensile
modulus, tensile yield strength, and brittleness temperature. Carbon black is the most widely used
black pigment for thermoplastic applications because of its excellent color strength, costeffectiveness, and UV performance. Other end-uses are e.g. printing inks, paints, and coatings
(Brewer 2004, Stroh 2005).
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Titanium dioxide (TiO2), mainly manufactured by the chloride process, is the pigment of choice
for producing whites and pastels/tints and opacifying plastic products because of its scattering
properties, its chemical stability and nontoxicity. As well as heat stability, the lightfastness,
weatherability, and bleed resistance of white pigments based on titanium dioxide are excellent.
In addition, titanium dioxide is a light-sensitive semiconductor, and absorbs electromagnetic
radiation in the near UV region. However, pigments containing titanium dioxide often increase
fading including oxidative processes on the surface because they act as a catalyst of thermooxidation and photo-oxidation of polymers (Klyosov 2007). As a white pigment, titanium dioxide
is used worldwide in paints and coatings, printing inks, plastics, fibers, and papers. It is also used
as a UV absorber e.g. in sunscreen products and cosmetic powders (Charvat 2004, Auer 2005).

Iron oxides can be produced from naturally occurring iron compounds, or synthetically from iron
salts. About 70% of all iron oxide pigments are produced synthetically. Nontoxicity, chemical
stability, wide variety of colors, and good performance/price ratio are continually increasing the
importance of iron oxide pigments. The heat stability, weatherability and chemical resistance of
this pigment group vary from modest to excellent, including improvements in UV stability.
Natural iron oxide pigments are mostly used as inexpensive marine coatings or in coatings with
a glue, oil or lime base. They are also employed to color cement, artificial stone and wallpaper.
Because of their good tinting strength and excellent hiding power, synthetic iron oxide pigments
are widely used for coloring construction materials, paints, and coatings (Rangos 2004, Wiese
2005).

White zinc sulfide pigments are often produced from many types of industrial waste. Zinc sulfide
is mainly used in coating materials, plastics, and rubber industry. Lithopone, one form of zinc
sulfide, imparts very good extruding properties to the plastic, resulting in high throughput rates
and economic extruder operation. Another important property of lithopone is its low binder
requirement, giving paint products good flow and application properties. Another form of zinc
sulfide, sachtolith, is very useful for coloring thermoplastics. It is also used in plastics to produce
some functional properties, such as lightening and hiding power. (Griebler 2005)

Zinc oxide, a fine white powder, is mainly manufactured by an indirect process where zinc is
boiled and the resulting vapor is oxidized by combustion in air under defined conditions. The
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most important end-use of zinc oxide is in the rubber industry. It is also used in paints and
coatings, as well as ceramic, pharmaceutical and cosmetic industries. In paints and coatings, zinc
oxide is used as an additive in exterior paints for wood preservation. In antifouling and
anticorrosion paints it is used to improve film formation, durability and resistance to mildew,
because it reacts with acidic products of oxidation and can absorb UV radiation. (Jahn 2005)

1.4 Wood-plastic composites

Wood-plastic composites (WPCs) are emerging hybrid materials that combine lignocellulosic
components, primarily wood material, and synthetic thermoplastics (Wolcott 2007). WPCs are
mostly manufactured through extrusion and injection molding processes, and they can be used
in many different industrial sectors. The outdoor applications of WPCs, such as decking (Figure
2) and siding, have raised concerns about their durability, including fungal resistance, ultraviolet
resistance, moisture resistance, and dimensional stability (Butylina et al. 2011).

Figure 2. WPC products for decking
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WPC is an environmentally friendly material because the source of the raw materials can be
either virgin or recycled (non-virgin) material. The possibility of using recycled materials in the
development of composites is very attractive, especially with respect to the large quantity of
wood fiber/plastic waste generated daily (Ashori & Nourbakhsh 2009). The use of waste wood
and waste plastic in WPCs helps prevent the generation of waste by minimizing the solid waste
content, and it also offers an alternative solution to energy recovery (combustion). In addition,
the exploitation of natural resources decreases. The utilization of recycled materials in WPCs
reduces the manufacturing costs, energy and depletion of virgin materials. Recycled and waste
thermoplastics present a promising raw material source for WPCs, especially because of the large
volume and low cost of these materials (Najafi 2013).

With increasing ecological concerns, the development of new value added products, such as
WPCs, to utilize the recovered plastics, is becoming more and more important. The addition of
recycled wood fibers to waste plastics renders the resulting composites viable from the point of
view of both mechanical properties and environmental issues. In addition, bio-composite
products may be reclaimed and recycled for the production of second-generation composites.
(Ashori & Nourbakhsh 2009)

1.4.1 Raw materials
Wood is the most common source of the lignocellulosic component of WPCs. A variety of wood
species is used, and where species differences may exist, they have not been studied explicitly.
Many agricultural fibers have also been successfully used in WPCs (Wolcott 2007). For both
wood and agricultural fibers, the material is used in fiber, flour, or particle form (Wolcott &
Englund 1999). The amount of wood or wooden material in WPCs ranges generally from 50 to
80 % by weight (Pritchard 2004).

The primary criterion in selecting thermoplastics for WPCs is having a processing temperature
less than ca. 250 C. Above this threshold, unmodified lignocellulosic materials undergo rapid
thermal degradation, and thus the mechanical properties of WPC products are weakened
(Klyosov 2007). Commonly used thermoplastics include polypropylene (PP), high and low
density polyethylene (HDPE, LDPE), poly(vinyl chloride) (PVC), and polystyrene (PS). In
13

addition, impact-modified versions of PP and PS have been explored. Both recycled and virgin
sources of these commodity thermoplastics are commonly employed in powder or pellet forms
(Wolcott 2007).

A variety of additional components, such as coupling agents, lubricants, UV stabilizers, pigments
and foaming agents, are commonly used to improve the processing and properties of the resulting
materials. After all, the material performance is significantly influenced by the processing
methods used (Pritchard 2004, Markarian 2005, Wolcott 2007, Ashori 2008).

The properties of WPCs, such as mechanical, physical and thermal properties, durability, and
workability correlate with the used raw materials and additives, as well as the processing methods
and parameters. The addition of wood components tends to increase the stiffness, thermal
stability, UV resistance, and workability of WPCs, while the thermoplastic component enhances
their moisture resistance, resistance to decay, and thermal formability (Wolcott 2007). Reduced
moisture absorption leads to better fungal resistance and dimensional stability (Clemons 2002).

Most of the physical and mechanical properties of WPC depend mainly on the interaction
developed between wood and the thermoplastic material. The interaction can be improved with
the use of a coupling agent as an additive. Generally, the additives help the compatibility between
hydrophilic wood and hydrophobic plastic, allowing the formation of a single-phase composite.
Good interfacial adhesion between the matrix and fibers is essential to transfer stress from the
matrix to the fibers and thus improve the mechanical strength of the composites (Godara et al.
2009). There also appear problems when WPCs are exposed to UV rays, as their natural wood
or pigmented color may tend to fade away. Therefore, depending on the final application, UV
filters have to be added to stabilize the colors for a longer time (Wechsler & Hiziroglu 2006).

Mineral fillers, such as calcium carbonate, talc, wollastonite and silica, are commonly used in
the plastic industry, and nowadays increasingly in the WPC industry as well. Minerals are less
expensive than plastics, and making it possible to decrease the price of the WPC. Minerals are
not used solely as fillers, but can also be used to improve physical and mechanical properties
(Markarian 2005, Kord 2011). Some minerals, such as talc, also work as a lubricating agent.
Mineral fillers decrease moisture absorption because they typically have a low ability to absorb,
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e.g. talc 0.1–0.6%, and wollastonite <0.2%. The addition of a mineral filler improves some of
the mechanical properties, such as tensile strength, impact strength and hardness of WPCs,
whereas the addition of a mineral filler has a negative effect on the bending strength. Moreover,
when the impact strength increases, it also increases brittleness. Mineral fillers also can be used
to modify the visual appearance (color) of WPC (Klyosov 2007, Huuhilo et al. 2010, Martikka
et al. 2012).

1.4.2 Manufacture
The basic production processes of WPCs, as well as the machinery used in the production are
usually derived from the production processes of the plastic industry (Pritchard 2004). Generally
WPCs are processed by either extrusion or injection molding (Kim & Pal 2011). The extrusion
process (Figure 3) produces continuous linear profiles by forcing a melted wood-thermoplasticadditives mixture through a die in an extruder (Migneault et al. 2009). Injection molding is a
widely used technology in manufacturing large series of products with complex threedimensional geometries (Mali & Rautiainen 2005). Injection molding requires a polymer with
low molecular weight, so as to maintain low viscosity. By contrast, in extrusion a polymer with
a higher molecular weight is required for better melt strength (Faruk et al. 2011).

Figure 3. Illustration of a profile extrusion line (Giles et al. 2014)

The main applications of WPCs are in the building industry, such as decking, railing, siding, and
fencing, and hence profile extrusion is the most common process for manufacturing WPC
products. Before extrusion, the polymer may be blended with reinforcements and additives, such
as lubricants, UV stabilizers, color pigments, flame retardants, and fillers, to produce the desired
product property profile. Additives can be added to the extruder melt at several downstream
15

locations by either gravity feeding or with a side feed extruder (Giles et al. 2014).

The extruder can be either a single-screw or a twin-screw extruder. The single-screw extruder is
the basic extrusion system for producing a WPC profile. The material feed method is usually
using a gravity hopper. The melting/mixing mechanism is a barrel heat and screw shear (Kim &
Pal 2011). The dispersion of wood throughout the thermoplastic melt is a major processing step
that influences the quality of the finished product (Wolcott 2007). Twin-screw extruders (Figure
4) are commonly used where single-screw extruders fail to produce the desired pressure and
mixing (Wolcott & Englund 1999). The use of a twin-screw extruder results in better dispersion
compared to a single-screw extruder. The better dispersion has a positive effect on the mechanical
properties of WPC, such as tensile strength properties (Yang et al. 2006).

Figure 4. Schematic diagram of a conical twin-screw extruder (Jiang & Kamdem 2004)

1.4.3 Market
WPCs are a fast-growing industrial sector which has raised considerable interest both in wood
and plastic industries around the world. Generally, the key drivers that make the use of natural
fibers and wood in plastics attractive are enhancement in specific properties, e.g. stiffness and
thermal behavior, reduction of material costs, improvements in the bio-based share, and better
recyclability compared to glass fibers (Eder & Carus 2013).

In 2012, the global production of WPC was 2.43 million tonnes, and it was distributed as follows:
North America 45%, Asia 43%, Europe 11%, and South America 1%. Despite the global
economic recession, the bio-based composite market has continued to grow steadily. Increased
16

polymer prices and growing interest in bio-based products back the growth. The global WPC
production is forecast to reach 3.83 million tonnes by 2015. (Carus et al. 2014)

North America, the oldest market area, is still the world´s leading region in WPC production with
1.1 million tonnes, followed by China with 900.000 tonnes (Figure 5) Today, the major growth
rate can be found in China, and it is predicted that China (with 1.8 million tonnes of production)
will overtake North America (1.4 million tonnes) by 2015. The European market is expected to
grow by approximately 10% per year and reach 350.000 tonnes in 2015 (Carus et al. 2014). Also
Japan, Russia, South America and India are rapidly emerging WPC markets (Eder & Carus
2013).
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Figure 5. Forecast of WPC market development (adapted from Carus et al. 2014)

WPCs are a product category with a wide range of applications for example in the fields of
construction, automotive industries and furniture. The major use of WPCs is in outdoor building
applications (Stark & Matuana 2006), where WPCs have replaced traditional wooden structures
and products (Smith & Wolcott 2006). In outdoor applications, the decking materials are exposed
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to extreme environmental conditions including moisture, ultraviolet radiation, fungi, and freezethaw cycles (Matuana et al. 2011). In addition to material durability, also aesthetic requirements
are set to decking surfaces. WPC can meet these requirements more reliably than wood products
(Smith & Wolcott 2006). Compared to traditional wood products, WPCs have advantages, such
as the possibility to use recycled materials, low requirements for maintenance, dimensional
stability, low moisture absorption, decay resistance, homogeneity, and advanced product ranges.
On the other hand, the disadvantages of WPCs are higher acquisition costs, lower strength
properties and problems in heat expansion (Yadama 2006).

Globally, decking is the dominant application for WPCs. In 2012 in the area of the European
Union (EU), decking represented 67% (mainly extrusion) of the WPC market followed by
automotive interior parts with the market share 23% (mainly compression molding, sheet
extrusion and thermoforming) (Table 1). The market share of decking in the EU area is still
growing, and it is expected to outstrip the level of tropical wood in most European countries by
2020. Decking has also the largest WPC market share in the world´s leading regions of WPC
production, North America and China. (Carus et al. 2014)

Table 1. Production of WPCs in the European Union in 2012 (adapted from Carus et al. 2014).
Field of application

Production in tonnes

Decking

174 000

Automotive

60 000

Siding and Fencing

16 000

Technical Applications

5 000

Furniture

2 500

Consumer goods

2 500

Total

260 000

After over 30 years of market development, extruded WPC is now well established as a material
for decking, fencing and facade elements. The market share of WPC is continuously growing,
and it is expected that it will reach and surpass the level of tropical wood in most European
countries by 2020 (Carus et al. 2014). The range of WPC applications is expanding continuously
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in the fields of furniture, technical applications, and consumer goods. These, in addition to siding
and fencing, show the highest percentage increases (Carus et al. 2014). In outdoor furniture, WPC
has replacement potential for wood, aluminum and plastics (Haider & Eder 2010).
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2 AIM OF THE STUDY
The main aim of this thesis is to study, identify and define the different factors affecting the
properties of WPCs under weathering and UV exposure. The studied properties are total color
change, water absorption, thickness swelling, and impact strength. Of WPCs made by extrusion,
the impact of weathering and UV exposure is studied by the use of pigments and mineral fillers.
The effects of weathering and UV exposure have been discussed in six different articles (I-VI).
The work is divided into six sub-categories, which are the following:

1) Introduction to UV protection of WPCs (Article I),
2) Surface changes of WPCs during exterior weathering (Article II),
3) Natural weathering of WPCs containing pigments (Article III),
4) Accelerated weathering of WPCs containing minerals (Article IV),
5) Accelerated and natural weathering of WPCs containing minerals and pigments (Article V),
6) Weathering properties of commercial WPC products (Article VI).

The synthesis is based on these articles. The main idea in the synthesis phase is to give insight
into the causalities of how WPCs can be protected against weathering and UV radiation. A flow
chart of the structure of the thesis is presented below (Figure 6).
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Article II
Surface changes
of WPCs during
exterior
weathering

Article I
UV protection of
WPCs

Article III
Natural
weathering of
WPCs containing
pigments

Article VI
Weathering
properties of
commercial WPC
products

Article IV
Accelerated
weathering of
WPCs containing
minerals

Article V
Accelerated and
natural
weathering of
WPCs containing
minerals and
pigments

Figure 6. Structure of the thesis.
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Synthesis of the
thesis
Ultraviolet light
protection and
weathering
properties of
woodpolypropylene
composites

3 MATERIALS AND METHODS
The materials and methods of the various studies (I – VI) are presented in more detail in each
article. Therefore in this chapter the material and methods are outlined only generally. The
general information of each article is presented in Table 2.

Table 2. Main materials and methods used in the articles.
Article
I
II

III

IV

V

VI

Materials
State-of- the- art review of the current
situation of UV protection of WPC
Wood; softwood pellets,
polypropylene; neat and recycled,
pigments; green, brown and grey
(masterbatch)
Wood; softwood pellets,
polypropylene; neat and recycled,
inorganic pigments; green, brown and
grey (masterbatch)
Wood; softwood chips,
polypropylene,
minerals; calcium carbonate,
wollastonite and talc
Wood; softwood chips,
polypropylene,
mineral; wollastonite,
inorganic pigments; black (carbon
black) and brown (iron oxide)
(masterbatch)
Commercial WPC products

Methods
Literature review
Determination of color change, impact
strength, surface morphology, surface
chemistry, and thermal behavior in the
surface layer
Determination of color change,
flexural and impact strength, density,
and water absorption
Determination of color change, water
absorption, and impact strength

Determination of color change, impact
strength, water absorption, and
thickness swelling

Determination of color change, water
absorption, thickness swelling, and
impact strength

The in-house manufactured research material consists of 18 different WPCs; 10 having pigments
as colorant, 3 having minerals as fillers, 2 having both minerals and pigments, and 3 references
made of wood and polypropylene. Either softwood chips or pellets have been used as the wood
material in all composites. The plastic used in all the composites has been polypropylene. The
research material includes also five commercial WPC products, which have been randomly
selected.
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4 REVIEW OF THE RESULTS AND DISCUSSION
A brief description of the work and the findings of the individual articles are presented in the
following. The sections are named according to the sense and purpose the articles are referred to
in this work.

4.1 UV protection of WPCs
Paper I presents the current situation in the field of ultraviolet (UV) protection of WPCs,
including the most commonly used protective agents and methods, as a literature review with no
practical experiments included.

As known, UV radiation is detrimental to polymeric materials. The damage mechanisms under
UV exposure are slightly different for wood and plastic materials. In the case of WPCs, UV
radiation causes damage to both materials. Although UV radiation -induced damage can be
prevented by several methods, it cannot be completely eliminated.

The most effective method is the integrated use of UV absorbers (UVA) and hindered amine
light stabilizers (HALS). Individually used, both UVA and colorants have been found to provide
more effective protection against UV radiation than HALS. However, the best protection is
usually achieved by a combination of different protective agents.

Pigments, such as red iron oxide, titanium dioxide and carbon black are commonly used to
improve the UV protection of WPCs. A study by Du et al. (2010) shows that all pigments reduced
discoloration, and carbon black was the most effective protective agent. The pigments were able
to protect only the plastic matrix, and they had thus no effect on lignin degradation. Pigments
can be used in conjunction with other protective agents. Some studies (Bigger & Delatycki 1989,
Miyafuji et al. 2004) have shown that co-operation enhances UV protection.
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4.2 Surface changes of WPCs during exterior weathering
In paper II, the effects of outdoor weathering on the properties of wood-polypropylene
composites with and without pigments were studied by investigating color change and
mechanical properties (Charpy impact strength).

The composites were placed outdoors in Finnish weather conditions for one year, and their color
changes were evaluated after 1, 3, 6, 9 and 12 months of weathering. The analysis of color change
indicated that composites made with darker pigments (brown and grey) showed lower total color
change compared to composites made either with lighter pigment (green) or without any pigment
(Figure 7). Thus, darker pigments were able to reduce the discoloration of wood-polypropylene
composites. The results are in agreement with the findings of Kiguchi et al. (2007), who conclude
that darker pigments improve color stability.

Figure 7. Changes in color of WPCs during outdoor weathering.

The surfaces of the non-weathered composites were relatively smooth, and a polymer layer over
the wood particles was evident. After 1 year of outdoor weathering, the scanning electron
microscopy (SEM) analysis showed marks of surface degradation in all composites. Weathering
resulted in the appearance of numerous cracks in the polypropylene matrix and protrusion of
wood particles from the matrix, which made them easily distinguishable. Both photodegradation
of polypropylene and swelling of wood particles can cause formation of cracks on the surface of
composites.
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With FT-IR spectroscopy analysis, it was found that the depth of the degradation layer did not
exceed 0.5 mm below the surface. Also changes in the thermal behavior of polypropylene in the
surface layer were detected in differential scanning calorimetry analysis. It was found that
melting temperatures, crystallization temperature and heat of fusion of the wood-polypropylene
composites decreased after one year of weathering. All the applied analytical techniques revealed
that the composite having a higher polypropylene content and containing grey pigment and
lubricant was less affected by weathering.

A decrease of the Charpy impact strength was found for wood-polypropylene composites
characterized by higher water absorption after weathering. It has been explained (Huang et al.
2006) that the impact toughness of wood-polypropylene composites is very sensitive to moisture
absorption. The decrease of impact toughness has been explained by alterations of the structure
and properties of the wood fibers, and deterioration of the fiber-matrix interface, caused by
moisture absorption.

4.3 Natural weathering of WPCs containing pigments
In paper III, the effects of natural weathering on the properties of wood-polypropylene
composites with and without pigments were examined. Also a recycled polypropylene
homopolymer was tested as a substitution for a neat homopolymer to compound the two types of
colored composites. The durability of the composites was assessed by testing flexural strength
and density. Also SEM was applied to evaluate the surface degradation of the composites.

The composites were placed outdoors in Finnish weather conditions for one year, and their color
changes were evaluated after 1, 3, 6, 9 and 12 months of weathering. The wood-polypropylene
composites containing darker pigments (brown or grey) exhibited considerably less total color
change ( E*) during weathering compared to the composites made without pigments and the
ones containing a lighter (green) pigment or no pigment. However, independent of the type of
pigment and/or type of polypropylene used to make the composites, degradation of the polymeric
matrix and separation of wood fibers from the polymeric matrix were revealed by SEM in their
surface layer after one year of weathering.
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The higher the wood content, the more significant changes in yellowing and consequently in total
color were found. For wood-polypropylene composites made without pigment, the increase in
wood loading from 70 to 75 % resulted in higher loss of flexural strength and total color change
of the composites after weathering. The higher wood content in combination with a lack of
lubricant resulted in a composite with a higher amount of voids on the surface and at the interface
of the composite. These defects of structure provided readily accessible pathways for moisture
penetration into the composite, contributing to the degradation of its properties.

Previous studies (Rowell et al. 2000; Li 2000; Seldén et al. 2004) have shown that color change
is accompanied by surface cracking. In the SEM analysis it was discovered that as a consequence
of numerous cracks in the matrix, the surface layer had disintegrated. Wood particles were
separated from a part of the matrix. According to the literature (Stark & Matuana 2007), the
separation of wood particles from the matrix is probably a result of the wood particles swelling
and shrinking after absorbing and desorbing moisture. The moisture content of all the studied
composites was observed to increase approximately 3 times compared to the initial value.
Moisture causes swelling of wood cell walls, which leads to formation of micro-cracks in the
matrix, degradation of the wood-polypropylene interface, and separation of wood particles from
a part of the matrix.

In mechanical properties, flexural strength was found to decrease for all composites significantly.
Among the composites made without pigment, the composite with higher wood loading showed
higher loss of flexural strength after weathering (37.3 %) than the composites having a lower
wood content (26.0 %). The observed loss of density and flexural strength of the woodpolypropylene composites after weathering was caused mainly by moisture absorption.

In conclusion, the composites made from recycled polypropylene were characterized by
improved color stability and retention of flexural strength after weathering, compared to the other
studied composites. The high density (low porosity) of the composites made from recycled
polypropylene seemed to be the main reason for this type of composite being less prone to the
destructive effect of moisture absorption.
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4.4 Accelerated weathering of WPCs containing minerals
The main aim of paper IV was to study the effect of accelerated weathering on the color, water
absorption, thickness swelling and mechanical properties (Charpy impact strength) of wood–
polypropylene composites with and without minerals (calcium carbonate, wollastonite and talc).

Accelerated weathering of 2000 hours resulted in significant color fading of the composites. The
composites containing mineral fillers had higher changes of color (lightness) than the reference
composite which did not contain mineral filler. Different weathering patterns on color change
were found for the reference composite compared to the composites containing mineral.

The SEM analysis revealed that UV irradiation resulted in a deterioration of the surface layer of
the studied composites. For the composite made without mineral filler, the polypropylene
covering wood fibers were found to degrade, leaving disclosed fibers on the surface of the
composite. Worsening of the surface polypropylene layer was observed for the mineralcontaining composites after 2000 h of exposure to a xenon-arc source. The weathering of
mineral-containing composites resulted in the presence of easily distinguishable mineral particles
on the surface.

A decrease of the lignin index and an increase of the carbonyl index with exposure time in the
studied composites were detected with FT-IR spectroscopy. For the mineral-containing
composites (WF–W–PP and WF–T–PP), the drop in the lignin index with time was lower than
that in the reference composite.

Generally, the water absorption of wood–polypropylene composites is affected by the
hydrophilicity of the filler and the voids between the filler and the matrix. The replacement of
part of the wood with mineral fillers resulted in decreased water absorption and thickness
swelling of the mineral-containing composites, compared to the reference composite. Of the
studied minerals, the effect of talc on the water absorption and thickness swelling of the
composites was the highest after 72 h of water immersion on cyclic treatment (water immersionfreeze–thaw steps).
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The composite containing talc was also found to be more efficient in retaining the Charpy impact
strength after weathering, both caused by UV irradiation and by cyclic treatment. Generally,
exposure to water immersion-freeze–thaw cyclic treatment and UV irradiation led to a decrease
in the Charpy impact strength of the studied composites, except for the composite containing
talc, for which the decrease was not significant.

The impact strength of the non-weathered composites containing calcium carbonate and
especially talc was significantly lower than the impact strength of the reference composite.
Earlier research has shown (Maiti & Sharma 1992, Kord 2011) that the addition of calcium
carbonate and talc has led to a decrease of the impact strength of composites compared to pure
polymer. This can be explained by the effects of both talc and calcium carbonate on promoting
the brittle fracture of the composite which results in lower impact strength.

The hydrophobic nature of talc makes it more compatible with hydrophobic polypropylene
(Flaris 2005), and this was considered the main reason for the enhanced performance of the
wood/talc-polypropylene composite in the accelerated weathering tests. The composite
containing talc seems to be suitable for outdoor applications because it has relatively good
mechanical properties and low sensitivity to weathering. To prevent photodegradation of the
polypropylene surface layer, UV stabilizers and pigment need to be added to the formulation of
hybrid wood/talc-polypropylene composites.

4.5 Accelerated and natural weathering of WPCs containing minerals and pigments
The effect of accelerated weathering and natural weathering on the color, and Charpy impact
strength of wood-polypropylene composites made with and without pigments (a carbon black
master-batch and a synthetic iron oxide) was studied in paper V.

The changes in the properties of the composites were found to strongly depend on the method of
weathering. SEM revealed that accelerated weathering caused more significant changes in the
morphology of the polymer surface layer of the studied composites than natural weathering in
Finnish weather conditions.
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Under accelerated weathering, the addition of wollastonite was found to increase the lightness
(decreased yellowing) of the composites. After 2000 hours of exposure to a xenon-arc source,
significant changes in the Charpy impact strength of all the studied composites were detected.
The iron oxide (Fe2O3) pigment had a heavy impact on the reduction of the Charpy impact
strength of the composites after accelerated weathering (Figure 8). The addition of carbon black
was found to have a positive effect on the stabilization of color during the early stage of exposure
to the xenon-arc source (up to 500 hours). The addition of wollastonite was found to increase
lightness of composites weathered under accelerated conditions.

Figure 8. Charpy impact strength of WPCs after accelerated and natural weathering.

In the natural weathering test, the composites were placed outdoors for one year, and their color
changes were evaluated after 3 and 12 months of weathering. Under outdoor weathering, both
iron oxide pigment and carbon black pigment reduced the color change of the composites
compared to the non-pigmented references. The weathered surfaces of all composites exposed to
outdoor conditions were found to have cracks of the matrix. A lesser amount of cracks was
observed on the surface of the composite containing wollastonite and pigmented with carbon
black. The Charpy impact strength of all the studied composites was found to be unaltered after
outdoor weathering.

In conclusion, the change in lightness and the total color change of the weathered composites
were greatly affected by the type of pigment and the method of weathering. The woodpolypropylene composite made with carbon black showed the best results as regards color
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stability after accelerated weathering as well as after natural weathering. The Charpy impact
strength of all the studied composites was significantly reduced under accelerated weathering,
whereas it retained after outdoor weathering.

4.6 Weathering properties of commercial WPC products
In paper VI, the effects of increased moisture content and artificial weathering on the properties
of commercial wood-plastic composite products were explored. Five commercial WPC products
from five different manufacturers were chosen, and their water absorption, thickness swelling,
Charpy impact strength and color change analyzed. An in-house manufactured woodpolypropylene composite with carbon black pigment was used as the reference. In addition to
quantitative investigation of material properties, the measured values were also compared with
the values reported by the manufacturers.

Accelerated weathering, 500 hours of exposure to a xenon-arc source, resulted in no significant
color fading and minor decrease in the Charpy impact strength of all the studied composites. The
water absorption and thickness swelling results after 24 hours or 28 days of immersion were in
accordance with the manufacturers´ product descriptions. On the basis of experience of earlier
research, it was found that 500 hours of exposure to artificial weathering was adequate to show
the change of color, because the rate of change stabilized after 100 hours of exposure. Similarly,
the most notable changes in water absorption and thickness swelling occurred during the first
100 hours, after which the rate of change stabilized for both water absorption and thickness
swelling.

The tested products had very similar properties, but there was little variation in the results,
especially in the change of color. The measured total change in color was low for all the tested
products, so no clear visible difference was apparent between the non-weathered and weathered
samples. Consequently, their color stability under UV exposure and weathering was graded as
high, despite the fact that the product specifications of the commercial WPCs did not report on
UV stabilizers or pigments having been used. The color measurements showed that products in
which cellulose fibers instead of normal fibers were used as the reinforcing fiber had less color
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change. According to the studies of Fabiyi et al. (2007) and Fabiyi and MacDonald (2010), a
lower lignin content of cellulose may reduce the color changes of exposed WPC.

The results for water absorption and thickness swelling were consistent with the material
properties reported by the manufacturers. All tested products absorbed water most strongly
during the first 24 hours. After that, the water absorption decreased quite linearly over the total
immersion time, except for the reference product, which had a remarkable increase in water
absorption between 14 and 28 days, probably due to a higher wood content and a larger particle
size of wood. The thickness swelling of WPC products increased with water absorption and thus
had a quite similar trend as found for water absorption. The total thickness swelling of the tested
products after the water immersion of 28 days varied more than the results for water absorption.

In the Charpy impact strength, there were no significant changes between the non-weathered and
weathered samples of all studied products. A composite product containing cellulose fibers and
polypropelene was found to have the highest impact strength, which may be explained by the use
of cellulose fibers in its production. Wood fibers, having a higher aspect ratio (length-to-diameter
ratio) usually provide better reinforcing potential by improving the strength and stiffness of
WPCs to a greater extent than that of lower aspect ratio particles such as wood flour (Stark &
Rowland 2003). The product containing heat-treated wood fibers attained the weakest results in
the Charpy impact strength. This finding was similar to the research result of Ayrilmis et al.
(2011), who found that the use of heat-treated wood fibers weakens the mechanical properties of
WPC products compared to untreated wood fibers.

In conclusion, all tested WPC products had appropriate properties against weathering and
increased moisture content, and their ability to maintain mechanical properties under weathering
was acceptable. All commercial WPC products maintained their color very well. Also the
properties of water absorption and thickness swelling were quite equal for all products.
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4.7 Synthesis
The impact of the studied pigments and mineral fillers on the different properties of woodpolypropylene composites is exemplified in Table 3, in which the influence is marked with + and
– -signs. In some cases the influence is modest and is marked with 0.

Table 3. The impact of pigments and mineral fillers on WPCs, N/A= not available.
Color change

Impact strength

Water

Outdoor Accelerated Outdoor Accelerated absorption

Thickness
swelling

Pigment 1, green

--

N/A

+

N/A

--

--

Pigment 2, brown

0

N/A

0

N/A

--

0

Pigment 3, grey

+

N/A

0

N/A

--

--

Pigment 4, black

++

+++

++

++

0

+

Pigment 5, brown

+

++

+

---

-

0

Wollastonite+Pig.4

++

+

+++

0

+

+

Wollastonite+Pig.5

+

0

+++

---

+

+

Calcium carbonate

N/A

-

N/A

+

0

+

Wollastonite

N/A

0

N/A

0

0

+

Talc

N/A

-

N/A

+++

+

++

Naturally, the effect of pigments on WPCs is most notable in the case of total color change, but
also in the case of impact strength. The effect of the pigments varies with the color of the pigment
and the method of weathering. All the studied pigments were added as a masterbatch to the
manufacturing process of wood-polypropylene composites. The pigments had a noticeable effect
on the reduction of the discoloration of WPCs, but they did not prevent the formation of surface
cracks, which are a sign of surface degradation after weathering. The black pigment (a carbon
black master batch) showed superior properties to all in discoloration. Generally, the composites
made with darker pigments showed lower total color change compared to composites made with
a lighter pigment (green) or without any pigment. This is in agreement with the findings of an
earlier study which concluded that darker pigments improve color stability more (Kiguchi et al.
2007). The combined effect of pigment and mineral filler was studied by using either inorganic
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carbon black or synthetic iron oxide as a pigment in conjunction with wollastonite, which is a
fibrous mineral not widely used in commercial WPC materials, but is used in many plastic
applications to improve e.g. stiffness and impact resistance (Klyosov 2007).

Discoloration causes degradation of the surface of the WPC, which has a direct effect on the
mechanical properties, such as the impact strength. Pigments have mainly a positive or at least
modest effect on the impact strength properties. The effect of pigment on the impact strength
seems to depend considerably on the method of weathering. For both weathering methods, the
black pigment showed the most stabilized features in impact strength. Also, the use of mineral
fillers showed advanced features in impact strength. The combined effect of pigment and mineral
filler increased the impact strength significantly in the case of outdoor weathering only.

As known, pigments protect the plastic matrix, but alone they do not have a direct effect on the
lignin degradation and moisture resistance of WPC. Of pigments, black pigment showed some
improvement in the water absorption and thickness swelling of the studied WPCs. The addition
of mineral fillers, especially talc, had an obvious effect on the moisture properties by reducing
water absorption and thickness swelling. The addition of both pigment and mineral filler
improved the moisture properties of WPCs significantly.

When all the studied properties of WPC are taken into consideration, the combined effect of
black pigment (carbon black master-batch) and mineral filler (wollastonite) seems to bring about
the most effective properties against weathering. Carbon black decreases color changes
significantly. Mineral fillers do not prevent the discoloration of WPC, but they have an effect on
the moisture-related properties due to their low moisture content. Also the properties achieved
with the use of black pigment alone are reasonable, but the addition of the mineral filler improves
the moisture-related properties, which is a significant factor against the degradation of WPC
caused by weathering.

In WPCs, pigments are used to produce a specific color in a product, as well as to prevent or
slow down the fading of the WPC material. The pigments protect only the plastic matrix without
a direct effect on the degradation of wood material on the surface of WPC. Wood particles are
exposed to moisture and UV radiation, whereby the surface will be degraded. The degradation
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process is strongly accelerated in a higher temperature. In outdoor applications of WPC products,
pigments are usually used in conjunction with other protective agents, such as UV absorbers
(UVA) and hindered amine light stabilizers (HALS). Earlier studies (Bigger & Delatycki 1989,
Miyafuji et al. 2004) have shown that the most effective protection of WPCs can be achieved by
a combination of different protective agents.

The findings concerning the effectiveness of carbon black on the reduction of the discoloration
of WPCs are consistent with the studies of Bigger & Delatycki (1989) and Du et al. (2010). The
effect of carbon black pigment on the UV resistance and color stability of plastics is generally
known (Brewer 2004, Stroh 2005). Carbon black restricts photo-oxidation on the immediate
surface sites by preventing both oxygen and light from penetrating into the deeper regions of the
polymer (Bigger & Delatycki 1989). In the case of wood-flour/HDPE composites, Du et al.
(2010) observed that the addition of carbon black protected against UV degradation more
effectively than the other studied pigments which were dark red, basically composed of ferric
oxide, and titanium dioxide.

Carbon black with decreasing particle size and increasing concentration up to 3% (Brewer 2004,
Stroh 2005) increases thermal and UV stability of LDPE and HDPE (Klyosov 2007), and
increases the density of polymer formulation (Bigger & Delatycki 1989). Consequently, the
mechanical properties are slightly improved (Brewer 2004, Klyosov 2007). In a comparison
between carbon black, titanium dioxide and colcothar inorganic pigments, carbon black in the
amount of 2 wt% was found to be explicitly the most efficient to decrease the change in lightness
after accelerated weathering of 1500 hours of WPCs (Du et al. 2010). In the present study, carbon
black was found to be twice more effective in the reduction of the discoloration of WPCs than
iron oxide, and even more when compared to the studied colored inorganic pigments. In addition,
the effect of carbon black on the impact strength and moisture resistance was observed to be
significantly better than those of the other pigments studied.

Generally, the protective effect of pigments against fading depends on the type of pigments, their
sources and amounts, as well as climatic conditions (Klyosov 2007). The study showed that the
effect of the pigments also varied with the method of weathering. As regards the weathering
method, synthetic iron oxide is a good example of this kind of variation. In accelerated
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weathering, the addition of iron oxide decreased the impact strength, whereas in natural
weathering the impact strength increased slightly. For the WPCs containing both iron oxide and
mineral filler, the difference between accelerated and natural weathering was even more
dramatic. In the case of color change and moisture resistance of the composites containing iron
oxide, the effect of weathering method was lesser, but the general appearance of iron oxide was
noticeably lower than that of carbon black.

Iron oxide, as well as other metal-based inorganic pigments, often accelerates WPC degradation
due to formation of free radicals in the materials and on material surface. The metal-based
pigment typically contains free iron or other free metals, which act as powerful catalysts of plastic
oxidation as moisture. The oxidation rate depends on the amount of pigment. The oxidation rate
of iron oxide has been shown to increase with lower loadings (<3%) and decrease with loadings
up to 12 % (Klyosov 2007). Antioxidants, which either scavenge free radicals or prevent the
formation of free radicals, can be used to decrease the oxidation rate to some extent but not block
it totally.

When analyzing the impact of pigments, the fluctuation of wood loading among the in-house
manufactured WPCs has to be taken into account. The wood content was mainly 60 % in weight,
but in the case of green and grey pigments the wood content was 70 %. With the higher wood
content there were more significant changes in yellowing and consequently in total color. It has
been found that increasing the fiber content of WPCs from 25 wt% to 50 wt% increases the rate
of degradation of PP matrix by approximately a factor of two (Seldén et al 2004). For woodpolypropylene composites made without pigment, the increase in wood content from 70 to 75 %
resulted in higher loss of some mechanical properties and total color change of the composites
after weathering. In addition, the higher wood content in combination with a lack of lubricant
resulted in a composite with a higher amount of voids on the surface and at the interface of the
composite. These defects of structure provided readily accessible pathways for moisture
penetration into the composite, contributing to the degradation of its properties.

When the results of the in-house manufactured WPCs are compared to the results of commercial
WPC products, the effect of UV protective agents was noticed even when not knowing the types
of agents and their amounts used. The difference in color change was even five-fold, and that in
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the impact strength double. After 500 hours of exposure to a xenon-arc source in accelerated
weathering, the color change of commercial WPC products varied between 1.6 and 5.2, and the
decrease in the Charpy impact strength was measured to be approximately 5% for all the tested
WPCs. Respectively, the color change of the in-house manufactured WPCs not containing UV
protectors varied from 3 to 25, and the decrease in the Charpy impact strength was generally over
10%.

When examining the weathering results, some noteworthy differences between artificial
accelerated weathering and outdoor weathering have to be taken into account. During outdoor
weathering in Finnish climatic conditions, the test samples were exposed to freeze-thaw cycles
and strong fluctuation of solar radiation. Generally, accelerated weathering is used to predict
what will happen under some kind of natural use conditions. The factors that affect both methods
are solar radiation and presence of temperature and moisture. Pollutants, mechanical stresses,
and biological attack are various environmental factors that also exist during outdoor weathering
(Pickett et al. 2008), but generally they have a minor effect on it (Sampers 2002). Even though
natural weathering offers reliable data on the durability of WPCs in a particular area of
application, the testing period of natural weathering is a time-consuming process and does not
provide results in a commercially acceptable time period. Therefore accelerated weathering is
widely used for research and development, quality control, and material certification (Fedor &
Brennan 1989).

The comparability of outdoor test results from different geographical regions even with a similar
intensity of solar radiation is difficult because of variation in temperature and atmospheric
pollution. The long-term lifetime of polymers affected by weathering is difficult to predict due
to the fact that natural weather as a whole is unpredictable and not a reproductive factor in shortterm or long-term periods (Pospíšil et al. 2006).

Usually accelerated weathering testing seems to be a useful tool in predicting the outdoor
durability of a product. In the case of the weathering of sealants, a good correlation was found
between accelerated testing and natural testing on surface changes, flexibility and hardness in the
Florida region (USA) (Fedor & Brennan 1989). Florida is an internationally recognized
benchmark for outdoor exposure testing (Pickett et al. 2008), because the subtropical climate of
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Florida offers an exposure environment typical for both tropical and temperate climates
(Crewdson 2008).

The weathering data of tropical climates can be used to predict the weathering properties in other
climates, such as the Mediterranean climate or temperate climate (Gugumus 1995). To find a
correlation, for example between the climates of Florida and Europe is challenging due to the
fact that the solar data during the summer months is similar in Florida and Europe, but in the
winter the difference is dramatic (Crewdson 2008). The correlation between Finnish climatic
conditions, which presents a type of continental climate, and tropical climates is even more
challenging due to great seasonal changes in solar radiation and freeze-thaw cycles of the Finnish
climate. Thus, the results of outdoor weathering tests of this study can hardly be generalized to
the results of measured in other climates. When observing the correlation between weathering
methods, a good correlation was found only for carbon black pigment on color stability and
impact strength. For iron oxide the correlation was sufficient only in color stability.
Unfortunately, reference values were not available for the other studied inorganic pigments.
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5 CONCLUSIONS
The aim of this research was to study the effects of weathering on the properties of woodpolypropylene composites made by extrusion. The studied properties were color change, impact
strength, water absorption, and thickness swelling. The impact of weathering and UV exposure
on WPCs was studied by the effect of the addition of pigments and/or mineral fillers. The study
revealed that the addition of pigment improved the weathering resistance and reduced the
discoloration of WPCs, and the use of mineral fillers affected the moisture-related properties of
WPCs. Also the effect of pigment on the weathering properties of composites was found to
depend on the method of weathering.

The darker pigment seemed to improve the color stability of WPCs more than the lighter color
pigment (e.g. green). Black pigment, an inorganic carbon black master-batch, was found to be
the most effective one in the reduction of the discoloration of WPCs both in accelerated and
outdoor weathering. By preventing discoloration, and further reducing the degradation of the
surface of the WPC, the pigments had also an effect on the other studied properties of the
composites. The addition of pigment reduced the decrease in the Charpy impact strength after
weathering, although the effect of the pigment varied according to the method of weathering. In
addition, inorganic carbon black and synthetic iron oxide had a minor or modest effect on the
moisture resistance of the studied WPCs. In both accelerated and outdoor weathering, the
addition of wollastonite as the mineral filler along with the carbon black or iron oxide pigment
had a minor effect on the color change of WPCs, but the combined effect of mineral filler and
pigment on the impact strength and moisture resistance was significant in outdoor weathering.

Accelerated weathering and natural weathering were used to examine the weathering properties
of the studied WPCs. In accelerated weathering, the total exposure time of 2000 hours was
sufficient to determine the weathering resistance properties of the studied composites, because
all pigments showed a stabilization effect on the color change after approximately 500 hours of
exposure to the xenon-arc source. Respectively, in the outdoor weathering of 12 months (8760
hours), the stabilization effect on color change occurred after approximately one summer month
of exposure in Finnish climatic conditions.
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The weathering method had a strong influence on the results of the weathering tests. When
observing the procedures of the weathering test, the most significant differences between the
used methods were the freeze-thaw cycles of natural weathering caused by the Finnish winter
weather, and the variation of the amount of solar radiation between the testing months during
outdoor exposure. Thus, the natural weathering properties of the studied WPCs measured in
Finnish climate conditions were not directly proportional with the results of accelerated
weathering or the results of different climatic conditions. Generally, the correlation between
accelerated and natural weathering is more or less controversial. Therefore, the results of the
accelerated weathering tests should be considered with care. In addition, the relationship between
different types of natural exposure is problematic due to different climates, altitudes and latitudes.
To create a correlation between accelerated weathering and outdoor testing, more studies and
research work is needed concerning the weathering properties of WPCs in Finnish climatic
conditions.

As known, chemically treated wood has good weather resistance if maintenance is performed
regularly, and the frost-resistance of thermoplastics varies. Because WPC is a mixture of wood
material and thermoplastics, the properties of raw materials have a strong impact on the
properties of the final product. As well as UV protection, moisture resistance is a significant
factor affecting the durability of WPCs. Moisture causes swelling of wood cell walls, which leads
to formation of micro-cracks in the matrix, degradation of the wood-plastic matrix interface, and
separation of wood particles from part of the matrix. As a consequence of this, the surface of the
WPC will degrade, leading to loss of aesthetic and mechanical properties. Therefore, along with
accelerated weathering, more long-term natural weathering in Finnish climatic conditions is
needed to define the weathering properties of WPCs in pursuance of improvements in
photostabilizers and pigments. Outdoor testing provides results that are sometimes not even
possible in accelerated testing. The effect of biodeterioration, for example, is very difficult to
simulate in laboratory conditions.

In conclusion, the weathering properties of wood-polypropylene composites can be affected by
the use of pigments. The protective effect of pigments varies with the type of pigment, their
sources and amounts, as well as climatic conditions. Of the studied pigments, a carbon black
master batch was found to be the most effective in the protection of WPCs against weathering.
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The addition of mineral filler was observed to increase the moisture resistance of WPCs. The
addition of both pigment and mineral filler was found to be the most efficient method to improve
the weathering properties of WPCs. The use of carbon black master batch as pigment and
wollastonite as mineral filler showed the most advanced properties against weathering.
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Wood-plastic composites (WPCs) have several exterior applications where they are easily exposed to ultraviolet (UV) radiation. The paper presents
the current situation in a field of UV protection of WPCs, including the most commonly used protective agents and methods, such as UV absorbers
and hindered amine light stabilizers (HALS). Surface dressing methods, such as painting, coating and film coating are not included. The focus of the
paper is on the ways of how to integrate UV protection comprehensively over the material. The work is a literature review and practical experiments
are not included.
Key words: wood-plastic composite, ultraviolet light, protection

1. INTRODUCTION
Wood-plastic composites (WPCs) have had
remarkable market growth as a replacement for solid
wood1. The major use of WPCs is outdoor applications,
such as decking, siding, railings, fences, window and door
frames, etc.2. It is well-known that ultraviolet (UV)
radiation affects wood and plastic materials. In exterior
applications these materials are exposed to moisture,
fungi, freeze-thaw actions and ultraviolet light in sunlight.
Wood-plastic composites are composed of wood fiber and
polymers, such as polyethylene (PE), high density
polyethylene (HDPE), polypropylene (PP), and polyvinyl
chloride (PVC)3.
The mechanical and physical properties of WPCs
depend on the interaction between the wood fibers and the
plastic matrix. Additives, such as coupling agents, are
used to improve this interaction. Both wood and plastic
components undergo photodegradation upon exposure to
ultraviolet light. UV radiation causes changes in both the
wood component and the polymer matrix2. The
weathering of WPCs is a combination of
photodegradation in the presence of water/moisture, heat
and oxygen. Weathering changes the appearance and
mechanical properties of WPC products, which reduces
their lifetime. When WPCs are exposed to UV radiation,
their pigmented color or natural wood may tend to fade.
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Because of this, UV filters are added to WPCs to
stabilize their colors for a longer time. The
photogradation can be delayed by using UV absorbers
(UVA), hindered amine light stabilizers (HALS) and
pigments. Other methods to increase color stability are
e.g. coextruding a cap layer over the WPC and fluorooxidation of the WPC followed by coating1,4-6.

2. EFFECTS OF ULTRAVIOLET RADIATION
A wide variety of synthetic and natural polymers
absorb ultraviolet radiation. As a result, photolytic and
photo-oxidative reactions happen in materials. UV
radiation-induced changes in materials can range from
surface discoloration to extensive loss of mechanical
properties7.
The spectrum of sunlight is mainly visible and
infrared. The UV light part (wavelength 295-400 nm) of
total solar radiation is about 7 %. The UV region is the
most energetic, and therefore the most damaging part of
the spectrum. It is known that the shorter the wavelength
of UV radiation, the higher the energy of photons. The
energy of photons determines how strong covalent bonds
the photons are able to break. The strongest bonds of
polymers degrade on wavelength 300 nm. This
degradation of covalent bonds leads to the emergence of
free radicals. The free radicals are the most important
factor for damages to a material caused by UV radiation.
The free radicals are very reactive because of electron
deficiency8.
UV radiation causes damages to the surface of
material or very close to the surface. The free radicals
1

caused by UV radiation do not usually penetrate more
than 0.01 mm under the surface, but heat energy makes it
possible that the penetration goes even deeper8.
UV radiation is not the only factor for oxidation. Also
heat energy causes breaking of bonds. Humidity and
metal particles in the material may act as a catalyst in the
oxidation process. UV radiation and heat are normally
linked to each other under natural circumstances 8.
UV-induced changes in the intensity are influenced
by several factors. If the effects of UV radiation to a
given material is to be rated, the spectral distribution of
UV radiation, the temperature of the environment, the
spectral sensitivity and dose-response characteristics of
the material, and the properties of the possibly used UVprotective agents have to be taken into consideration 7.

UV radiation is also harmful to plastics. The
temperature has a great effect on the oxidation of plastics.
Studies have shown that a higher temperature accelerates
the degradation process strongly. Humidity does not have
so significant role during gradation7. As mentioned above,
the pathway starts when molecular bonds degrade and
free radicals are generated. The basic principle of
degradation caused by UV radiation is the same for all the
most commonly used plastics. The degradation is based
on the scission of the polymer chain8.

2.1. Impact of UV radiation on wood-based materials

2.3. Impact of UV radiation on wood-plastic composites

When exposed to sunlight, unprotected wood
materials will turn grayish in a few months. UV radiationinduced photochemical degradation changes the color and
gloss of the surface, which becomes rough, cracks and
finally degrades9. The rate of degradation is about 6-7
mm in a century10. Photodegradation of wood is
originated in the degradation of cellulose, hemicellulose,
lignin and extractives. The most relevant of these is the
breakdown of lignin to water-soluble products. The
breakdown of lignin has several different kinds of
pathways, which all lead to formation of chromophoric
groups, such as carboxylic acids, quinones and
hydroperoxy radicals (HO 2). These groups are
characterized by a yellow color. Research has shown that
these chromophoric groups are the main reason for the
color change of wood11.
One of the best known pathways is the Phenoxy
Quinone Redox Cycle. In this reaction hydroquinones
(C6H6O2) and paraquinones (C6H4O2) are a redox couple,
an oxidation-reduction couple. Under UV radiation, the
hydroquinones are oxidized to paraquinones, which are
further reduced to hydroquinones by the effect of
hydroperoxy radicals. The cycle repeats itself. The
degradation may also follow other pathways, but they are
not yet well-known11.
The rate of degradation of wood is affected by
environmental factors, such as moisture (humidity),
temperature and air pollution. Also wood properties, such
as the presence of extractives and the chemical structure
of lignin have an effect. The chemical structure of
softwood and hardwood lignin varies. Hardwood lignin
consists of coniferyl alcohol (C10H12O3) and sinapyl
alcohol (C11H14O4). In softwood lignin there is about 95
% coniferyl alcohol and the rest 5 % is p-coumaryl
alcohol (C10H9O2). Studies have shown that the softwood
lignin degrades faster than the hardwood lignin under UV
radiation. The exact influence to pathways is not known

Wood-plastic composites contain wood and polymers
in varying proportions. Consequently, WPCs also
combine the degradation of both materials. Oxidation
causes both discoloration and decreasing of strength
properties8.
Wood-plastic composites are typically porous
materials. For this reason, they have also hydroscopic
properties. Water in a material operates as a catalyst to
oxidation. Air-filled pores enable oxidation also inside the
structure. In addition, WPCs usually contain metal
particles, e.g. color or lubricating agents, which also
operate as catalysts to oxidation. For these reasons, the
degradation of WPCs is faster than the degradation of
pure plastic materials8.
Degradation can be divided into two phases. The first
phase is the formation of paraquinones, and the second
one is the degradation of the paraquinones into
hydroquinones, which becomes dominant with increased
UV exposure time11.

so far. There is also a difference in UV resistance between
springwood and summerwood12,13.
2.2. Impact of UV radiation on plastic materials

3. UV STABILIZERS
The UV protection of wood material and woodplastic composites can be significantly improved by using
different UV stabilizers. The UV stabilizers can be
divided into two groups: UV absorbers (UVA) and
hindered amine light stabilizers (HALS). These two
groups differ greatly from each other. It has been a
common practice to combine UVA and HALS to achieve
the best UV protection. UVA filters out the harmful
wavelengths of the light spectrum but it is not able to
prevent the generation of free radicals effectively. HALS
does not absorb UV radiation, but can inhibit degradation
of the polymer by slowing down the photochemically
initiated degradation reactions14.
The UV stabilizers should have a long-term influence,
so they should not degrade permanently as a result of
chemical reactions or exit from the material. In addition,
2

the distribution of stabilizers must be equal around the
protected material15.
3.1. UV absorbers
UV absorbers were the first protective agents used for
polymers. The protection mechanism of UV absorbers is
to absorb harmful UV light and quickly transform it into
harmless heat. The reaction mechanism depends on the
agents, but common to all, the reaction flow is cyclic. As
a result, the effectiveness of the UVAs remains relatively
constant even in the long term16.
Hydroxybenzophenones and hydroxybenzotriazoles
are the most extensively studied UV absorbers16. UVA
agents are characterized by the ability to absorb UV
radiation particularly strong in a certain spectral area. The
peak values of the absorbing power depend on the UVA
agents11,17.
3.1.1.

UVA pigments

Pigments can act as UV absorbers only under certain
conditions. Pigments are commonly used to improve the
UV protection of coatings. Red iron oxide, titanium
dioxide and carbon black are the pigments used in
WPCs18. Some of the pigments can also be used for
structural protection. In this case, nano-sized pigment
particles are impregnated directly to the protected
material. Titanium dioxide (TiO2) and zinc oxide (ZnO)
has been studied as wood impregnating products.
Impregnation by using pigments only does not
significantly improve the UV protection of wooden
material. In some cases, titanium dioxide may even act as
an oxidation catalyst. Pigments can be used in
conjunction with other protective agents. Studies have
shown that co-operation enhances the UV protection19,20.

emergence of free radicals is blocked. The reason given
for the inhibition of breakdown in bonds is presented as
the ability of HALS to react with the charge transfer
complex (CTC) of the polymer. This is called a
quenching mechanism. The fundamental reason why UV
radiation causes the breakdown in bonds is so far
unknown. Accordingly, the exact reason why and how
CTCs react is unknown15.
To be in a working order, the quenching mechanism
needs a compound that is able to absorb a shorter
wavelength than the degradation of the polymer bonds
requires. It is reported that various amines seem to have a
CTC connection with oxygen, which allows the
absorption of short wavelengths. Amine-oxygen CTC
excits by UV radiation and deactivates the CTCs of the
polymer. The exact pathway is not known15.
A wide range of HALS compounds are commercially
available. Monomeric HALS is mostly used for structural
protection of wood. Other HALS compounds are mainly
used to improve the UV protection of coatings14.
The HALS used in WPCs are divided into two
groups: triazine -based and diester -based HALS. In
addition, the triazine -based HALS are divided into
primary, secondary and tertiary structures. Particularly
compounds with a tertiary structure are suitable for UV
protection11.
3.3. Bridged amines
Bridged amines are the newest compounds for UV
protection. A research of bridged amines was initiated
when HALS were observed to prevent CTC initiation.
After that, other possible compounds that would have the
same effect as HALS were explored. Examples of bridged
amines that have been studied are the salt of stearic acid
di-azo-bicyclo-octane, hexamethylenetetramine and 7nitro-1,3,5-triaza-adamantane15.

3.2. Hindered amine light stabilizers

4. UV PROTECTION OF WPCS
The stabilization mechanism of HALS has been
studied extensively and has been reported to be a cyclic
chain-breaking antioxidant process; the so-called
‘‘Denisov cycle’’. The reaction takes place in the
presence of oxygen and radiation. Schiller et al.14 explain
the Denisov cycle as follows: in the first step, the HALS
compound is converted into the corresponding nitroxyl
radical as a reactive species, which then traps a free
radical under the formation of an aminoether function.
Aminoether interacts with a peroxide radical under the
formation of intermediate structures, which then
decompose into harmless alcohols and ketones while the
nitroxyl radical is re-formed.
Studies have shown that HALS is probably the
second mechanism of action to prevent oxidation.
According to this theory, HALS inhibits UV-induced
scission of polymer chain bonds, when also the

The UV protection for WPCs has been studied a lot
recently. The studies have focused primarily on the
efficiency of UVA and HALS, but also on other
protective agents, such as bridged amines have been a
target for research. In addition, the use of pigments may
improve the UV protection of WPCs11,15.
Individually used, both UVA and colorants have
been found to provide more effective protection against
UV radiation than the HALS. However, usually the best
protection is achieved by a combination of different
protective agents. In particular, the interaction of UVA
and HALS has been studied quite a lot11.
The efficiency of HALS depends on their molecular
weight and structure. In a study concerning the effect of
molecular weight impact it was found that agents with
low and medium molecular weight offered a better
3

protection, in a short term, against UV radiation than high
molecular weight agents, but their protective ability
decreased with time. There are differences in the early
stages because of low or medium molecular weight agents
are diffused more than high molecular weight agents in
the surface layers of material, where UV exposure mainly
occurs. The differences in long-term protection are the
result of the fact that low or medium molecular weight
agents are volatilized easier than high molecular weight
agents in the surface layers of material11
Most of the HALS used in WPCs have either a
triazine- or diester -based molecular structure. The
secondary amine triazine HALS has been found to
provide weaker protection than its tertiary amine
counterpart. It is supposed that the differences are due to
the fact that the latter is more sterically hindered than the
former, which may make it more stable. The triazinebased HALS hinders the formation of paraquinones more
efficiently than the diester- based HALS. The
paraquinones are dominant in early stages (< 250 hours)
of UV exposure. The diester- based HALS is more
effective in capturing free radicals and preventing the
degradation of paraquinones into hydroquinones, which
become dominant with increased UV exposure11.
As to HALS-induced color changes in WPCs, it has
been found that in the early stages of exposure, low and
medium molecular weight diesters prevent yellowing
effectively because of their ability to prevent the
formation of paraquinones, but in the long term their
effectiveness decreases due to evaporation. However,
they are not able to prevent fading caused by the
formation of hydroquinones. High molecular weight
diesters provide weaker protection against yellowing in
early stages, but in the long-term they offer better
protection against yellowing than lower molecular weight
diesters. In addition, high molecular weight diesters offer
protection against fading because of their ability to
prevent the formation of hydroquinones. A comparison
between triazine and diester -based HALS shows that
triazine- based HALS prevents yellowing better than
diester- based HALS, while high molecular weight
diesters are more effective to prevent fading11.
When studying bridged amines it has been found that
when used alone they do not provide UV protection.
Instead, combined with HALS, which prevents the
formation of hydroperoxide radicals, they will enhance
the UV protection significantly compared to the situation
where only HALS is used, which prevents the formation
of hydroperoxide radicals. This is due to the fact that the
activity of bridged amines is based on the quenching of
CTC initiation. If the formation of hydroperoxide radicals
happens without restrictions, the quenching of CTC
initiation does not have relevance to the damaging of
material. If the amount of hydroperoxide radicals is small,
the quenching of CTC initiation is much more important.
Studies have shown that the combination of bridged

amines and HALS, which prevents the formation of
hydroperoxide radicals, the lifetime of material will be 23 times longer than that of a material where bridged
amines are not used15.
Hydroxybenzophenones
and
hydroxyphenylbenzotriazoles are the most commonly studied UV
absorbers. In the comparison of the performance of these
materials it has been found that their effectiveness
depends on the circumstances and the protected material.
In artificial exposure benzophenone offers better
protection than benzotriazol, but in natural exposure there
are no great differences. In addition, various types of
plastics give different results16.
As regards pigments, the effect of red iron oxide
(colcothar), titanium dioxide and carbon black on the UV
protection of WPCs has been studied. It was found that all
the studied pigments reduced discoloration. Carbon black
was the most effective protective agent. It was also found
that the pigments were able to protect only the plastic
matrix. They had no effect on lignin degradation18.
According to Kiguchi et al., who studied WPCs with
the addition of 10% pigment (brown, yellow, black,
natural and no pigments), the more darkly pigmented
WPCs showed less color change21.
Clemons and Stark studied wood-plastic composites
made from pine with the addition of brown pigment
(Holcobatch Brown 936755) and UVA (Tinuvin 328).
Table 1. shows their results.
Table. 1. Increase in composite lightness of extruded
composites with 50% wood after 9 months
of natural weathering in Madison,
Wisconsin22.
HDPE Lubricant MAPP UV package Change
content
(Structol
(%)
(Holcobatch
in
(%)
TPW113)
brown:
lightness
(%)
Tinuvin
(L)
328; 2:1)
(%)
44
6
0
0
24.2
41
6
3
0
25.7
41
6
0
3
11.0
38
6
3
3
11.7
Stark and Matuana published research on ultraviolet
weathering of wood-flour-HDPE composites with UV
stabilizers. Table 2 shows the results obtained by Stark
and Matuana23.
The results of Stark and Matuana indicated that both
colorants and UVA were more effective photo stabilizers
than the HALS23. However, it is important to note that the
chemical structure and molar mass of the HALS drive the
stabilization mechanism and are important factors in their
effectiveness against photo degradation in poleolefins.
Muasher and Sain conducted a comparative analysis of
various HALS structures and their respective photo
4

stabilizing effect on WPC11. Table 3 shows the photo
stabilizing additive used in their research. All the HALS
and UVA additives were supplied by Ciba Speciality
Chemicals (Mississauga, Ontario). The selection of the
particular additives was based on their documented

performance in polyolefins16,24,25. The HALS and UVA
were added to the WF and HDPE mixture in 0.15 and
0.2% concentrations by weight, respectively.

Table. 2. Color change ( Eab) and lightness change ( L) at various exposure times for WF/HDPE and
photo stabilizer blends after accelerated weathering (Xenon arc type light exposure apparatus)23.
Photostabilizer
Eab
L
Exposure time (hours)
Exposure time (hours)
Tinuvin
Chimassor
Tinuvin
Cedar TI1000
2000
1000
2000
770,
b 944,
328, UVA
8536,
HALS
HALS
(%)
Holland
(%)
(%)
Colours
(%)
0
0
0
0
25.4
35.8
20.4
31.0
0.05
0
0
0
29.3
37.2
25.2
33.1
0
0.05
0
0
28.1
34.7
23.6
30.5
0
0
0.05
0
25.6
32.8
20.1
27.7
0
0
0
0.1
20.1
25.4
18.6
24.3
0.05
0.05
0.05
0.1
19.6
23.8
18.8
22.9
0
0
0.05
0.1
16.0
20.8
14.7
19.7
Table. 3. Photostabilizing additive description and formulation11.
Formulation Additive description
Trade name
1
Low m.w. diester
Tinuvin 770 (HALS)
2
Mediun m.w. diester
Tinuvin 123 (HALS)
3
High m.w. diester
Tinuvin 622 (HALS)
4
Tertiary amine triazine
Chimassorb 119 (HALS)
5
Secondary amine triazine
Chimassorb 944 (HALS)
6
UVA (benzotriazole)
Tinuvin 360
7
UVA (benzophenone)
Chimassorb 81
8
UVA (benzotriazole)+low m. w. diester
Tinuvin 360 + Tinuvin 770
9
UVA (benzophenone) + low m.w. diester
Chimassorb 81 + Tinuvin 770
10
UVA (benzotriazole) + tertiary amine triazine
Tinuvin 360 + Chimassorb 119

5. CONCLUSIONS
It is confirmed that UV radiation is detrimental to
polymeric materials. The damage mechanisms under UV
exposure are slightly different for wood and plastic
materials. In the case of WPCs, UV radiation causes
damage to both materials. Although UV radiation induced damage can be prevented by several methods, it
cannot be completely eliminated.
Various methods for UV protection of wood products
have been developed. The most effective method is the
integrated use of UV absorbers and HALS.
The analysis of the results led to the following
conclusions:

1. The general trend is that all samples experience
an increase in the L* value, which is indicative
of colour lightening or fading.
2. Although diester -based HALS are ineffective in
initially preventing the formation of paraquinone
chromophoric structures compared with triazine based HALS in the first 250 h of exposure, their
efficacy in scavenging free radicals increases
with time, as they able to prevent the reduction of
paraquinones to hydroquinones.
3. High molar mass diesters exhibit greater longterm stabilizing ability over low and medium
molar mass diesters.
4. The addition of a UVA (benzotriazole) to a
diester (HALS) shows a synergistic effect on
decreasing colour fading.

5

Two different possibilities to improve WPC color
stability, such as removal of water soluble extractives
from wood flour through a series of washes and coloring
the wood flour with either a water-based dye or an oilbased stain were studied by Stark and Mueller26. Washing
the wood flour and coloring the wood flour with a waterbased dye were ineffective for improving composite color
stability during weathering. However, coloring the wood
flour with an oil-based stain resulted in a more color
stable WPC.
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Outdoor applications of composites raised questions about their durability. In this study, the effects of
outdoor weathering on the properties of wood-polypropylene composites with and without pigments
were examined. The composites were placed outdoors for one year, and their colour changes were
evaluated after 1, 3, 6, 9 and 12 months of weathering. The weathering resulted in considerable colour
fading of the composites. Composites containing darker colour pigments had better colour stability.
Scanning electron microscopy analysis revealed that surface cracks caused by weathering in a woodpolypropylene composite having a higher polypropylene content were less abundant, and the deterioration of the surface layer was lower compared to composites containing less polymer. Measurements of
melting temperatures by differential scanning calorimetry gave a consistent picture of polypropylene
degradation in the surface layer. After weathering, a decrease in Charpy impact strength was found for
composites characterised by higher moisture absorption.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Exterior non-structural or semi-structural building wood-polymer
composite (WPC) products, such as decking, fencing, siding, window
framing and roof tiles are being introduced into the marketplace [1].
The outdoor use of wood-polymer composites materials/products has
raised a concern about their resistance to weathering. The weathering
process is initiated by sunlight and its rate is enhanced by moisture
(humidity), temperature, air pollutants, which are abundantly
present in the outdoor environment.
The weathering, both natural and accelerated, of wood-polymer
composites changes their colour/appearance [1,2] and mechanical
properties [3,4]. The two major components of wood-polymer
composites, wood and thermoplastic are both susceptible to
weathering. The photo-degradation mechanisms of wood and
polymer separately are complex and well-documented in the
literature.
The photo-degradation of polyoleﬁns originates from excited
polymereoxygen complexes and is caused mainly by the introduction of catalyst residues, hydroperoxide groups, carbonyl groups and
double bonds during polymer manufacturing. Even in the absence of
a signiﬁcant amount of UV absorption, small amounts of these
impurities can be sufﬁcient to induce polymer degradation [5].

* Corresponding author. Tel.: þ358 5 400792692; fax: þ358 5 621 2499.
E-mail address: butylina@lut.ﬁ (S. Butylina).
0141-3910/$ e see front matter Ó 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymdegradstab.2011.12.014

According to the results published by Rabello and White [6], the UV
radiation of polypropylene causes a reduction of its molecular size
and the build-up of chemical groups like carbonyl and hydroperoxides. The reduction in molecular size dominates in short-time
exposures and favours crystallisation, whereas after longer times
the presence of many extraneous groups in the molecules of highly
degraded polypropylene makes the crystallisation more difﬁcult [6].
The effect of weathering on the physical and chemical structure
of wood has been investigated extensively [7e10]. Chemical analysis of weathered wood surfaces has indicated degradation of lignin
and hemicelluloses and de-polymerisation of cellulose upon
exposure [11,12]. Lignin is the most sensitive to light, and photochemical reactions in wood are initiated by absorption of
UVevisible light by lignin, which leads to formation of lignin
moieties having a-carbonyl, biphenyl and ring-conjugated double
bond structures [11,13]. These free radicals may then cause degradation of lignin and photo-oxidation of cellulose and hemicellulose.
Quinonoid compounds derived from photochemical reactions of
lignin are responsible for most of the light-induced colour change
(e.g. yellowing).
The colour fading and change of yellowing in the case of WPC
weathering have been explained by two competing reactions [14].
The ﬁrst reaction is oxidation of lignin to paraquinone chromophoric structures, which is dominant during the ﬁrst 250 h of UV
exposure. The second is reduction of paraquinone chromophoric
structures to hydroquinones [8]. The decrease in yellowing after
250 h of UV exposure is attributed to the second reaction.
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The changes in the surface chemistry of materials after weathering can be monitored with analytical methods, such as spectroscopy [15]. An increase in carbonyl absorption has been detected
by infrared spectral analysis in the case of photo-oxidation of wood
[13,16] and of polypropylene samples [17]. While spectroscopic
methods are useful techniques to determine surface photooxidation, they cannot distinguish between the surface oxidation
of polypropylene and that of the wood particle.
Water has a detrimental effect on the weather ability of woodpolymer composites. Water accelerates the oxidation reaction and
causes swelling of the wood ﬁbre. The degradation of hydrophobic
components (such as polyoleﬁn and/or lignin) at the surface of the
composite during weathering leads to an increase in the amounts
of hydrophilic cellulose at the surface, which makes wood-polymer
composites more susceptible to moisture absorption [18]. The
mechanical properties of wood-polymer composites are adversely
affected by moisture [19].
In this study, wood-polypropylene composites with and without
pigment were exposed for 1 year to Finnish weather conditions.
Three commercial pigments were applied to alter the colour
changing characteristics of the wood-polypropylene composites. A
long-term weathering test combines all the decaying factors under
natural conditions, including solar radiation (UV, visible and
infrared light), moisture (rain, snow and humidity), and temperature changes. A combination of scanning electron microscopy, FT-IR
spectroscopy, colorimetric measurements and differential scanning
calorimetry were used to study the degradation of the composites
caused by weathering. Changes in the impact properties of different
wood-polypropylene composites were also determined.

the coupling agent is around 3-4% of the weight of the composite,
thus 3% MAPP was added in each case. Three commercial pigment
concentrates were tested in the study: green, brown and grey. The
selection of pigments was based on colour characteristics and the
ability to be used in wood-polymer composites. The green and
brown pigment concentrates were purchased from Holland Colours
NV (The Netherlands), and the grey pigment concentrate was
purchased from Clariant (Finland) Oy (Vantaa, Finland). StructolÒ
TPW 113 (Ohio, USA), which is a blend of complex, modiﬁed fatty
acid esters, was used as a lubricant.
2.2. Processing
The pellets, polypropylene powder and additives were compounded using a Weber CE 7.2 conical twin-screw extruder (Hans
Weber Maschinenfabrik GmbH, Kronach, Germany). The gravimetric feeding system included the main feeder connected to side
feeders for each individual component. All components were fed
into the extruder through the main feeder. Fig. 1 shows the conical
twin-screw extruder Weber CE 7.2.
The screw had an L/D ratio of 17 and the screw speed was
12 rpm. The barrel temperatures of the extruder were 170e180  C.
The melt temperature at the die was 170  C. The pressure at the die
varied between 7 and 10 MPa, depending on the material blend,
and the material output was 25 kg h1. The hollow proﬁles were
extruded through a rectangular die (Fig. 2).
2.3. Weathering
The composites were placed on adjacent racks with the tilt angle
of 45 facing the equator (EN ISO 877:1996). These racks were

2. Materials and methods
2.1. Materials
The compositions of the tested wood-polypropylene composites
are shown in Table 1. The softwood pellets used in the experiments
were purchased from VAPO (Jyväskylä, Finland). According to the
technical data sheet provided by VAPO, the size of the pellets was
6e8 mm in diameter, with 10e30 mm average length. A neat
polypropylene homopolymer, Eltex HY001P, supplied by INEOS
Oleﬁns&Polymers Europe (Brussels, Belgium), was mainly used in
the production of the composites. In two cases, marked in Table 1,
a recycled polypropylene homopolymer supplied by the plastic
recycling company Ekiplast Oy (Hauho, Finland) was used instead of
neat polypropylene. According to the speciﬁcation sheet provided
by the supplier, the recycled polypropylene was a homopolymer
intended for extrusion, sold in granules. The neat polypropylene
homopolymer had the density of 0.91 g cm3 and melt mass-ﬂow
rate of 45 g 10 min1 (230  C 2.16 kg1), and the recycled polypropylene homopolymer had the melt mass-ﬂow rate of 3 g
10 min1 (190  C 2.16 kg1). The coupling agent used was maleated
polypropylene, OREVACÒ CA 100 (Atoﬁna, France). The Orevac CA
100 polymer has low functionality (1%) and a high molar mass (25 kg
mol1). Sain et al. [20] presented that an optimum concentration of

Table 1
Composition of wood-polypropylene composites.
Composite

Wood

PP content

MAPP

Pigment

Lubricant

Control
Green pigment
Brown pigment
Grey pigment1
Grey pigment2

70
70
70
70
63

25
26
26a
26
30a

3
3
3
3
3

e
1
1
1
1

2

a

Recycled polypropylene has been used in this formulation.

e
e
2.5
Fig. 1. Conical twin-screw extruder.
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Fig. 2. Hollow proﬁle of extruded wood-polypropylene composite.

placed in an open space near the Ruokolahti Unit Building of Lappeenranta University of Technology. The samples of wood-plastic
composites were weathered from 25th August 2009 to 25th
August 2010 for a total of 1 year (8760 h) of exposure. The typical
weather conditions in Ruokolahti for the duration of the exposure
are presented in Table 2. The samples were removed for colour
measurements after 1, 3, 6, 9 and 12 months.
2.4. Colour measurements
The surface colour of the treated and untreated composites was
measured with a Minolta CM-2500d spectrophotometer (Konika
Minolta Sensing Inc., Japan). The CIELAB colour system was used to
measure the surface colour in L*, a*, b* coordinates. L* represents
the lightness coordinate and varies from 100 (white) to 0 (grey); a*
represents the red (þa*) to green (a*) coordinate; and b* represents the yellow (þb*) to blue (b*) coordinate. The colour difference was calculated as outlined in ISO 7724 according to the
following Eq.:

DE* ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

 
 

DL* 2 þ Da* 2 þ Db* 2

(1)

where DL*, Da*, and Db* represent the differences between the
initial and ﬁnal values of L*, a*, and b*, respectively. The surface
colour for six replicates was measured at ten locations on each
composite sample.

2.5. Scanning electron microscopy
Scanning electron microscopy (SEM) was performed with a Jeol
JSM-5800 LV scanning microscope operating at 10 kV. Prior to the
analysis, the fracture surfaces were covered with a layer of gold
using a sputter coater.
Elemental analysis of the concentrated pigments was performed
with scanning electron microscopy coupled to an energy-dispersive
X-ray spectrometer (EDS). The SEM-EDS results indicated the
presence of Zn and Fe as major inorganic components of the brown
pigment and presence of Co and Cr as major inorganic components
of the green pigment. The analysis of the grey pigment revealed
that Ti was its major inorganic component. The presence of carbon
and oxygen signals in the spectra of the different pigments can be
explained by the carrier material: wax in the case of brown and
green, and polymeric in the case of grey pigment.

2.6. FT-IR spectra measurements
Fourier-transform infrared (FT-IR) spectroscopy measurements
were made on a PerkineElmer System 2000 FT-IR spectrophotometer. Finely divided 10 mg samples of the material surface were
ground and dispersed in a matrix of KBr (Aldrich, FT-IR grade),
followed by compression to form pellets. Reﬂectance spectra were
obtained in the range 4000-4000 cm1 using 100 scans and 4 cm1
resolution.

Table 2
Average weather conditions in Ruokolahti for the duration of exposure.
Month

Monthly means for
day integrals of global
solar radiation [kJ m2 day1]

Average temperature [ C]

Monthly mean of relative humidity [%]

Monthly total amount of rainfall [mm]

Augusta
September
October
November
December
January
February
March
April
May
June
July
Augustb

10,314
7685
3063
601
205
410
2116
5863
12,340
15,458
16,756
19,555
15,247

14.6
11.1
1.4
0.3
9.3
16.3
11.3
4.8
3.9
11.3
14.0
22.0
17.2

85.7
86.5
93.7
97.0
93.6
89.8
90.4
86.9
76.8
76.5
74.5
71.7
76.0

18.8
44.8
78.0
65.6
n/a
n/a
n/a
38.8
23.4
52.0
66.4
69.8
17.2

a
b

Data provided for the period from 25th to 31st of August 2009.
Data provided for the period from 1st to 25th of August 2010.

340

S. Butylina et al. / Polymer Degradation and Stability 97 (2012) 337e345
1

The C]C absorbance at 1510 cm difference, which represents
a stretching band of the aromatic lignin as described by Colom et al.
[21], was measured according to the following Eq.:

C ¼ C absorbance difference :

2.9. Statistical analysis

I1510ðwÞ  I1510ðiÞ
*100
I1510ðiÞ

(2)

where subscript I(w) denotes intensity after weathering and
subscript I(i) denotes intensity at time zero (before weathering).

2.7. Differential scanning calorimetry
Differential scanning calorimetry (DSC) experiments were performed in a differential scanning calorimeter (Netzsch DSC 204 F1
PhoenixÒ). Each sample was heated and cooled at the heating rate
of 10  C per minute under nitrogen atmosphere. Each test sample of
5e10 mg was placed in an aluminium pan and heated from 20 to
200  C and then cooled down to 20  C after keeping at 200  C for
10 min. The melting temperature (Tm), melting enthalpy (DHm) and
crystallinity (cc) were determined from the second heating scan,
while the crystallization temperature (Tc) was obtained from the
ﬁrst cooling scan. The cc was calculated from the following Eq.:

cc ¼

DHf
1

 100%
DHfo wf

(3)
o

where DHf is the observed heat of fusion, DHf is the heat of fusion of
fully crystalline isotactic polypropylene (209 J/g), and wf is the
weight fraction for polypropylene in the composites.

2.8. Mechanical test
The Charpy impact strength for unnotched samples tested in
ﬂatwise position was determined with a Zwick 5102 Model impact
tester in accordance with the method ISO 179-1/1f U. The method is
based on the recommendation given by TS 15534-1 Wood-plastic
composites (WPC)-Part 1: Test methods for characterisation of
WPC materials and products. The specimens were conditioned at
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To determine the effect of outdoor weathering on the colour
characteristics and Charpy impact strength of the composites
having different composition, a two-sample t-test was carried out
with an a signiﬁcance value of 0.05, comparing the weathered and
non-weathered data. The comparison between changes in the
properties of different types of composites after 1 year of weathering was performed using a multi-sample comparison test with an
a signiﬁcance value of 0.05. All statistical analyses were performed
using Statgraphics Plus software (v.4).
3. Results and discussion
3.1. Colour measurements
Fig. 3 AeD presents the values of change for all three colour
parameters (delta L*, delta a* and delta b*), as well as the total
change of colour DE*. The rates of changes of the colour parameters,
and consequently the total colour change were highest at the
beginning of the exposure period (1 month). The analysis of the
presented curves revealed that the colour change was dominated
by different parameters for the different wood-polypropylene
composites.
In the case of the control wood-polypropylene composite made
without pigment, the curve of the colour change (DE*) seemed to be
an inverted image of the curve presenting the change of yellowness
with small deviations associated with the changes of the two other
parameters (change of lightness and shift to green colour). The pale
yellow colour of the control composite is primarily reﬂective of the
colour of the lignin component of wood. Our preliminary study
showed that the higher wood content led to more signiﬁcant
changes in colour. The decrease of yellowness (Db) with exposure
time may be attributed to the reduction of paraquinones (chromophoric structures) to hydroquinones, which results in photobleaching [14].
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Fig. 3. Changes of three colour parameters L, a and b, and the total colour change (DE*) of wood-polypropylene composites exposed to outdoor weathering for one year.
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Two distinguished periods of lightness decrease (Fig. 3A) were
identiﬁed for the composite made without pigment: one between
the 1st and 3rd months (SeptembereNovember) and another
between the 9th and 12th months (MayeAugust) of exposure. The
greyish appearance of the weathered composites, related to
observed decrease of lightness, could be a result of dusty deposits
from pollutants in the atmosphere. The autumn months were
characterised by gradual increase of rainfall and decrease of solar
radiation (Table 2). In the summer period, the decrease of lightness
can be explained by deposition of air pollutants (dust particles).
No modiﬁcation in total colour change was found in the
weathering of the composite containing green pigment as
compared to the control composite (the change compared to the
control was not statistically signiﬁcant at a ¼ 0.05). The composite
containing green pigment was characterised by greatest changes in
lightness and in colour coordinate a. The lessening of green colour
of this composite with exposure time was assumed from the
gradual decrease of colour coordinate a (from 38 to 16).
The addition of darker pigments to the composite formulations
(brown and grey) was found to decrease the colour change of the
weathered composites signiﬁcantly (the change of colour
compared to the control was statistically signiﬁcant at a ¼ 0.05).
The total change of colour of the composites made with brown and
grey pigment was dominated by change of lightness; this was
especially obvious for the composites containing grey pigment,
where the alterations of hue and saturation were minimal. As can
be seen in Fig. 3D, the best colour stability was found for the
composite designated as grey2, which had a higher polypropylene
loading and contained grey pigment.
A general conclusion can be drawn after the analysis of colour
change that composites made with darker pigments (brown and
grey) showed lower total colour change compared to composites
made either with lighter pigment (green) or without any pigment.
Our results are in agreement with the ﬁndings of Kiguchi et al. [22],
who have studied wood ﬂour-polypropylene composites coloured
with yellow, black, brown and natural colour, and concluded that
darker pigments improve colour stability.
3.2. Scanning electron microscopy
A study of the surface morphology by SEM and other testing
procedures were conducted for the non-weathered composites and
the composites weathered for 1 year. The SEM results showed that
the surfaces of the non-weathered composites were relatively
smooth, and a polymer layer over the wood particles was evident
(Fig. 4 A, C, E, G and I). After 1 year of outdoor weathering, marks of
surface degradation were detected in all composites (Fig. 4 B, D, F, H
and J).
Weathering resulted in the appearance of numerous cracks in
the polypropylene matrix and protrusion of wood particles from
the matrix, which made them easily distinguishable. Both polypropylene photo-degradation and wood particle swelling can cause
formation of cracks on the surface of composites. The protrusion of
wood particles was likely a result of the wood particles swelling
and shrinking due to absorption and desorption of moisture [23].
Our previous study on similar composites exposed to cyclic water
immersion-freeze-thaw treatment showed that the absorption of
water led to development of cracking in the polymer matrix and
de-bonding inside the composite [24].
Comparison of the surfaces of weathered composites containing
grey pigment showed that the degradation of the surface layer was
more serious for the composite with the higher wood loading
(Fig. 4H versus Fig. 4J). A more pronounced degradation of PP-based
WPC with an increase in wood content has been previously reported by Selden et al. [25]. According to Klyosov [26], a complete
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encapsulation of wood ﬁbres with polymer is impossible when the
content of wood ﬁbres in the wood-polymer composite exceeds
40%. Unsurprisingly, the grey2 composite having lower wood
content and prepared with a processing aid (lubricant) resulted in
more efﬁcient encapsulation of wood ﬁbres compared to the grey1
composite. Stark and Matuana [23] showed that on examples of
injection moulded and extruded composites, the thicker (rich)
polymer layer that formed on the surface of the composite during
injection moulding delayed some changes that occurred to the
composite during weathering.
3.3. FT-IR spectroscopy
FT-IR spectroscopy was used to determine structural changes in
the surface chemistry of the wood-polypropylene composites after
weathering. Table 3 shows the most signiﬁcant bands in the
infrared spectra of the wood and polypropylene samples, and
distinctive functional groups assigned with these bands. As can be
seen in Fig. 5A in the FT-IR spectra for the surface layer of the
studied composites, a number of bands were related to both wood
and polypropylene. Some characteristic bands, such as 2720 cm1
for polypropylene and 1510 cm1 for the lignin component of wood
were found in the FT-IR spectra of the surface layer of the
composites. In the non-weathered composites, a carbonyl peak at
1735 cm1 and a broad peak at 3400 cm1, associated with
hydroxyl and hydroperoxide groups, were originated from the
wood. No signiﬁcant difference in the intensity of band determined
at the same wavenumber was found between the spectra of the
surface layers for the studied composites. The comparison of the FTIR spectra for the surface layers of both the non-weathered and
weathered composites indicated that all spectral features appear to
be sensitive to long-term outdoor weathering. After the outdoor
exposure of the composites for 1 year, the highest drop in intensity
was found for lignin bands at 1510 and 1268 cm1; calculated
according to Eq. (2), the difference in the absorbance of the C]C
aromatic ring was around 60% (Fig. 6). The difference in the
absorbance of the C]C aromatic ring was slightly lower for the
brown and grey2 composites compared to the other studied
composites. The intensities of the bands related to other components were affected less than the lignin bands, but they were also
found to decrease after the outdoor exposure of the composites. A
decrease in the intensities of peaks centred at 1375 and 1165 cm1
were calculated to be around 20% and 30%; these peaks were
associated with carbohydrates and polypropylene. A characteristic
peak for polypropylene at 2720 cm1 was also found to decrease by
20% after weathering.
The decrease in the intensities of different bands after outdoor
weathering was attributed to degradation of the constituents of the
wood-polypropylene composites. According to published studies
on the weathering of pure wood [9,10] or polypropylene [6], and
wood-polypropylene composites [2,31,32], all these components
can undergo photo-degradation. A remarkable increase of carbonyl
absorbance at 1735 cm1 has been typically reported as a result of
the photo-degradation of wood and polypropylene. In this study,
the intensities of carbonyl absorbance at 1735 cm1 for the surface
layer of composites weathered outdoors for 1 year were found to be
slightly lower than the carbonyl absorbance of the non-weathered
composites. The lack of increase of carbonyl absorbance in this
study can be explained by leaching of water-soluble degradation
products from the surface due to rains. Hon and Chang [16] found
that the photo-degradation of lignin resulted in low molar mass
water-soluble products containing carbonyl-conjugated phenolic
hydroxyl groups.
The degradation was found to be limited to 0.5 mm depth.
Fig. 5B shows that after the removal of 0.5 mm of weathered surface
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Fig. 4. SEM image of the surface layer of wood-PP composites: (A) control non-weathered, (B) control after 1 year of weathering, (C) green non-weathered, (D) green weathered, (E)
brown non-weathered, (F) brown weathered, (G) grey1 non-weathered, (H) grey1 weathered, (I) grey2 non-weathered, and (J) grey2 weathered. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

layer by planing, the intensities of different bands were similar to
those of the non-weathered composite. Our ﬁnding was in agreement with the results published by Rowell et al. [33] on the
weathering of polypropylene-aspen ﬁbre composites.
3.4. Differential scanning calorimetry
Differential scanning calorimetry was used to reveal the effects
of outdoor weathering on changes in the thermal behaviour of

polypropylene at the surface layer. Table 4 shows that the melting
temperatures of the wood-polypropylene composites determined
for the ﬁrst and second melting decreased after weathering. A drop
in the ﬁrst melting temperature of weathered composites as
compared to non-weathered ones can reﬂect to the degradation of
polypropylene at lamellar fold surfaces [6]. The second melting
temperature reﬂects more precisely the effect of degraded molecules on the crystalline phase formation, and is independent on the
thermal history of the material [34]. In the second melting, the
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Wavenumber
(cm1)
Wood
3400
2800e3000
1728
1650
1606
1505/1511
1462
1375
1268

1163
1059
897
Polypropylene
2952, 2918
and 2838
2720
1456
1376
1165
974, 841
and 808

Assignment

Reference

OeH stretch (hydrogen-bonded)
CeH stretch in methyl and methylene groups
C]O stretching of acetyl or carboxylic acid
for absorbed OeH and conjugated CeO
C]C stretching of the aromatic ring (lignin)
C]C stretching of the aromatic ring (lignin)
CH2 deformation in lignin and carbohydrates
CeH deformation in cellulose and hemicellulose
guaiacyl ring breathing, CeO stretch in lignin
and for CeO linkage in guaiacyl aromatic
metoxyl group
CeOeC asymmetric vibration (in cellulose)
CeO stretch in cellulose and hemicellulose
Glucose ring stretch, CeH deformation
in cellulose

[27]
[10]
[28]
[27]
[29]
[27]
[27]
[27]
[27]

CeH stretching

[30]

CH bending and CH3 stretching
CH3 asymmetric deformation
CH3 symmetric deformation
bending vibration of tertiary carbon
CeH deformation out-of-plane

[6]
[30]
[30]
[30]
[30]

[29]
[29]
[29]

melting temperature decreases because the crystals that are
formed during re-crystallization contain molecules that are smaller
and more defective (because of the formation of foreign groups like
carbonyl and hydroperoxides). It is well known that the melting
temperature of polypropylene decreases with the decrease of molar
mass, with random copolymerization, and with an increase in
stereo-irregularities [6].
The crystallisation temperatures of the non-weathered and
weathered wood-polypropylene composites are shown in Table 4. For
the non-weathered composites made with virgin polypropylene, the
crystallization temperature was slightly higher (approx. 6  C) than
the crystallisation temperature of the unﬁlled polymer (Tc ¼ 114.7 C),
indicating that the wood ﬁbres have a slight nucleating effect on the
polypropylene. Similar to the melting temperature, the crystallization
temperature of the wood-polypropylene composites decreased after

C=C Absorbance (%)

Table 3
Characteristic bands of the infrared spectra of the wood and PP samples.
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Fig. 6. Change in the C]C aromatic ring lignin absorbance at 1510 cm-1 after 1 year of
exposure.

weathering. As presumed by Rabello and White [6], the decrease in
the crystallisation temperature with the exposure time was due to the
reduction of the molar mass of polypropylene and increased number
of chemical irregularities present in the molecules of the exposed
polypropylene.
The heat of fusion after weathering was found to decrease,
compared to the heat of fusion for the non-weathered composites,
except for the grey2 composite (Table 4). The reduction of the heat
of fusion led to a decrease of fractional crystallinity (Fig. 7). The
incorporation of defects into the crystals can lead to a decrease of
crystallinity after weathering. Beg and Pickering [4] suggested that
the reduction of crystallinity for polypropylene in composites after
weathering was caused by swelling of the composites by absorbed
water. The moisture contents for the weathered composites:
control (4.9%), green (5.5%), grey1 (5.9%), and brown (4.7%) were
approximately 3 times higher than the moisture contents estimated for the non-weathered composites.
3.5. Charpy impact strength
Fig. 8 shows that the Charpy impact strengths of the nonweathered control, green and grey1 composites were similar, and
signiﬁcantly lower than those of the brown and grey2 composites
(at a ¼ 0.05). The high Charpy impact strength of the nonweathered brown and grey2 composites was explained by use of
recycled polypropylene for their production. Similar ﬁndings
related to composites containing recycled polypropylene have been
reported by our group previously [35].
Among the group of composites made with neat polypropylene,
the control composite showed no signiﬁcant change (at a ¼ 0.05) of
the Charpy impact strength after weathering, while the composites
made with neat polypropylene and containing either green or grey
pigment showed a signiﬁcant decrease of the Charpy impact

Table 4
Melting temperatures, crystallisation temperature and heat of fusion for nonweathered composites and composites weathered for 1 year.
Sample

First melting


T m, C

Fig. 5. FT-IR spectra of (A) polypropylene, wood and control wood-polypropylene
composite, and (B) non-weathered and weathered wood-polypropylene composites.

Non-weathered
Control
164
Green
164
Brown
164
Grey1
164
Grey2
165
Weathered
Control
155
Green
155
Brown
154
Grey1
155
Grey2
156

Tc,  C

Second melting

D

o
Hf

o
Hf

T m, C

D

34.0
30.6
31.4
35.6
34.3

164
162
163
162
165

38.5
32.4
38.0
38.4
40.0

120
121
125
120
125

28.3
25.4
23.1
27.0
35.9

144
145
145
144
146

24.7
25.0
22.3
26.6
35.6

115
115
117
113
119

J/g



J/g
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a higher polypropylene content and containing grey pigment and
lubricant was less affected by weathering. A decrease of the Charpy
impact strength was found for wood-polypropylene composites
which were characterized by higher water absorption after
weathering.

Crystallinity, %

100
80
60
40
20

References

0
Control Green Grey1 Brown Grey2

6

2

4
kJ/m

Charpy impact strength,

Fig. 7. Fractional crystallinity of composites: white bars correspond to the nonweathered and grey bars to the weathered composites.

2
0
Control Green Grey1 Brown Grey2

Fig. 8. Charpy impact strength of wood-polymer composites: white bars correspond to
the untreated composites and dark bars correspond to the weathered composites.

strength after weathering. For the composites made with recycled
polypropylene, no signiﬁcant change (at a ¼ 0.05) in the Charpy
impact strength was found for the grey2 composite after weathering. Lack of change in the Charpy impact strength of the control
and grey2 composites after weathering was explained by use of
lubricant for their production. Lubricant may change the surface
morphology, which would improve moisture performance, and
assist in retention of the Charpy impact strength of weathered
composites.
Earlier, Huang et al. [36] have shown that the impact toughness
of wood-polypropylene composites is very sensitive to moisture
absorption. The decrease of impact toughness has been explained
by alterations of the structure and properties of the wood ﬁbres and
deterioration of the ﬁbreematrix interface, caused by moisture
absorption [36]. In this study, the green and grey1 composites
showing a signiﬁcant decrease of impact strength were found also
to have higher moisture content after weathering. The analysis of
the SEM images of the green and grey1 composites (Fig. 4D and H,
respectively) revealed that changes of the surface morphology
(cracking of the matrix and separation of ﬁbres from the polypropylene matrix) were more obvious for these composites than for
the other studied composites.
4. Conclusions
Wood-polypropylene composites were prepared with and
without pigment, and the effects of one year of exposure to outdoor
weathering in Finnish climatic conditions on morphology, chemistry and mechanical properties were investigated. Darker
pigments (brown and grey) were able to reduce the discoloration of
wood-polypropylene composites. Even though the addition of
darker pigments masks the colour change caused by photooxidation, similar chemical changes were deduced in the lignin
and polypropylene for the composites made with and without
pigment when the wood load was constant. The depth of the
degradation layer did not exceed 0.5 mm below the surface. All the
applied analytical techniques revealed that the composite having
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Abstract Outdoor applications of composites have raised
questions about their durability. In this study, the effects of
outdoor weathering on the properties of wood-polypropylene composites with and without pigments were examined.
The composites were placed outdoors for one year, and
their colour changes were evaluated after 1, 3, 6, 9 and
12 months of weathering. The durability of the composites
was assessed by testing flexural strength and density. Scanning electron microscopy was applied to evaluate the surface degradation of the composites. The weathering resulted
in considerable colour fading of the composites. The composites containing darker colour pigments had better colour
stability. After weathering, the general trend was a decrease
of the flexural strength and density of the composites. The
decrease in flexural strength was found to be lower for the
composites having higher density.
Bewitterung von pigmenthaltigen
Holz-Polypropylen-Verbundwerkstoffen
Zusammenfassung Der Einsatz von Verbundwerkstoffen
im Außenbereich hat Fragen bezüglich ihrer Dauerhaftigkeit
aufgeworfen. In dieser Studie wurde der Einfluss einer Freibewitterung auf die Eigenschaften von Holz-PolypropylenVerbundwerkstoffen mit und ohne Pigmente untersucht. Die
Verbundwerkstoffe wurden über einen Zeitraum von einem Jahr im Freien gelagert und die Farbänderungen wurden nach 1-, 3-, 6-, 9- und 12-monatiger Bewitterung gemessen. Anhand von Biegefestigkeits- und Dichteprüfungen
wurde die Dauerhaftigkeit der Verbundwerkstoffe bestimmt.
S. Butylina () · M. Hyvärinen · T. Kärki
Department of Mechanical Engineering, Lappeenranta University
of Technology, P.O. Box 20, Lappeenranta 53851, Finland
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Die Veränderung der Oberflächen wurde mittels RasterElektronenmikroskopie beurteilt. Die Bewitterung führte
zu starkem Ausbleichen der Farbe. Verbundwerkstoffe mit
dunkleren Farbpigmenten zeigten eine bessere Farbbeständigkeit. Nach der Bewitterung wurde generell eine Abnahme der Biegefestigkeit und der Dichte der Verbundwerkstoffe festgestellt. Bei Verbundwerkstoffen mit höherer Dichte
nahm die Biegefestigkeit weniger stark ab.

1 Introduction
Composites made from a blend of thermoplastic and natural
fibres have become subject of much research and attractive
to manufacturers because of their many advantages. These
advantages include: improved environmental performance,
mainly due to the use of biodegradable materials and a reduction in the use of non-renewable (oil-based) resources
throughout the whole life-cycle of the composite; the low
cost of wood flour and natural-organic fillers in general; the
lower density of these fillers, in comparison to traditional
fillers such as glass fibres; improvements in the safety of
production employees (reduced hazard in the case of accidental inhalation); the special aesthetic properties of the
composites, which can be easily processed and refined, obtaining wood-like looking products; and the full recyclability of the composites (La Mantia and Morreale 2008). There
are many potential indoor and outdoor applications where
composites can be used. For example, wood-polymer composites (WPC), mostly manufactured through extrusion and
injection moulding processes, can be used in the automotive (dashboards or screen-doors of vehicles) and construction industries (interior floor coverings, profiled parts for
doors and windows, ornamental panels, external shutters,

720

pavements, garage or entrance doors, etc.) (Ndiaye et al.
2008).
The performance of composites in exterior environments
has raised questions about their durability, especially resistance to weathering, biodeterioration and biodegradation. Weathering is a physico-chemical process that causes
slow deterioration of the surface of materials. The primary contributing factors to weathering include solar radiation, moisture, temperature, biological agents, chemicals,
and abrasive-laden wind (Williams 2005). The two major
components of wood-plastic composites, wood and synthetic polymer, are both susceptible to weathering. The factor which exerts the greatest effect on weathering is the UV
portion (295–400 nm) of solar radiation, which primarily affects lignin. Changes observed in the colour of wood during
weathering have been attributed to photochemical reactions
initiated by free radicals (Ayadi et al. 2003). Polypropylene,
like wood, also undergoes weathering. Like wood, the UV
portion of solar radiation has the greatest effect on the chemistry of polypropylene.
The presence of chromophores in polymer and wood usually enhances the absorption of ultraviolet light, which later
causes photo-degradation of WPC. The presence of moisture
greatly contributes to the lightening of WPC during weathering (Stark and Matuana 2007). Water accelerates oxidation
reactions and causes the wood fibre to swell, creating more
openings for light penetration. Additionally, water can remove some water-soluble extractives that impart colour to
wood particles (Stark and Matuana 2007).
For wood, the initial obvious effects of weathering are
loss of aesthetic values, such as general appearance including colour, surface checks, cracks and/or splits. The exposure of WPC to the natural environment changes both its
appearance and mechanical properties (Fabiyi et al. 2008).
Pigments, ultraviolet absorbers (UVA) and light stabilizers
can alter the colour-changing characteristics of WPCs (Stark
and Mueller 2008). Stark and Matuana (2006) have shown
that pigment is more effective in preventing lightening than
UVA. However, not all pigments can have a positive effect on weathering, e.g., red and black pigments have been
shown to mitigate the increase in lightness of both polyethylene and polypropylene-based wood-plastic composites after accelerated weathering (Falk et al. 2000). Metal-based
additives (such as metal oxide pigment) may introduce chromophores into WPC (Jabarin and Lofgren 1994).
In this work, wood-polypropylene composites extruded
with and without pigments were exposed to outdoor weathering for one year. The effects of the exposure to natural
weathering conditions, which include solar radiation, moisture, and variation of temperature, were studied by analysing
different properties, such as appearance, colour change, surface morphology, and flexural strength.
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Table 1 Composition of wood-polypropylene composites
Tab. 1 Zusammensetzung der Holz-Polypropylen-Verbundwerkstoffe
Composite

Wood PP content MAPP Colorant Lubricant

No pigment 1

75

22

3

–

No pigment 2

70

25

3

–

2

Green pigment

70

26

3

1

–

Grey pigment

70

26

3

1

–

Grey pigment (R)

70

26a

3

1

–

Brown pigment (R) 70

26a

3

1

–

a

–

Recycled polypropylene was used in this formulation

2 Materials and methods
2.1 Materials
The compositions of the tested wood-polypropylene composites are shown in Table 1. Three commercial pigment
concentrates were tested in the study: green, brown and grey.
The selection of pigments was based on colour characteristics and the ability to be used in wood-polymer composites. The green and brown pigment concentrates were purchased from Holland Colours NV (The Netherlands), and
the grey pigment concentrate was purchased from Clariant
(Finland) Oy (Vantaa, Finland). The softwood pellets used
in the experiments were purchased from VAPO (Jyväskylä,
Finland). According to the technical data sheet provided by
VAPO, the size of the pellets was 6–8 mm in diameter, with
10–30 mm average length. A neat polypropylene homopolymer, Eltex HY001P, supplied by INEOS Olefins&Polymers
Europe (Brussels, Belgium), was used in the preparation of
the composites. Also, a recycled polypropylene homopolymer, supplied by the Finnish recycling plant Ekiplast Oy
(Hauho, Finland) was tested as a substitution for a neat homopolymer to compound the two types of coloured composites. The neat polypropylene homopolymer had a density
of 0.91 g cm−3 and melt mass-flow rate of 45 g 10 min−1
(230 °C 2.16 kg−1 ), and the recycled polypropylene homopolymer had a melt mass-flow rate of 3 g 10 min−1
(190 °C 2.16 kg−1 ). The coupling agent was maleated
polypropylene, OREVAC® CA 100 (Atofina, France). The
Orevac CA 100 polymer has low functionality (1 %) and a
high molar mass (25 kg mol−1 ). Sain et al. (2005) present
that the optimum concentration of the coupling agent is
around 3–4 % by weight of the composite, thus 3 % MAPP
was added in each case. Structol® TPW 113 (Ohio, USA),
which is a blend of complex, modified fatty acid esters, was
used as a lubricant.
2.2 Processing
The pellets, polypropylene powder and additives were compounded using a Weber CE 7.2 conical twin-screw extruder
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Table 2 Average weather
conditions in Ruokolahti for the
duration of exposure
Tab. 2 Durchschnittliche
Witterungsbedingungen in
Ruokolahti während der
Bewitterungsversuche

a

data provided for the period
from 25th to 31st of August
2009
b

data provided for the period
from 1st to 25th of August 2010

Month
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Monthly means for day
integrals of global
solar radiation
[kJ m−2 day−1 ]

Average
temperature
[°C]

Monthly mean of
relative humidity
[%]

Monthly total
amount of rainfall
[mm]

Augusta

10314

14.6

85.7

18.8

September

7685

11.1

86.5

44.8

October

3063

1.4

93.7

78.0

November

601

0.3

97.0

65.6

December

205

−9.3

93.6

n/a

January

410

−16.3

89.8

n/a

February

2116

−11.3

90.4

n/a

March

5863

−4.8

86.9

38.8

April

12340

3.9

76.8

23.4

May

15458

11.3

76.5

52.0

June

16756

14.0

74.5

66.4

July

19555

22.0

71.7

69.8

Augustb

15247

17.2

76.0

17.2

2.4 Physical tests

Fig. 1 Hollow profile of extruded wood-polypropylene composites
Abb. 1 Hohlprofil extrudierter Holz-Polypropylen-Verbundwerkstoffe

(Hans Weber Maschinenfabrik GmbH, Kronach, Germany).
The gravimetric feeding system included the main feeder
connected to side feeders for each individual component.
All components were fed into the extruder through the main
feeder.
The screw had the L/D ratio of 17, and the screw speed
was 12 rpm. The barrel temperatures of the extruder were
170–180 °C. The melt temperature at the die was 170 °C.
The pressure at the die varied between 7 and 10 MPa, depending on the material blend, and the material output was
25 kg h−1 . The hollow profiles were extruded through a rectangular die (Fig. 1).
2.3 Weathering
The composites were placed on adjacent racks with a tilt
angle of 45° facing the equator (EN ISO 877:1996). These
racks were placed in an open space near the Ruokolahti Unit
Building of Lappeenranta University of Technology. The
samples of wood-plastic composites were weathered from
25th August 2009 to 25th August 2010 for a total of 1 year
(8760 hours) of exposure. The typical weather conditions in
Ruokolahti for the duration of the exposure are presented
in Table 2. The samples were removed for colour measurements after 1, 3, 6, 9 and 12 months.

For the physical and flexural strength measurements, 15
replicates were tested for each wood-polypropylene composite. The moisture content was determined according to
ISO 16979. Samples with the dimensions 50 × 50 × 5 mm
were cut from the extruded panels. The mass of the WPC
was measured before and after drying in an oven at the temperature 103 ± 2 °C for 24 hours.
2.5 Mechanical test
For the bending test, rectangular test pieces with the following dimensions: width 50 ± 1 mm, thickness 20 ± 1 mm and
length of 450 ± 1 mm, were cut from the extruded panels.
The flexural strength of the wood–polypropylene composites was measured with a standard material testing machine
(Alfred J. Amsler & Co) equipped with a Hydac HMG 2020
data recorder, in accordance with the EN 310 standard.
2.6 Colour measurements
The surface colour of the treated and untreated composites
was measured with a Minolta CM-2500d spectrophotometer
(Konika Minolta Sensing Inc., Japan). The CIELAB colour
system was used to measure the surface colour in L∗ , a ∗ ,
b∗ coordinates. L∗ represents the lightness coordinate and
varies from 100 (white) to 0 (grey); a ∗ represents the red
(+a ∗ ) to green (−a ∗ ) coordinate; and b∗ represents the yellow (+b∗ ) to blue (−b∗ ) coordinate. The colour difference
was calculated as outlined in ISO 7724 according to the following equation:

E ∗ = (L∗ )2 + (a ∗ )2 + (b∗ )2
(1)
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where L∗ , a ∗ , and b∗ represent the differences between the initial and final values of L∗ , a ∗ , and b∗ , respectively. The surface colour for six replicates was measured at
ten locations on each composite sample.
2.7 Scanning electron microscopy
Scanning electron microscopy (SEM) was performed with a
Jeol JSM-5800 LV scanning microscope operating at 10 kV.
Prior to the analysis, the fracture surfaces were covered with
a layer of gold using a sputter coater.
Elemental analysis of the concentrated pigments was
performed with scanning electron microscopy coupled to
an energy-dispersive X-ray spectrometer (EDS). The SEMEDS results indicated the presence of Zn and Fe as major
inorganic components of the brown pigment and presence
of Co and Cr as major inorganic components of the green
pigment. The analysis of the grey pigment revealed that Ti
was its major inorganic component. The presence of carbon
and oxygen signals in the spectra of the different pigments
can be explained by the carrier material: wax in the case of
brown and green, and polymeric in the case of grey pigment.
2.8 Statistical analysis
To determine the effect of outdoor weathering on the colour
characteristics and flexural strength of the composites having different composition, a two-sample t-test was carried
out with an α significance value of 0.05, comparing the
weathered and non-weathered data. The comparison between changes in the properties of different types of composites after 1 year of weathering was performed using a
multi-sample comparison test with an α significance value
of 0.05. All statistical analyses were performed using Statgraphics Plus software (v.4).

3 Results and discussion
The outdoor environment is considered in terms of sunshine,
temperature, rainfall and wind. Table 2 shows the changes of
temperature, average amount of solar radiation, relative humidity and rainfall during one year in Ruokolahti, Finland.
The visual inspection of the composite panels showed that
the colour of all samples had faded after the exposure. The
colour fading was estimated quantitatively using the spectrophotometric method. Figure 2 shows the lightness of the
WPCs as a function of the exposure time.
The composites extruded without pigment had a light
yellow colour, and their lightness was higher compared to
the composites containing pigments. The composites made
with grey pigment had the lowest lightness. For all composites, a steep increase in lightness was observed at the beginning of the exposure period, during the first month (from

Fig. 2 Lightness (L∗ ) as a function of outdoor exposure of
wood-polypropylene composites
Abb. 2 Helligkeit (L∗ ) von Holz-Polypropylen-Verbundwerkstoffen
in Abhängigkeit der Dauer der Freibewitterung

25th August to 25th September). After one month, the highest lightness of 80 was measured for wood-polypropylene
composites made without pigment, and at the same time the
lightness of the composites made with green and brown pigment reached the level of 60. The lightness of the composites
made with grey pigment was around 50 after one month of
exposure.
Figure 3(a)–(d) presents the values of change for all three
colour parameters (L∗ , a ∗ and b∗ ), as well as the total
change of colour E ∗ . The analysis of all these curves revealed that colour change was associated with different parameters for the different wood-polypropylene composites.
In the case of wood-polypropylene composites made without pigment, the colour change (E ∗ ) curve followed the
same trend as that of the change of yellowing (−b∗ ); the
yellowness decreased with the exposure time. The higher
the wood content, the more significant changes in yellowing and consequently changes in total colour were found.
For example, the change in yellowing (−b∗ ) after 1 year
of weathering was 33.90 for the composites made with 75 %
against 28.44 for the composites made with 70 % of wood
content, and changes in the total colour for these composites
were determined as 34.97 and 29.96 %, respectively (these
differences were statistically significant at P -value less than
0.05).
Moreover, two distinguished periods of lightness decrease were found for the composites made without pigment: one between the first (September) and third (November) months of exposure, and another between the ninth
(May) and twelfth (August) months. These decreases in
lightness were associated with the appearance of greyish
colour, which could be a result of dusty deposits from pollutants in the atmosphere.
The changes of colour for the composites containing grey
pigment were solely associated with the change of lightness;
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Fig. 3 Changes of three colour
parameters: (a) L∗ , (b) a ∗ ,
(c) b∗ , and (d) colour change
(E ∗ ) of wood-polypropylene
composites exposed to outdoor
weathering for one year.
Symbols for different curves are
shown in (a)
Abb. 3 Änderung der drei
Farbparameter (a) L∗ , (b) a ∗ ,
(c) b∗ und (d) der
Farbveränderung E ∗ von
Holz-Polypropylen-Verbundwerkstoffen nach einjähriger
Freibewitterung. Symbole der
verschiedenen Kurven sind
in (a) erklärt

after the initial increase taking place during 1 month of exposure, both parameters (L∗ and E ∗ ) remained constant.
The composites containing green or brown pigment seemed
to be a transitional case between the composite made without pigment and the composite containing grey pigment. Although the change of lightness was an important parameter
influencing the total colour change, the changes of colour
parameters b∗ and a ∗ also had a significant effect on the total colour change of the composites containing green and
brown pigment.
A general conclusion that can be drawn after the analysis of colour change is that the composites made with
darker pigments (brown and grey) showed lower total colour
change compared to the composites made either with lighter
pigment (green) or without any pigment. The results of
this study are in agreement with the findings by Kiguchi
et al. (2007), who have studied wood flour polypropylene
composites coloured with yellow, black, brown and natural
colour.
According to previous studies (Rowell et al. 2000; Li
2000; Seldén et al. 2004), colour change is accompanied by
surface cracking. A study of surface morphology by SEM

was conducted for non-weathered composites and composites weathered for 1 year. Micrographs of the surfaces of
the composite containing green pigment, non-weathered and
weathered for 1 year, are shown in Fig. 4(a) and (b), respectively. The other composites had surface morphology similar to the presented sample, except for the composite having
75 % wood loading and made without lubricant. As shown
in Fig. 4(a), all wood fibres are covered with a polypropylene layer, but some imperfections in the polymer surface
layer, e.g. tiny cracks in the polymer matrix can be seen.
According to Klyosov (2007), a complete encapsulation of
wood fibres with polymer is impossible when the content of
wood fibres in the wood-polymer composite exceeds 40 %.
Unsurprisingly, the non-weathered “no pigment1” composite having 75 % wood content and prepared without a processing aid (lubricant) was characterised by a more irregular
polymer surface layer and increased amount of voids, where
the polypropylene failed to encapsulate the wood particles,
compared to the “no pigment2” composite.
After weathering for one year in outdoor conditions, the
surface morphology of the composites had changed drastically. The surface layer has disintegrated: numerous cracks
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Table 3 Comparison of density of non-weathered and weathered
wood-PP composites
Tab. 3 Vergleich der Dichte von unbewitterten und bewitterten
Holz-PP-Verbundwerkstoffen
Composite

Before weathering
density
[g/cm3 ]

After one year of
outdoor exposure density
[g/cm3 ]

No pigment 1

1.11 ± 0.02

1.00 ± 0.01S

No pigment 2

1.15 ± 0.04

1.06 ± 0.02S

Green pigment

1.10 ± 0.02

1.01 ± 0.02S

Grey pigment

1.11 ± 0.03

1.01 ± 0.02S

Grey pigment (R)

1.15 ± 0.03

1.07 ± 0.01S

Brown pigment (R)

1.15 ± 0.02

1.09 ± 0.01S

S means that the difference between non-weathered and weathered
composites is statistically significant at P -value less than 0.05

Fig. 4 SEM image of the surface layer of wood-PP composites:
(a) green non-weathered, and (b) green weathered; magnification
×170
Abb. 4 REM-Aufnahme der Oberfläche eines Holz-PP-Verbundwerkstoffes: (a) grün, unbewittert, (b) grün, bewittert; 170fache Vergrößerung

in the matrix can be seen (Fig. 4(b)). Wood particles are separated from a part of the matrix. Both polypropylene photodegradation and wood particle swelling can cause cracks on
the surface of composites. The separation of wood particles from the matrix was likely a result of the wood particles swelling and shrinking after absorbing and desorbing
moisture (Stark and Matuana 2007). A previous study on
cyclic water immersion-freeze-thaw treatment of composites also confirmed the development of matrix cracking and
voids at the wood-polypropylene interface, which were attributed to the absorption-desorption of water during treatment (Butylina et al. 2011).
The depth of surface layer degradation was estimated to
be 0.5 mm, because after removal of 0.5 mm of the top layer
by planing (or sanding), the surface morphology was not different from the similarly treated non-weathered composite.
According to previous studies, the depth of degradation of

wood-polymer composites was approximately 0.5 mm after
accelerated UV weathering (Rowell et al. 2000) and about
1 mm below the surface after outdoor weathering (Li 2000).
The density of the composite measured before and after
weathering is shown in Table 3. As can be seen in Table 3,
the statistical comparison between the types of composites
revealed two groups of composites with significantly differing densities (within groups, the difference in densities
was not statistically significant). The group including the
“no pigment2”, “grey pigment R”, and “brown pigment R”
composites had higher density. The high density of composites made with recycled polypropylene can be explained by
the presence of low molar mass admixtures in the structure
of recycled polypropylene, which are likely to form a less
porous structure of the composite matrix.
The composite “no pigment1” made with 75 % of wood
content had lower density than the composite “no pigment2”. As mentioned above, the increase of wood content in combination with lack of dispersing agent in the
formulation led to a more irregular polymer surface layer
and increased the amount of voids, where the polypropylene
failed to encapsulate the wood particles, and consequently
decreased the density of the composite. The similarity in the
densities of “no pigment1” and “green” and “grey” composites can be a sign of similarity in the reason why the density
is lower than the density of the “no pigment2” composite.
A deficiency of lubrication (although the green pigment had
carrier wax) was likely to be an explanation for the low density of these composites.
After exposure, the density of each composite decreased.
This is consistent with the surface degradation (surface
cracks and voids) obtained by SEM (Fig. 4b). It is likely
that as the surface cracked, voids appeared at the surface and
the wood-polypropylene interface and the overall density of
each type of composite decreased.
The moisture content for the non-weathered composites
and that of the composites after one year of outdoor weath-
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Fig. 5 Moisture content of wood-polypropylene composites: white
bars correspond to the non-weathered samples, and grey bars correspond to the weathered composites
Abb. 5 Feuchtegehalt der Holz-PP-Verbundwerkstoffe. Weiße Balken:
unbewitterte Prüfkörper, graue Balken: bewitterte Prüfkörper

ering are shown in Fig. 5. The moisture absorption of woodpolymer composites depends on the presence and amount of
cavities/water pathways in their structure; thus it also related
to the density of the composite. As expected, the composites
with high density had low moisture content, and the composites with low density had high moisture content (Fig. 5). For
each composite, the moisture content after weathering was
approximately 3 times higher than its initial moisture content. The absorption of moisture can soften the composite
and swell the wood fibre cell wall, which can cause cracks.
Moisture absorption is believed to be the main reason for
the loss of the mechanical properties of composites upon
weathering. Earlier studies (Stark 2006; Stark and Matuana 2004) have shown that composites exposed to radiation
only did not experience as much change in mechanical properties as those exposed to radiation with water spray. On
the other hand, a preliminary study by the authors showed
that wood-polypropylene composites exposed to accelerated
weathering procedure consisting of water immersion-freezethaw cycling lost about 14–26 % of their flexural strength
(Butylina et al. 2010).
Figure 6 shows the flexural strength of the non-weathered
composites and those which were weathered outdoors for
one year. The mean value of flexural strength determined
for the composites with 70 % load of wood fibres made
from neat polypropylene was 25 MPa. The mean value
flexural strength for the composites made from recycled
polypropylene, and the composite having 75 % wood load
was 23 MPa. A slight decrease in the flexural strength for
the composites containing recycled polypropylene as compared to those made with virgin polymer were reported by
the authors previously (Butylina et al. 2010). The increased
amount of voids (low density) and increased amount of
wood aggregates due to the lack of a dispersing agent (lubricant), coupled with the increase of wood load can explain
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Fig. 6 Flexural strength of wood-polymer composites: white bars correspond to the non-weathered composites; grey bars correspond to the
weathered composites
Abb. 6 Biegefestigkeit der Holz-PP-Verbundwerkstoffe. Weiße Balken: unbewitterte Prüfkörper, dunkle Balken: bewitterte Prüfkörper

the decrease of flexural strength of the “no pigment1” composite in comparison with the “no pigment2” composite.
Weathering was found to decrease the flexural strength
of all composites significantly. Among the composites made
without pigment, the composite with higher wood loading
showed higher loss of flexural strength after weathering than
the composites having a lower wood content; 37.3 % against
26.0 %. An adverse effect of wood increase on the retention
of mechanical properties of PP-based WPC after weathering has been reported previously (Stark 2001; Seldén et al.
2004; Pilarski and Matuana 2005). The differences between
the decrease of flexural strength after weathering for the
“green” of 40.0 % and “grey” of 38.1 % composites in comparison with the “no pigment2” composite were statistically
significant. No statistically significant difference was found
between the composites containing different pigments made
with a similar type of polypropylene.
A better performance for the retention of flexural strength
after weathering was found for the composites nominated as
“no pigment2” and “brown R” and “grey R”, which correlates well with the high density and low moisture content of
these composites.

4 Conclusion
The effect of natural weathering on the structure and properties of wood-polypropylene composites made with and
without pigment were studied. The main conclusions can be
summarized as follows:
1. For wood-polypropylene composites made without pigment, the increase in wood loading from 70 to 75 %
resulted in higher loss of flexural strength and total
colour change (E ∗ ) of composites after weathering.
The higher wood content in combination with a lack of
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lubricant resulted in a composite with a higher amount of
voids on the surface and at the interface of the composite. These defects of structure provided readily accessible pathways for moisture penetration into the composite, contributing to the degradation of its properties.
2. Wood-polypropylene composites containing darker pigments (brown or grey) exhibited considerably less total
colour change during weathering compared to composites made without pigments or the composite containing
green pigment. However, independent of type of pigment
and/or type of polypropylene used to make the composites, degradation of the polymeric matrix and separation
of wood fibres from the polymeric matrix were revealed
by SEM in their surface layer after 1 year of weathering.
3. After 1 year of outdoor exposure, the moisture content
of all the studied composites was found to increase approximately 3 times compared to the initial value. Moisture causes swelling of wood cell walls, which leads
to formation of micro-cracks in the matrix and degradation of the wood-polypropylene interface. The observed loss of density and flexural strength of the woodpolypropylene composites after weathering were caused
mainly by moisture absorption.
4. The composites made from recycled polypropylene were
characterised by improved colour stability and retention
of flexural strength after weathering compared to the
other studied composites. The high density (low porosity) of the composites made from recycled polypropylene
seemed to be the main reason why this type of composite was less prone to the destructive effect of moisture
absorption.
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a b s t r a c t
Accelerated weathering tests were carried out on wood–polypropylene composites containing minerals.
Three different mineral ﬁllers were studied: calcium carbonate, wollastonite and talc. Colour changes
were evaluated after distinct periods; the total time of exposure of the composites to UV irradiation
was 2000 h. The weathering resulted in signiﬁcant colour fading of the composites. The composites containing mineral ﬁllers had higher changes of colour (lightness) than the reference composite. Scanning
electron microscopy analysis revealed deterioration of the polymer surface layer in all weathered composites. Exposure of the reference composite to UV irradiation resulted in the disappearance of the polypropylene surface layer and disclosure of wood ﬁbres, which led to a higher drop in the lignin content of
this composite compared to mineral-containing composites. A substitution of part of the wood with mineral ﬁllers resulted in decreased water absorption and thickness swelling of mineral-containing composites, compared to the reference composite. Exposure to water immersion-freeze–thaw cyclic treatment
and UV irradiation led to a decrease in the Charpy impact strength of the composites, except for the composite containing talc.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Composites made from a blend of thermoplastic and natural ﬁbres have been a subject of much research and are attractive to
manufacturers because of their many advantages. These advantages include improved environmental performance, mainly due to
the use of biodegradable materials and a reduction in the use of
non-renewable (oil-based) resources throughout the whole life-cycle of the composite; the low cost of wood ﬂour and natural-organic ﬁllers in general; the lower density of these ﬁllers, in comparison
to traditional ﬁllers such as glass ﬁbres; improvements in the
safety of production employees (reduced hazard in the case of
accidental inhalation); the special aesthetic properties of the
composites, which can be easily processed and reﬁned, obtaining
wood-like looking products; and the full recyclability of the
composites [1].
However, weathering properties are the weak point of these
materials, which hinders their outdoor applicability. There are
two main elements which may affect the performance of
wood–polypropylene composites signiﬁcantly: water and ultraviolet radiation. In wood–polymer composites, the hydroxyl groups of
cellulose are primarily responsible for water absorption. In the case
of total encapsulation, the hydrophobic polymer would protect the
wood from moisture. However, at wood loadings 40% or higher, the
encapsulation of wood ﬁbres in the composites is incomplete [2,3].
⇑ Corresponding author. Tel.: +358 5 400792692.
E-mail address: butylina@lut.ﬁ (S. Butylina).
1359-835X/$ - see front matter Ó 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.compositesa.2012.07.003

The wood particles at the surface absorb water and swell. It has
been found that the water absorption by wood–polymer composites may inﬂuence their mechanical properties, dimensional stability and freeze–thaw resistance, and intensify the microbiological
activity (including decay) [4,5]. Water also can act as a catalyst
of an oxidative degradation of composite materials, causing fading
on the surface [2].
Hybrid ﬁllers combining two or more different types of ﬁllers
for polymer composites are sometimes very useful, because they
possess different properties that cannot be obtained with a single
type of reinforcement [6]. Functional ﬁllers and reinforcements
have been used in commodity plastics, especially polypropylene,
for improving their mechanical strength, heat resistance, dimensional stability, low ﬂammability and good electrical properties
to make them competitive with engineering thermoplastics. In this
regard, various mineral ﬁllers, such as calcium carbonate, silica,
talc, mica and wollastonite, have been incorporated in polypropylene [7]. Our previous experiments showed that mineral ﬁllers reduce the water absorption of wood–polypropylene composites
effectively [8]. Thus the addition of mineral ﬁllers could be especially beneﬁcial for wood–polymer composites aimed to be used
outdoors.
Although the effect of weathering on polypropylene ﬁlled with
a single ﬁller is extensively covered in the literature [1,9–12],
similar publications concerning hybrid composites are limited.
The aim of this study was to ﬁnd out the inﬂuence of the mineral
ﬁllers wollastonite, talc and calcium carbonate on the properties
of wood–polypropylene composites exposed to accelerated
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weathering. The changes of the properties of wood–polypropylene
composites were detected using Fourier-transform infrared (FT-IR)
spectroscopy, scanning electron microscopy, colourimetry, and
measuring the Charpy impact strength.

2. Materials and methods
2.1. Materials
The wood ﬁbre used was spruce (Picea abies) saw chips with
the speciﬁc gravity of 1.58 g/cm3. The wood sawdust was converted into chips with a hammer mill combined with a chipper
hammer mill apparatus. The equipment consists of four chipper
blades and a hammer mill on the same axis. The chipper-blade
protrusion was set to two millimeters. The particle size distribution and a micrograph of the spruce particles are shown in Fig. 1a
and b, respectively. The wood material was used without predrying.
Three different inorganic ﬁllers were obtained: calcium carbonate (from Nordkalk Inc.), wollastonite (from Nordkalk Inc.), and talc
(from Mondo minerals). The particle size of the mineral ﬁllers was
analysed with an LS 13 320 Laser Diffraction Particle Size Analyzer
with the Tornado (Dry Powder Module) System. The physical and
mechanical properties of the inorganic ﬁllers are presented in
Table 1.
The thermoplastic matrix in the composite was commercially available polypropylene supplied by Ineos Polyoleﬁns (Eltex P HY001P). The melt ﬂow index of the PP was 45 g/10 min
(230 °C), the melting point was 161 °C, and the density 0.91 g/cm3.
The coupling agent was maleated polypropylene, OREVACÒ CA
100 (Atoﬁna, France). The Orevac CA 100 polymer has low
functionality (1%) and a high molar mass (25 kg mol1). Sain
et al. [13] present that an optimum concentration of the coupling agent is around 3–4% of the weight of the composite,
and thus 3% MAPP was added in each case. Struktol TPW
113 was used as the lubricating agent. The compositions of
the tested wood–polypropylene composites are shown in
Table 2.

2.3. Accelerated weathering
The resistance of the composite specimens to photo-degradation was tested in the Original Hanau ‘‘Suntest’’ apparatus using
a xenon-arc lamp (NXe 1500B, Atlas Material Testing Technology).
Irradiance control was made with a UV light metre UV-340A (LT,
Lutron). A new lamp was placed in the beginning of the experiment
and changed after 1500 h according to the instruction given by the
manufacturer. The irradiance of 85 W/m2 (in the broad band 280–
390 nm) was measured for the new lamp, and the irradiance of
72 W/m2 (in the broad band 280–390 nm) was measured for the
lamp used for 1500 h.
The specimens were measured for colour characteristics after 0,
24, 50, 75, 100, 200, 500, 750, 1000, 1500 and 2000 h of exposure.
The Charpy impact strength of the non-weathered composites and
composites after 2000 h of weathering was determined according
to ISO 179-1/1f U.
In Finland, where for climatic reasons moist and freeze–thaw
actions are common, water immersion-freeze–thaw durability
may be of importance in determining the service life of WPCs.
The resistance of the composites to moisture and freeze–thaw actions was tested under cyclic conditions speciﬁed by standard EN
321. The test pieces were exposed to three cycles, each comprising
immersion in water at 23 °C for (70 ± 1) h, freezing at the temperature of 20 °C for 24 h, and drying at the temperature of 70 °C for
(70 ± 1) h. The Charpy impact strength of the test samples was
determined according to ISO 179-1/1f U.
The water absorption was determined as:

WA ¼




mt  m0
 100
mo

ð1Þ

where mt is the mass of the sample after treatment, g; and mo is the
mass of the sample before treatment, g.
The swelling in the thickness of the test samples was determined as:

TS ¼



Tt  To
 100
To

ð2Þ

where Tt is the thickness of the sample after treatment, m; and To is
the thickness of the sample before treatment, m.

2.2. WPC manufacturing
2.4. Colour measurements
Hollow-shape decking boards were compounded in a conical
counter-rotating twin-screw extruder Weber CE7.2. A cross section
of the decking board is shown in Fig. 2. The temperature of the
mixing zone in the barrel was maintained at 190 °C, and the die
temperature was maintained at approximately 180 °C. The screw
speed was maintained at 13 rpm. The material output was adjusted to 25 kg/h.

The surface colour of the treated and untreated composites was
measured with a Minolta CM-2500d spectrophotometer (Konika
Minolta Sensing Inc., Japan). The CIELAB colour system was used
to measure the surface colour in L, a, b coordinates. L represents
the lightness coordinate and varies from 100 (white) to 0 (grey);
a represents the red (+a) to green (a) coordinate; and b represents

Fig. 1. Particle size distribution of the wood material (a) and a micrograph of wood particles at magniﬁcation 12.6 (b).
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Table 1
Physical properties of the mineral ﬁllers.
Mineral

Bulk density
(g/cm3)

Density
(g/cm3)

Moh’s hardness

Particle size
d50% (lm)

Particle size
d90% (lm)

CaCO3
Wollastonite
Talc

0.52
0.29
0.75

2.70
2.94
2.75

3.0
4.5
1.0

1.4
9.8
14.5

7.0
36.6
37.4

Table 2
Composition of wood–polypropylene composites (wt.%).
Composite

WF–PP
WF–CC–PP
WF–W–PP
WF–T–PP

Wood

64
44
44
44

PP

30
30
30
30

Mineral
Type

Content

–
Calcium carbonate
Wollastonite
Talc

–
20
20
20

MAPP

Lubricant

3
3
3
3

3
3
3
3

change during photo-degradation. The carbonyl index was calculated using the following equation:

Carbonyl index ¼ Ið1740Þ =Ið2920Þ

Fig. 2. Hollow proﬁle of extruded wood–polypropylene composites.

the yellow (+b) to blue (b) coordinate. The colour difference was
calculated as outlined in ISO 7724 according to the following
equation:

DE ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðDLÞ2 þ ðDaÞ2 þ ðDbÞ2

ð3Þ

where DL, Da, and Db represent the differences between the initial
and ﬁnal values of L, a, and b, respectively. The surface colour for
ﬁve replicates was measured at ﬁve locations on each composite
sample.
2.5. Scanning electron microscopy
Scanning electron microscopy (SEM) was performed with a Jeol
JSM-5800 LV scanning microscope operating at 10 kV. Prior to the
analysis, the fracture surfaces were covered with a layer of gold
using a sputter coater. Elemental analysis of mineral-containing
composites was performed with scanning electron microscopy
coupled to an energy dispersive X-ray spectrometer (EDS).

ð4Þ

where I denotes the intensity. The peak intensity in the carbonyl region normalised using the intensity of peak at 2920 cm1, which
corresponds to asymmetric stretching vibrations of methylene
groups.
The lignin index was calculated using the following equation:

Lignin index ¼ Ið1508Þ =Ið2920Þ

ð5Þ

where I denotes the intensity. The peak intensity of aromatic skeletal vibration originating from lignin (1508 cm1) [17] normalised
using the intensity of peak at 2920 cm1, which corresponds to
asymmetric stretching vibrations of methylene groups.
2.7. Mechanical test
The Charpy impact strength for unnotched samples tested in a
ﬂatwise position was determined with a Zwick 5102 Model impact
tester in accordance with the method ISO 179-1/1f U. The method
is based on the recommendation given by TS 15534-1 Wood–
plastic composites (WPCs) – Part 1: Test methods for characterisation of WPC materials and products. 20 test samples with the
dimensions L  W  H: 80 mm  10 mm  4 mm were tested.
Before the test, the specimens were conditioned at 23 ± 1 °C and
50% relative humidity for at least 24 h.
2.8. Statistical analysis

2.6. FT-IR spectra measurements
Fourier-transform infrared (FT-IR) spectroscopy measurements
were made on a Perkin–Elmer System 2000 FT-IR spectrophotometer. Finely divided 10 mg samples of the material surface were
ground and dispersed in a matrix of KBr (Aldrich, FT-IR grade), followed by compression to form pellets. The FT-IR spectra were obtained in the range 4000–400 cm1 using 100 scans and 4 cm1
resolution. Baseline correction was done for all the obtained spectra using Spectrum software (v.5.0.1). A typical approach consists
of the monitoring of one or more bands of interest in relation to
a band which does not change during the irradiation process. Usually, the CAH band (around 2900 cm1) is taken as reference [14].
The peak at 2920 cm1, which corresponds to the asymmetric
stretching vibrations of methylene (ACH2A) groups of polypropylene [15,16], was used as a reference, because it showed least

To determine the effect of accelerated weathering on the colour
characteristics and the Charpy impact strength of the composites, a
two-sample t-test was carried out with the a signiﬁcance value of
0.05, comparing the weathered and non-weathered data. The comparison between changes in the properties of different types of
composites after weathering was performed using a multi-sample
comparison test with the a signiﬁcance value of 0.05. All statistical
analyses were performed using Statgraphics Plus software (v.4).
3. Results and discussion
3.1. Colour change
As can be seen in Fig. 3, the patterns of lightness change (DL)
were very different for the reference (WF–PP) composite and the
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Fig. 3. Lightness (DL), the red/green (Da) component, yellow/blue (Db) component and change of colour as a function of exposure time for wood–polypropylene composites
with and without added minerals.

composites containing minerals. Two distinguished periods of decrease of lightness accompanied by an increase of yellowness were
found for the reference composite. The ﬁrst one of these periods
was at the beginning of weathering between 0–50 h of exposure,
followed by an increase of lightness up to 250 h, and the second
period of increase of yellowing (decrease of lightness) started
and lasted up to 1000 h.
The lightness of the wood–polypropylene composites containing minerals increased up to 300 h and then stayed stable. The
wood–polypropylene composites containing minerals experienced
a steep decrease of yellowing (Db) up to 300 h of exposure. After
this initial period, the rate of decrease of yellowing slowed down
signiﬁcantly for the composites containing calcium carbonate
and wollastonite; for the composite containing talc, Db reached
its minimal value at 300 h, and after that it stayed constant. The
decrease of yellowness (Db) with exposure time may be attributed
to the reduction of paraquinones (chromophoric structures) to
hydroquinones, resulting in photo-bleaching [18]. For all composites, the green/red component (Da) changed a little with exposure
time, and thus this component had a low impact on the total colour
change.
The pale yellow colour of the non-weathered composites was
primarily reﬂective of the colour of the lignin component of wood.
In the case of the reference wood–polypropylene composite, the
curve of the total colour change (DE) appeared to be an inverted
image of the curve presenting the change of yellowness, with small
deviations associated with the changes of the two other parameters (change of lightness and shift to green colour). The correlation
coefﬁcient was determined as 0.94 (R2 = 87.5%), indicating a
strong relationship between the total colour change and the
change of yellowness of the reference composite. The total colour
change (DE) of the composites containing minerals was found to
have a relatively strong relationship with both the change of yellowness (correlation coefﬁcient equalled 0.99) and the change
of lightness (correlation coefﬁcient equalled 0.99).

Comparison of the visual appearance of the composites exposed
to xenon-arc weathering for 2000 h with the samples of nonweathered composites revealed that the reference composite
(WF–PP) yellowed, whereas a white powder-like surface layer
was developed on the composites containing mineral ﬁllers (WF–
CC–PP, WF–W–PP and WF–T–PP). The disclosure of mineral particles to the surface of the composites after weathering can among
other factors explain the appearance of the white powder-like surface layer.
3.2. Surface morphology
Figs. 4a and b – 7a and b show micrographs of non-weathered
surfaces and surfaces weathered for 2000 h of the reference
wood–polypropylene composite and composites containing minerals. For the non-weathered composites (Figs. 4a, 5a, 6a, and 7a), a
layer of polypropylene covering ﬁbres on the surface was observed.
After weathering, the layer of polypropylene on the surface of the
reference composite was found to have disappeared, leaving easily
distinguishable unprotected wood ﬁbres (Fig. 4b). It is evident that
the polypropylene layer, although fractured, still covered the wood
ﬁbres of the mineral-containing composites (Fig. 5b). The deterioration of the polypropylene layer on the surface of the mineralcontaining composites led to an exposure of the mineral particles
(Figs. 5b, 6b, and 7b). The presence of minerals was proved by
SEM-EDS and they are pointed with arrows on the presented
micrographs (Figs. 5b, 6b, and 7b).
3.3. Surface chemistry
For the reference composite, the number of bands (Table 3)
assigned with wood components and polypropylene components were determined on the entire FT-IR spectra (Fig. 8).
Calcium carbonate had very strong absorbance in the region
1600–1200 cm1, while both talc and wollastonite showed very
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Fig. 4. Surface micrographs of the WF–PP composite (a) before and (b) after 2000 h of exposure.

Fig. 5. Surface micrographs of the WF–CC–PP composite (a) before and (b) after 2000 h of exposure.

Fig. 6. Surface micrographs of the WF–W–PP composite (a) before and (b) after 2000 h of exposure.

Fig. 7. Surface micrographs of the WF–T–PP composite (a) before and (b) after 2000 h of exposure.

strong absorbance in the region 1200–800 cm1. The strong
absorption of minerals in the ﬁngerprint region (1500–
400 cm1) of spectra makes it hard to trace changes with the
wood bands located in this region.

The FT-IR spectra of the reference composite (WF–PP) at the different exposure times can be seen in Fig. 9, where most of the spectral features have undergone a change after exposure to xenon-arc
UV irradiation. Lignin decay accompanied by carbonyl formation
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Table 3
Characteristic bands detected on the infrared spectra of the reference composite in
the 4000–400 cm1 region.
Wavenumber
(cm1)
Wood
3400
2800–3000
1728
1650
1606
1506/1512
1462
1375
1268

1163
1059
897
Polypropylene
2952, 2920
and 2838
2720
1456
1376
1165
974, 841 and
808

Assignment

Reference

OAH stretch (hydrogen-bonded)
CAH stretch in methyl and methylene groups
C@O stretching of acetyl or carboxylic acid
For absorbed OAH and conjugated CAO
C@C stretching of the aromatic ring (lignin)
C@C stretching of the aromatic ring (lignin)
CH2 deformation in lignin and carbohydrates
CAH deformation in cellulose and
hemicellulose
Guaiacyl ring breathing, CAO stretch in lignin
and for CAO linkage in guaiacyl aromatic
metoxyl group
CAOAC asymmetric vibration (in cellulose)
CAO stretch in cellulose and hemicellulose
Glucose ring stretch, CAH deformation in
cellulose

[17]
[19]
[20]
[17]
[21]
[17]
[17]
[17]

CAH stretching

[11,15,16]

CH bending and CH3 stretching
CH3 asymmetric deformation
CH3 symmetric deformation
Bending vibration of tertiary carbon
CAH deformation out-of-plane

[18]
[11]
[11]
[11]
[11]

[17]

[21]
[21]
[21]

As shown in Fig. 10a, the lignin indexes for the composites WF–
PP, WF–W–PP and WF–T–PP dropped during the ﬁrst 200 h of
exposure and then showed only slight deviations from the level
reached in the ﬁrst 200 h. The drop in the lignin index of the
weathered reference composite was slightly higher than that of
the mineral-containing composites.
The carbonyl indexes of the composites were found to increase
with exposure time. Up to 500 h of weathering, the carbonyl indexes calculated for all the studied composites were similar. At
prolonged time, the carbonyl indexes of the reference composite
and composites containing wollastonite and talc showed a similar
trend. The carbonyl index of the composite containing calcium carbonate was slightly higher than that of the other composites. Benavides et al. showed in their work that the addition of 30 parts per
hundred of calcium carbonate to polypropylene accelerates carbonyl group formation [22].
3.4. Water absorption

have been reported elsewhere as evidence of photo-degradation of
wood [14,17,19,20], while in the case of wood–polypropylene
composites photo-degradation of polypropylene also contributes
to carbonyl formation [11]. Calculated values of the lignin index
and carbonyl index are shown in Fig. 10a and b. The strong absorbance of calcium carbonate hampered the determination of the lignin index for the WF–CC–PP composite.

Table 4 shows the data for water absorption and thickness
swelling assessed after water immersion while conducting the cyclic treatment of composites, which included three times repeated
water immersion, freeze and thaw steps. Generally, the water
absorption of wood–polypropylene composites is affected by the
hydrophilicity of the ﬁller and the voids between the ﬁller and
the matrix. Wood ﬁbres are hydrophilic due to the presence of free
hydroxyl groups in cellulose and hemicelluloses. The high water
absorption of the reference wood–polypropylene composite can
be explained by its greatest content of wood among the studied
composites.
The replacement of part of the wood with a mineral ﬁller in the
formulation of the wood–polypropylene composites led to a decrease of water absorption and thickness swelling. Of the minerals,
the effect of talc on the water absorption and thickness swelling of
the composites was the highest. The surface of talc is hydrophobic,
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Fig. 8. FT-IR spectra for the non-weathered wood–polypropylene composites made with and without minerals, and raw wood ﬁbres.
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Fig. 9. FT-IR spectra for the WF–PP composites obtained at different times of weathering. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 10. Lignin index (a) and carbonyl index (b) of the studied composites as functions of time of weathering. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

Table 4
Water absorption and thickness swelling of wood–polymer composites evaluated
after 72 h of water immersion on cyclic treatment.
Composite

Water absorption (%)

Thickness swelling (%)

WF–PP
WF–CC–PP
WF–W–PP
WF–T–PP

4.85 ± 0.32
3.54 ± 0.50
3.74 ± 0.22
2.94 ± 0.16

2.44 ± 0.37
2.06 ± 0.99
1.40 ± 0.61
0.85 ± 0.40

which has been explained by the high ionic character of the central
magnesium plane, the uniform polarity and symmetry of the structure, and neutrality of the layers. The hydrophobic nature of talc
makes it more compatible with hydrophobic polypropylene [23].

3.5. Charpy impact strength
Table 5 shows the effect of mineral ﬁller addition on the impact
strength of the wood–polypropylene composites. The impact
strength of the non-weathered composites containing calcium carbonate and especially talc was signiﬁcantly lower than the impact
strength of the reference composite. Previous research on the reinforcement of polyoleﬁns with calcium carbonate and talc has
shown that the addition of these ﬁllers has led to a decrease of
the impact strength of composites compared to pure polymer
[24,25]. The effects of both talc and calcium carbonate on lowering
the impact strength can be explained by a promotion of the brittle
fracture of the composite.
Statistical analysis showed that signiﬁcant changes in the Charpy impact strength after exposure to xenon-arc source had taken
place for the reference composite (WF–PP), and the composites
containing calcium carbonate (WF–CC–PP) and wollastonite
(WF–W–PP). The cyclic treatment including water immersionfreeze–thaw steps also resulted in signiﬁcant changes for almost

Table 5
Charpy impact strength of non-weathered and weathered WPCs.
Composite

WF–PP
WF–CC–PP
WF–W–PP
WF–T–PP

Initial Charpy impact
strength

Charpy impact strength after
accelerated weathering

(kJ/m2)

Xenon chamber
(kJ/m2)

Cyclic treatment
(kJ/m2)

3.12 ± 0.11
2.86 ± 0.11
2.92 ± 0.12
2.67 ± 0.12

2.56 ± 0.11
2.49 ± 0.15
2.39 ± 0.12
2.60 ± 0.13

2.59 ± 0.11
2.31 ± 0.11
2.55 ± 0.13
2.53 ± 0.11

(S)
(S)
(S)
(NS)

(S)
(S)
(S)
(NS)

S means that the difference between non-weathered and weathered composites is
statistically signiﬁcant at P-value less than 0.05; NS means that it is not signiﬁcant.

all composites, except the one that contained talc. The degradation
of the interface between the ﬁbre and polypropylene matrix may
have resulted in the lower impact strength of the composites after
accelerated weathering. The better compatibility of hydrophobic
talc with the hydrophobic polypropylene matrix was considered
to be a main protection factor. As mentioned above, the composite
containing talc was much less prone to water absorption (desorption), and as a consequence to much less swelling (shrinkage)
when exposed to cyclic treatment.

4. Conclusions
In this work, the effect of accelerated weathering of colour,
morphology, chemistry and mechanical properties of wood–polypropylene composites with and without minerals were investigated. Exposure to UV irradiation caused surface lightening and
total colour change in composites containing minerals. Different
weathering patterns on colour change were found for the reference
composite compared to the composites containing minerals.
UV irradiation resulted in a deterioration of the surface layer of
the studied composites, which was revealed by SEM analysis. For
the composite made without a mineral ﬁller, the polypropylene
covering wood ﬁbres was found to degrade, leaving disclosed ﬁbres
on the surface of the composite. For the mineral-containing composites, worsening of the surface polypropylene layer was observed after 2000 h of exposure to a xenon-arc source. The
weathering of mineral-containing composites resulted in the presence of easily distinguishable mineral particles on the surface.
Changes in the chemistry of lignin and carbonyl groups were
detected by FT-IR spectroscopy. A decrease in the lignin index
and an increase of the carbonyl index with exposure time were
found for the studied composites. For the mineral-containing composites (WF–W–PP and WF–T–PP), the drop in the lignin index
with time was lower than that in the reference composite. The absence of a polypropylene layer on the wood ﬁbres of the weathered
reference composite (revealed by SEM) increased their accessibility
to UV irradiation and led to further lignin degradation. Additional
research on the chemistry of wood–polypropylene composites
containing calcium carbonate is needed in order to clarify its effect
on the photo-oxidation of the surface layer.
Among the wood–polymer composites, the composite containing talc was found to be more efﬁcient in retaining the Charpy impact strength after weathering, both caused by UV irradiation and
by treatment including water immersion-freeze–thaw. The hydrophobic nature of talc facilitates its compatibility with the hydrophobic polypropylene matrix, and this was considered the main
reason for the enhanced performance of the wood/talc-polypropylene composite in the accelerated weathering tests. Owing to its rel-
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atively good mechanical properties and low sensitivity to weathering, the composite containing talc seems to be suitable for outdoor
applications. To prevent photo-degradation of the polypropylene
surface layer, UV stabilisers and pigment need to be added to the
formulation of hybrid wood/talc-polypropylene composites.
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Abstract. In general, wood-polymer composites are vulnerable to weathering factors such as UV
radiation, moisture, freeze-thaw action. Weathering can cause discoloration, chalking, dimensional
change, and loss of mechanical properties of wood-polymer composites. This comparative study
was focused on weatherability of wood–polypropylene composites made with and without
pigments. Two types of inorganic pigments were applied: carbon black master-batch and synthetic
iron oxide. Wood-polypropylene composite made without pigment was used as a reference. Also,
composites prepared with addition of wollastonite were tested. The composite samples were
exposed to outdoor weathering and in a parallel the accelerated UV weathering was conducted in
xenon weathering chamber for the 2000 hours. The colour change was estimated by
spectrophotometric method, and the change of Charpy impact strength after weathering was
determined. The surface morphology was studied with scanning electron microscopy (SEM). The
addition of pigments decreased the lightness of non-weathered composites. The change of lightness
and total colour change of weathered composites were affected a lot by type of pigment and method
of weathering. As, expected wood-polypropylene composite made with carbon black showed the
best results in colour stability of composites exposed to weathering. SEM showed that accelerated
weathering in the xenon chamber caused more significant changes in the morphology of the
polymer surface layer of the composites than outdoor weathering. Charpy impact strength of all
studied composites was found to retain after 2000 hours of outdoor weathering, although
accelerated weathering caused significant reduction of Charpy impact strength of these composites.
Introduction
In general, wood-polymer composites (WPCs) are susceptible to weathering factors such as UV
radiation, moisture and freeze-thaw action. The weathering, both natural and accelerated, of WPCs
can change their colour/appearance [1,2], and mechanical properties [3,4]. The two main
weathering factors (water and ultraviolet radiation) affect WPCs significantly. The hydroxyl groups
of cellulose are primary responsible for water absorption by composites. In case of UV radiation,
both wood and the polymer component of a composite are susceptible to photo-degradation. Our
previous experiments have shown that addition of mineral fillers to wood-polypropylene
composites reduce effectively their water absorption and improve dimensional stability [5]. To
improve the resistance of WPCs against photo-degradation additives (e.g. pigments, UV absorbers,
antioxidants, radical quenchers, hindered amine light stabilizers) are usually incorporated in the
composite. For this research two types of inorganic pigments were selected: iron oxide and carbon
black.
The aim of this study was to compare the influence of accelerated and outdoor weathering on
properties of wood-polypropylene composites made with and without pigments. The changes of the
properties of the composites were detected by measuring of colour and the Charpy impact strength.

Materials and Methods
The wood fibre used in the study was spruce (Picea abies) saw chips with the specific gravity of
1.58 g cm-3. The sieve analysis revealed that the wood particles have a larger fraction of long
particles (2.0 mm). The thermoplastic matrix in the composite was commercially available
polypropylene (PP) supplied by Ineos Polyolefins (Eltex P HY001P). The polypropylene
homopolymer had the density of 0.91 g cm-3 and melt flow rate of 45 g 10 min-1 (230 oC 2.16 kg-1).
Surface modified wollastonite Harwoll7ST5, which is a high aspect ratio wollastonite grade treated
with stearate, was supplied by Nordkalk Inc, Finland. Wollastonite had the density of 2.94 g cm-3
and average particle size of 16.8 µm. The coupling agent was maleated polypropylene (MAPP),
Orevac® CA 100 (Atofina, France). Two types of inorganic pigments were applied: carbon black
master-batch, PLASBLAK® PE2272 (Cabot Corp, USA) and synthetic iron oxide, Bayferrox®
660N (LANXESS Deutschland GmbH). Struktol TPW 113 was used as the lubricating agent. The
compositions of the WPCs are shown in Table 1.
Table 1. Composition of WPCs [wt%]
________________________________________________________________________________
Composite
Wood
PP
Wollastonite
MAPP Lubricant
Pigment
________________________________________________________________________________
WF-PP
64.0
30
3
3
WF-PP(Fe2O3)
61.5
30
3
3
2.5
WF-PP(CB)
61.5
30
3
3
2.5
WF-W-PP
44.0
30
20
3
3
WF-W-PP(Fe2O3)
41.5
30
20
3
3
2.5
WF-W-PP(CB)
41.5
30
20
3
3
2.5
_____________________________________________________________________________
The wood material, polypropylene, wollastonite and additives were compounded using a Weber
CE7.2 conical twin-screw extruder. The screw had the L/D ratio of 17, and screw speed was 13
rpm. The barrel temperatures of the extruder were 160-190 oC. The pressure at the die varied
between 3 to 4 MPa, depending on the material blend, and the material output was 25 kg h-1. The
hollow profiles were extruded through a rectangular die (Fig. 1).

Figure 1. Hollow profile of extruded wood-polypropylene composites
Accelerated weathering of WPCs was conducted in the Original Hanau “Suntest” apparatus
using a xenon-arc lamp (NXe 1500B, Atlas Material Technology). Irradiance control was made
with a UV light meter UV-340 A (LT, Lutron). A new lamp was placed in the beginning of the
experiment; the irradiance of 85 W m-2 (in the broad band 280 nm - 390 nm) was measured for the
new lamp.
The WPCs were weathered outdoor in Ruokolahti (Finland) from June 2011 to June 2012. The
CMP 3 pyranometre was used to measure solar irradiance level in spectral range 310 to 2800 nm.
The weather conditions in Ruokolahti for the duration of exposure are presented in Fig. 2. The
composites were placed on adjacent racks with a tilt angle of 45o (EN ISO 877:1996).
The surface colour of non-weathered and weathered WPCs was measured with a Minolta CM2500d spectrophotometer (Konika Minolta Sensing Inc., Japan). The CIELAB colour system was
used to measure colour in L, a and b coordinates. The colour difference was calculated as outlined
in ISO 7724.

The Charpy impact strength for unnotched samples was determined with a Zwick 5102 Model
impact tester in accordance with the method ISO 179-1/1fU.15 test samples with the dimensions L
x W x H: 80 mm x 10 mm x 4 mm were tested. Statistical analysis was performed using Statgraphic
Plus software (v.4).
Scanning electron microscopy (SEM) was performed with a Jeol JSM-5800 LV scanning
microscope operating at 10 kV. Prior to the analysis, the surfaces were covered with a layer of gold
using a sputter coater.
The resistance of the WPCs to water absorption was tested according the procedure described in
EN 317, which includes 28 days immersion of WPCs into water.
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Figure 2 a). Means for day integrals of solar radiation (SR) and means of temperature (T), and b).
total amount of rainfall.
Results and Discussion
Table 2 shows the changes in lightness of composites during weathering under artificial and natural
conditions; first type of weathering includes solely UV radiation, while the second includes
moisture among with number of other weathering factors. As can be seen in Table 2, the lightness
change of certain type of composite is strongly dependent on conditions under which weathering
was done. In general, the lightness (whiteness) of composites increased after weathering, with an
exception for the WF-PP composite. The initial yellow-pale colour of the WF-PP composite
associated with the wood component was transformed to gold yellow in the case of accelerated
weathering, and to grey in the case of outdoor weathering.
Table 2. Lightness change of WPCs
________________________________________________________________________________
Lightness change, L (STD)
__________________________________________________
Composite
Linitial
accelerated
outdoor weathering
2000 h
2000 h (3 months)
8520 h (12 months)
________________________________________________________________________________
WF-PP
66.91 (0.80)
-4.46 (0.93)
6.17 (3.42)
0.00 (1.22)
WF-W-PP
65.35 (0.67)
13.16 (0.83)
12.94 (1.19)
14.62 (1.18)
WF-PP(Fe2O3)
31.96 (0.48)
4.79 (1.10)
12.93 (0.85)
14.80 (0.97)
WF-W-PP(Fe2O3)
31.45 (0.28)
18.08 (0.43)
11.42 (0.86)
14.58 (0.86)
WF-PP(CB)
24.53 (0.40)
1.90 (1.41)
5.75 (0.95)
8.40 (1.15)
WF-W-PP(CB)
24.38 (0.44)
14.95 (0.98)
6.68 (1.20)
9.25 (1.18)
________________________________________________________________________________

Similar to the lightness the change of colour of composites (Table 3) depended on conditions of
weathering and composition of WPCs. Composites containing wollastonite made with and without
pigment were found to have higher colour change than their analogues having basic formulation
(WF-PP) during exposure to xenon-arc source. In case of accelerated weathering, only addition of
carbon black was found to reduce colour change compared to the reference composites. In case of
outdoor weathering, both pigments showed stabilization effect on colour change of WPCs; the
carbon black was more powerful than iron oxide.

Table 3. Colour change of WPCs
________________________________________________________________________________
Colour change, E [%] (STD)
_______________________________________________________
Composite
accelerated
outdoor weathering
2000 h
2000 h (3 months)
8520 h (12 months)
________________________________________________________________________________
WF-PP
5.91 (0.82)
24.09 (0.86)
29.33 (0.81)
WF-W-PP
18.52 (0.87)
21.87 (0.70)
24.54 (0.90)
WF-PP(Fe2O3)
8.93 (0.85)
12.95 (0.86)
14.80 (0.98)
WF-W-PP(Fe2O3)
18.26 (0.43)
11.76 (0.85)
14.84 (0.85)
WF-PP(CB)
4.49 (1.18)
5.80 (0.98)
8.45 (1.16)
WF-W-PP(CB)
14.96 (0.98)
6.70 (1.22)
9.28 (1.20)
________________________________________________________________________________
Figures 3 – 8 show micrographs of the surfaces of the studied composites taken before and after
2000-hour weathering (magnification x160). For the non-weathered composites (Fig. 3a – 8a), a
layer of polypropylene covering the fibres on the surface was observed. Comparison of the surfaces
of the composites weathered at different conditions showed a more potent degradation of the
surface layer for accelerated weathering. Accelerated weathering resulted in disappearance of the
polymer surface layer and exposure of uncovered fibres and mineral particles (Fig. 3b – 8b), while
outdoor weathering resulted in fracture of the polymer surface layer (Fig. 3c – 8c).

Figure 3. SEM micrographs of WF-PP composites a) initial, b) accelerated and c) outdoor
weathering

Figure 4. SEM micrographs of WF-PP (Fe2O3) composites a) initial, b) accelerated and c) outdoor
weathering

Figure 5. SEM micrographs of WF-PP (CB) composites a) initial, b) accelerated and c) outdoor
weathering

Figure 6. SEM micrographs of WF-W-PP composites a) initial, b) accelerated and c) outdoor
weathering

Figure 7. SEM micrographs of WF-W-PP (Fe2O3) composites a) initial, b) accelerated and c)
outdoor weathering

Figure 8. SEM micrographs of WF-W-PP (CB) composites a) initial, b) accelerated and c) outdoor
weathering
The different morphologies of the surface layers of the composites weathered under accelerated
and outdoor conditions can be explained by the prevailing influence of different weathering factors.
As noted above, in the case of accelerated weathering, the sole weathering factor was UVirradiation and photo-degradation was the mechanism which led to the disappearance of the
polymer surface layer.
In the case of outdoor exposure of the composites, the level of UV-irradiation was not constant
(not all days were sunny, and the values of total solar irradiance above 85 W m-2 (310 nm – 2800
nm) were measured between 6 am and 6 pm, at night time the solar irradiance was close to zero).
Thus, the degradation of the polymer surface layer was less advanced after 2000 hours of outdoor
weathering compared to accelerated weathering. The effect of moisture on the outdoor weathering
of the composites should be considered due to the periods characterized by high relative humidity,
rains and morning dew. Moisture absorption may have caused formation of cracks in the polymer
surface layer due to swelling of fibres. The addition of a mineral filler (such as wollastonite) was

found to decrease the water absorption and swelling of WF-PP composite significantly (the
thickness swelling of the WF-PP composite after three-month outdoor weathering was 1%, against
0.6% thickness swelling of the WF-W-PP composite). Less fracture of the polymer surface layer
was observed for the wood-polymer composite containing wollastonite and pigmented with carbon
black.
Figure 9 shows the impact strength of the non-weathered WPCs and the WPCs exposed to the
accelerated and outdoor weathering. To determine the effect of weathering on the Charpy impact
strength of the composites, a two-sample t-test was carried out with the significance value of 0.05,
comparing the weathered and non-weathered data. According to the statistical analysis, accelerated
weathering caused significant changes of Charpy impact strength of all studied composites. The
highest drop of Charpy impact strength was found for the composites pigmented with iron oxide
made both with and without wollastonite. Iron oxide was thought to have impact on interfacial
adhesion between polymer and fibres.
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Fig.9. Charpy impact strength of WPCs
In contrast to the results obtained in accelerated weathering test, statistical analysis showed that
all studied WPCs were able to retain their Charpy impact strength after 2000 h (3 months) of
outdoor weathering. Previously, Stark [6] has shown in her work on the effect of moisture on the
Charpy impact strength of wood-polypropylene composites that unnotched impact energy remains
unchanged after short time (up to 2000 hours) exposure to moisture. Long-term exposure (12
months) resulted in a significant decrease of the Charpy impact strength of the WF-PP composites
made with and without pigment (iron oxide and carbon black). The WF-W-PP composite made with
carbon black was found to be the only one capable of retaining its impact strength after the longterm outdoor exposure.
Trying to understand the reasons behind the decline of the impact strength in the case of different
composites, the relationship between the weathering conditions and the structure of the WPC should
be considered. As stated above, at weathering time exceeding 3 months, the moisture and freezethaw effects became dominant in comparison to solar irradiation, which was very low (from
September to April). Fibre swelling due to moisture absorption is primarily responsible for the loss
of mechanical properties after weathering [7]. The water absorption and thickness swelling of the
WPCs are shown in Table 4. In general, the WF-PP composites with 61.5-64% wood fibres
loadings had higher water absorption and thickness swelling than the WF-W-PP composites having
41.5% wood fibre loading and 20% wollastonite. However, the addition of 2.5% of carbon black
pigment to the WF – PP composite reduced the water absorption and thickness swelling of this
composite almost to the same level as the exchange of 20% of wood fibres with wollastonite. The
addition of 2.5% of carbon black pigment to the WF – W – PP composite resulted in no change in
the water absorption and thickness swelling of this composite. The low resistance to water

absorption of the reference WF – PP composite and the WF – PP composite containing iron oxide
pigment can explain the decline of their impact strength after long-time weathering.
Table 4. Water absorption and thickness swelling of WPCs
________________________________________________________________________________
Composite
Water absorption [%] (STD)
_____________________________________________________________
24 h
7 days
14 days
28 days
________________________________________________________________________________
WF-PP
3.25 (0.12)
10.10 (0.47)
15.59 (0.75)
22.25 (0.74)
WF-W-PP
1.96 (0.33)
4.21 (0.95)
6.73 (1.62)
10.39 (2.57)
WF-PP(Fe2O3)
2.61 (0.19)
7.92 (0.87)
13.95 (1.21)
18.36 (0.98)
WF-W-PP(Fe2O3)
2.04 (0.10)
4.59 (0.18)
5.24 (0.20)
10.94 (0.23)
WF-PP(CB)
2.35 (0.14)
5.28 (0.19)
5.73 (0.27)
12.98 (0.34)
WF-W-PP(CB)
2.10 (0.20)
4.60 (0.32)
4.87 (0.26)
10.49 (0.45)
________________________________________________________________________________
Composite
Thickness swelling [%] (STD)
_____________________________________________________________
24 h
7 days
14 days
28 days
________________________________________________________________________________
WF-PP
1.19 (0.39)
3.70 (0.59)
6.90 (0.89)
8.67 (0.55)
WF-W-PP
0.93 (0.61)
1.67 (0.57)
2.29 (0.63)
4.33 (0.84)
WF-PP(Fe2O3)
0.54 (0.43)
2.98 (0.69)
6.23 (1.11)
8.02 (0.94)
WF-W-PP(Fe2O3)
0.21 (0.21)
1.43 (0.42)
3.01 (0.55)
5.51 (0.69)
WF-PP(CB)
0.33 (0.36)
1.98 (0.64)
2.81 (0.54)
5.42 (0.55)
WF-W-PP(CB)
0.05 (0.07)
1.79 (0.40)
2.84 (0.61)
5.15 (0.58)
________________________________________________________________________________
Summary
In this work, the effect of accelerated and outdoor weathering on colour and Charpy impact strength
of wood-polypropylene composites made with and without pigment was investigated. The changes
in properties of composites depended on the method of weathering. Accelerated weathering caused
more drastic changes in surface layer: disappearance of the polymer surface layer was revealed by
SEM, and the Charpy impact strength of composites was significantly reduced after 2000 hours
exposure to xenon-arc source. The addition of wollastonite was found to increase lightness of
composites weathered under accelerated conditions. Iron oxide pigment had impact on reduction of
Charpy impact strength of composites after exposure to xenon-arc source. In outdoor weathering
test, both pigments reduced colour change of composites compared to un-pigmented references. The
weathered surfaces of all composites exposed to outdoor conditions were found to have cracks of
the matrix. A lesser amount of cracks was observed on the surface of the composite containing
wollastonite and pigmented with carbon black. Charpy impact strength of all studied composites
retained after short-time outdoor weathering.
The properties of composites estimated after accelerated weathering, including only UVirradiation, seems to have low correlation with the properties obtained after outdoor exposure of
composites to Finnish weather conditions. According to results of both accelerated and outdoor
weathering, carbon black usage in composite had positive effect on colour stability. The woodpolypropylene composite containing wollastonite and pigmented with carbon black seems to be
suitable formulation for outdoor usage at Finnish climatic conditions, where rains and freeze-thaw
conditions are more frequent than days having high solar radiation. Further work should be done to
determine prediction capacity of accelerated weathering test, which will include water spray and/or
dark cycles.
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Abstract. Outdoor applications of wood-plastic composites (WPCs) have raised question about the
durability of such materials. WPCs are vulnerable to weathering factors such as UV radiation,
moisture and freeze-thaw action. Weathering can cause discoloration, chalking, dimensional
changes and loss of mechanical properties.
This comparative study examines the effects of increased moisture content and artificial weathering
on the properties of wood-plastic composites. Five commercial wood-plastic composite products
from five different manufacturers were chosen and their water absorption, thickness swelling,
impact strength and resistance to artificial weathering analyzed. An in-house manufactured
wood-polypropylene composite with carbon black pigment was used as a reference product. In
addition to quantitative investigation of material properties, the measured values were also
compared with the values reported by the manufacturers.
The composite samples were exposed to accelerated weathering in a xenon weathering chamber for
500 hours. The color change was estimated by spectrophotometer method. The weathering resulted
in no significant color fading of the composites. After weathering, the general trend was a minor
decrease in impact strength. Also the water absorption and thickness swelling of commercial WPC
products remained on a low level.
Introduction
Wood-plastic composite (WPC) products have aroused worldwide interest in recent years.
Increases in the price of oil and more stringent environmental laws have forced industries to
develop more environmentally friendly products and production methods.
In recent decades, use of WPCs in the building industry has been increasing. The change has
been most evident in residential and light wooden structure applications, where use of composites
has seen significant market growth. In these market sectors, composites have mainly been used to
replace traditional timber products. [1]
WPCs have a large number of interior and outdoor applications, such as decking, fencing, siding
and window frames. The outdoor use of WPC materials/products has raised concerns about their
durability, especially their resistance to weathering when exposed to ultraviolet (UV) radiation. [2]
Wood-plastic composite is a material in which the good properties of both natural wood fibers
and the plastic raw material can be combined. Furthermore, its use promotes recycling, as
recycled wood fibers and polymers can be used as raw material. Wood-plastic composites are
composed of wood fibers and polymers such as polyethylene (PE), high density polyethylene
(HDPE), polypropylene (PP), and polyvinyl chloride (PVC) [3]. Coupling agents, UV stabilizers
and pigments are used as additives to modify product properties and the manufacturing process.
Process temperature is a significant factor during manufacturing, as high temperatures damage the
wood fibers and thus weaken the mechanical properties of the WPC product. Consequently, the
melting point of the polymer has to be lower than 200 ⁰C.
Commercial WPC products have been studied most extensively in the USA, where the largest
market is found. Gnatowski and Mah [4] reported test results for water absorption and color
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stability of 14 randomly selected composite products on the North American market. Water
absorption of the tested products was from 15 to 44 % of initial weight. The test period lasted
several months and it was found that the major part of the water absorption took place during the
first month. In color stability measurements, it was observed that when the WPCs were exposed to
UV radiation and weathering, changes in color mainly happened before 2000 h. Change in color,
∆E, varied between 1.4 – 24.8.
Fiber volume fraction, orientation of fibers, exposed surface area and temperature has a great
effect on water absorption of WPC materials [5]. Gnatowski [6] found that water absorption
depends mainly on the proportion of wood fiber in the product, because water absorption is
relatively low for all polymers used in WPCs, e.g., PVC absorbs 0.1 % water in 24 hours, while
LDPE and HDPE absorb only 0.01 % water and PP 0.008 %. Moisture content doubled when the
proportion of fibers increased from 50 % to 65 %. The proportion of fibers also had an effect on
color change. When the proportion of fiber increased from 50 % to 60%, the change in luminosity
doubled. [5]
The aim of this study was to compare the effects of artificial weathering on the properties of
commercial WPC products. Tested products were randomly chosen from different manufacturers.
Studied properties were color change, water absorption, thickness swelling and impact strength.
Materials and Methods
Materials
This research studied the material properties of five commercial WPC products, which were
randomly selected. The material properties studied were resistance to artificial weathering, Charpy
impact strength, water absorption (WA) and thickness swelling (TS). Product specifications and
properties of each product were taken from the manufacturers´ product descriptions in order to
receive reference values for the tested samples.
The composition of the tested WPC products varied from product to product. Both wood fibers
and natural fibers were used as the wood material in the products tested. The polymer materials
used in the products were PP, PE, and PVC. Both virgin and recycled raw materials were used as
the wood and polymer material furnish. The composition and proportion of the additives in the
products are not known.
Product A was composed of recycled polyethylene (50 wt%) and recycled wood or bamboo flour
(50 wt%). Product B was composed of polyethylene and sawdust from heat-treated wood (65 wt%).
About 60 % of the raw materials used in Product B are recycled. Product C was composed of
recycled high density polyethylene (HDPE), and the wood material used was cellulose fibers made
from wheat straw. Product D was composed of polyvinyl chloride (PVC) and wood fibers of pine.
Product E was composed of polypropylene (PP) and cellulose fibers. The reference product used
was a non-commercial WPC product composed of wood chips of spruce (61.5 wt%), polypropylene
(30 wt%) and carbon black inorganic pigment (2.5 wt%). The material properties of the tested WPC
products, according to the manufacturers, are shown in Table 1.
Weathering
The WPC test pieces tested for resistance to artificial weathering (SFS-EN ISO 4892-1 and SFS-EN
ISO 4892-2) had the following dimensions: length 300 mm, width 110 mm and thickness 4 mm.
Artificial weathering of the WPCs was performed in a Q-Sun Xe-3 HS (Q-Lab Corporation, USA)
test chamber using a xenon-arc lamp. The samples were weathered for 500 hours of exposure. The
exposure cycle consisted of 102 min of light exposure followed by 18 min of simultaneous water
spray and light exposure.
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Table 1. Material properties of the tested WPC products according to the manufacturers
Color change ∆E
Test standard
Product A

4.6

Charpy impact
strength
Test
2
[J/m ]
standard

ASTM D
7032[2000h]

[%]
0.91

Product B

<1.5

Product C

11.54

Product D

<20

ASTM
D-4329
ISO 4892-2
[300hWOM]

Product E
Reference

Water absorption 24h

4.04

SFS-EN ISO
4892-2

53.4
>5000

ASTM D
256-93A
ISO 179-1
fU

>15

EN 477

2.94

SFS-EN
ISO 179-1

<2.2
<8

Test
standard
ASTM D
1037
SFS-EN 317
ASTM D
570-98
EN 317
[28d]

<2.5

EN 317

12.98

SFS-EN 317
[28d]

Thickness swelling
24h
Test
[%]
standard
ASTM D
0.24
1037
<0.5

SFS-EN 317

<4

EN 317
[28d]

<1

EN 317

5.42

SFS-EN 317
[28d]

Impact Strength
The Charpy impact strength (SFS-EN ISO 179-1) for the unnotched samples was determined with a
Zwick 5102 impact tester in accordance with ISO 179-1/1fU. The test method is based on the
recommendation given by TS 15534-1 Wood-plastic composites (WPC) – Part 1: Test methods for
characterization of WPC materials and products. 20 test samples of both weathered and
non-weathered WPC with dimensions of L x W x H: 80 mm x 10 mm x 4 mm were tested. The
Charpy impact strength was calculated according to the following equation:
E
acU = c × 103
(1)
h×b

where Ec is the corrected energy, in joules, absorbed by breaking the test sample; h is the thickness,
in millimeters, of the test sample; and b is the width, in millimeters, of the test sample.
Water Absorption and Thickness Swelling
The water absorption and thickness swelling were determined according to SFS-EN 317. Tests were
carried out with 20 sample replicates: width 50 mm and length 50 mm for each type of WPC
studied. The thickness of the samples was the nominal thickness of each panel. The sample
replicates were weighed and their dimensions were measured before immersion into water. The
immersion was continued for 28 days. The samples were taken out periodically, surface dried with
absorbent paper, re-measured and immediately put back into the water. Water absorption (WA) was
calculated according to the following equation:
( M e − M o ) × 100
(2)
WA =
Mo

where Me is the mass of the sample after immersion, g; and Mo is the mass of the sample before
immersion, g.
Thickness swelling (TS) is an important property that indicates the stability performance of the
WPC. Thickness swelling was calculated as follows:
(T − T )
TS = e o × 100
(3)
To

where Te is the thickness of the sample after immersion, m; and To is the thickness of the sample
before immersion, m.
Color Measurements
The surface color of the weathered and non-weathered WPC was measured with a Minolta
CM-2500d spectrophotometer (Konica Minolta Sensing Inc., Japan). The CIELAB color system
was used to measure the surface color in L*, a*, b* coordinates. L* represents the lightness
coordinate and varies from 100 (white) to 0 (black); a* represents the red (+a*) to green (-a*)
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coordinate; and b* represents the yellow (+b*) to blue (-b*) coordinate. The color difference was
calculated as outlined in ISO 7724 according to the following equation:
∆E ∗ = (∆L) 2 + (∆a )2 + ( ∆b)2
(4)
where ∆L*, ∆a* and ∆b* represent the differences between the initial and final values of L*, a* and
b*, respectively. The surface color of the replicates was measured at three locations on each WPC
test sample.
Results and Discussion
Charpy Impact Strength
Fig. 1 shows the measured Charpy impact strengths of the non-weathered and weathered test pieces.
Compared to the non-weathered value the impact strength of the weathered products generally
decreased by between 4.5 % and 5.9 %. The exception was Product, A, whose impact strength
increased by 4.1 %.
As is immediately apparent from Fig. 1, Product E had significantly higher impact strength than
the other products. The high impact strength of Product E may be explained by the use of
cellulose fibers in its production. Presumably, the other products were manufactured using wood
fiber. Product E also contained polypropylene (PP), which gives better mechanical properties than,
for example, polyethylene (PE) [7], which was used in Product A and Product C. PP is used in
Product B, so its lower Charpy impact strength is probably the result of the use of heat-treated wood
fibers. It is well known that depending on the wood species and process conditions, heat-treatment
deteriorates the mechanical properties of wood, causing, for example, a decrease in bending
strength of up to 50 % [8]. The reference product also contained PP, so its lower impact strength
compared to Product E can most likely be explained by a higher proportion of wood material in its
furnish.
Product B, containing 65 wt% heat-treated wood fibers, attained the weakest results in the
Charpy impact strength test. This finding was similar to the research result of Ayrilmis et al. [9],
who found that the use of heat-treated wood fibers weakens the mechanical properties of WPC
products compared to untreated wood fibers. This study found that when comparing the results of
the commercial products and the reference product, the use of recycled materials does not have an
obvious effect on the Charpy impact strength. This finding agrees with the study of Kazemi-Najafi
et al. [10], who demonstrated that use of recycled materials does not weaken the mechanical
properties of WPC products.

Figure 1. Impact strength of non-weathered and weathered samples (n=20)
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Color Measurements
As can be seen from Fig. 2, all the tested WPC products demonstrated quite similar behavior during
exposure to artificial weathering, if observed as total color difference (∆E). Generally, the most
notable change in color occurred before 100 hours of exposure time. After 100 hours the rate of
change gradually stabilized.
It was found that all the tested products maintained their color very well, so the protection
against weathering can be considered as remarkably good. The product specifications of the
commercial WPCs studied do not report the UV stabilizers or pigments used. As mentioned earlier,
the reference product contained a carbon black pigment, 2.5 wt%.
The color measurements showed that products in which cellulose fibers instead of normal fibers
were used as the reinforcing fiber changed color less. This result is probably due to the lower lignin
content of cellulose [11,12]. According to the product specification, Product E contains a very small
amount of lignin, which explains why Product E, and also Product C, scored the best results for
total change of color, with ∆E values of approximately 2.
The color change of the reference product resulted to the same level as Product B containing
heat-treated wood was the most faded commercial product, showing a total color difference (∆E) of
5. Previous studies have shown that the color change of WPC products made without UV protective
agents or pigments can be several times higher, reaching the level of 20 or even 30. [13,14]
The measured total change in color was low for all the tested products, so no clear visible
difference was apparent between the non-weathered and weathered samples. Consequently, their
color stability under UV exposure and weathering was graded as high. All the products evaluated in
this study retained their color very well compared to earlier commercial products studied [4,5,11].

Figure 2. Total change of color (∆E*) as a function of artificial exposure time of WPC products

Water Absorption and Thickness Swelling
Water absorption (WA) in the WPC products is shown in Fig. 3. The tested products absorbed water
most strongly during the first 24 hours. After that, the WA increased quite linearly over the total
immersion time, except the reference product, which had a remarkable increase in WA between 14
and 28 days. Over the 28 days of immersion, the reference product absorbed approximately 13 %
water, while commercial products absorbed between 7-8 %. WA of all tested products was low
compared to the results of Gnatowski and Mah [4], in which WA varied from 15 to 42 % for
immersion time from 3 weeks to several months. Generally, the maximum value of WA of WPC
products is reached during 20 to 30 days, after which WA usually stabilizes. Klyosov [5] reported
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that WA after 7 days’ immersion varied between 2-5 %, which is in line with the values found in
this study.
WA increases with increasing fiber content [6] and the plastics in the WPC composition do not
have much effect on the water absorbency. For example, PVC, which of the polymers used absorbs
the most water, has relative absorption of only 0.1% [5]. The high water absorption of wood fibers
leads to weakened mechanical properties of the material. Consequently, Product B and the reference
product, both with fiber content of over 60 wt%, should have quite similar WA. The results show
clearly that the use of heat-treated wood fibers in Product B leads to lower WA. Ayrilmis et al. [9]
reported that the use of heat-treated wood fibers led to reductions of 31 % in WA and 60% in TS
after 28-days of water soaking.
The deviating result for WA of Product C (3.7 %) can be explained by its solid profile, as a result
of which the absorption area was significantly smaller than the corresponding area of the other
products, which had hollow profiles. Water absorbs first to the surface layers of the profile and then
slowly absorbs deeper. Depending on the profile, a hollow profile product can absorb up to two
times more water than solid profiles. [5]
Fig. 4 presents the thickness swelling (TS) results of the tested WPC products. The thickness
swelling of WPC products increases with WA and thus has a quite similar trend is found as for
water absorption. The total TS of the tested products after the water immersion of 28 days varied
more than the results for WA. The least swollen products were Product A and Product D, with 2 %
TS. The reference product swelled most (5.4 %), reflecting the results for water absorption, most
likely because of the high proportion of wood fibers. The effect of the use of heat-treated wood
fibers can be seen when comparing the TS values of Product B and the reference product.

Figure 3. Water absorption as a function of immersion time of WPC products

248

Applied Engineering Decisions in the Context of Sustainable Development

Figure 4. Thickness swelling as a function of immersion time of WPC products

The results for WA and TS were consistent with the material properties stated by the
manufacturers. Only the WA of Product A was measured as higher than stated by the
manufacturers; however, the measurements were carried out with different testing standards, ASTM
D 1037 and SFS-EN 317, respectively. WA and TS are material properties that are greatly affected
by the wood content in the products. Benthien and Thoemen [15] studied the effect of wood flour
(WF) content of levels of 50 wt%, 60 wt%, 70 wt% and 80 wt%. They found that a change of WF
content from 50% to 70% leads to a rise in the value of WA from 25.6% to 43.7% and a rise in TS
from 5.4% to 12.3%.
Conclusions
The objective of this study was to explore the material properties of five different WPC products
and to research their weathering resistance. The study presented Charpy impact strength, change of
color, thickness swelling and water absorption results for the tested products.
It was found that 500 hours of exposure to artificial weathering was adequate to show the change
of color, because the rate of change stabilized after 100 hours of exposure. Similarly, the most
notable changes in water absorption and thickness swelling occurred during the first 100 hours,
after which the rate of change stabilized for both water absorption and thickness swelling.
The tested products had very similar properties, but there was little variation in the results,
especially change of color. The discoloration of Product B was almost three times higher than
Product E, which showed the lowest change in color. Generally, it was found that all of the products
retained their color very well. Thus the UV protection of each product operated effectively.
Product E manufactured by using PP (approx. 50 wt%) and cellulose fibers (approx. 50 wt%)
was found to have the most stable properties. It had the highest impact strength and the least change
in color. The water absorption and thickness swelling results for Product E were at the same level as
the other products.
Generally, all tested WPC products have appropriate properties against weathering and increased
moisture content as well as their ability to maintain mechanical properties under weathering is
acceptable. All commercial WPC products maintained their color very well. Also properties in
water absorption and thickness swelling were quite equal for all products. As a further work for the
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tested WPC products would be interesting to explore the durability under natural weathering in
Finnish climate conditions.
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