
Citation: Buschalsky, A.; Brischke, C.;

Klein, K.C.; Kilian, T.; Militz, H.

Biological Durability of

Wood–Polymer Composites—The

Role of Moisture and Aging.

Materials 2022, 15, 8556.

https://doi.org/10.3390/

ma15238556

Academic Editor: Dimitris

S. Argyropoulos

Received: 18 October 2022

Accepted: 28 November 2022

Published: 1 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Biological Durability of Wood–Polymer Composites—The Role
of Moisture and Aging
Andreas Buschalsky 1,*, Christian Brischke 1 , Kim Christian Klein 2, Thomas Kilian 3 and Holger Militz 1

1 Wood Biology and Wood Products, Faculty of Forest Sciences and Forest Ecology, University of Goettingen,
Buesgenweg 4, 37077 Goettingen, Germany

2 Fagus-GreCon Greten GmbH & Co. KG, Hannoversche Straße 58, 31061 Alfeld, Germany
3 SKZ-KFE gGmbH, Friedrich-Bergius-Ring 22, 97076 Wuerzburg, Germany
* Correspondence: andreas.buschalsky@uni-goettingen.de

Abstract: Knowledge about the resistance of wood–polymer composites (WPCs) to biological attack
is of high importance for purpose-oriented use in outdoor applications. To gain this knowledge,
uniform test methods are essential. EN 15534-1 (2018) provides a general framework, including
the recommendation of applying a pre-weathering procedure before the biological laboratory tests.
However, the procedure’s manner is not specified, and its necessity assumes that a durability test
without such pre-weathering will not produce the structural changes that occur during outdoor use.
To verify this assumption, this study examined the influence of natural, ground-level pre-weathering
on the material properties of different WPC variants, which were tested at intervals of six months in
four durability tests under laboratory conditions in accordance with EN 15534-1 (2018). Weathering
factors were calculated from determined characteristic values such as mass loss, and loss in moduli of
elasticity (MOE) and rupture (MOR). The weathering factors based on mechanical properties tended
to decrease with increasing weathering duration. The expected negative influence of pre-weathering
on these material properties was thus not confirmed. The weathering factors based on mass loss were
subject to high variation. No significant effect of pre-weathering on mass loss due to fungal attack
became evident. Overall, the necessity of a pre-weathering step in biological durability tests shall be
questioned based on the presented results.

Keywords: wood–polymer composites; WPC; biological durability; durability test; EN 15534-1;
basidiomycetes; soft rot; wood–moisture interaction

1. Introduction

In addition to UV radiation [1], moisture is one of the most important variables
influencing the performance, and thus the structural integrity, of wood–polymer composites
(WPCs). Due to the hydrophobic character of the polymers predominantly used in WPCs,
they absorb very little water and atmospheric moisture. In contrast, the incorporated wood
particles are hydrophilic and thus have hygroscopic properties [2,3]. The polysaccharides
(cellulose and hemicellulose) in the wood cell walls are responsible for water absorption
since they contain numerous accessible OH groups [4,5].

When the first (terrace) decking made of WPCs appeared on the market in the 1990s, it
was considered a low-maintenance product with a long service life [6]. The polymer matrix
was initially thought to fully encapsulate the wood particles. However, a series of tests
showed that the encapsulation was incomplete [7,8], raising questions about the durability
of WPCs after a decade of outdoor use. The WPC industry has responded to these problems
associated with the first generation of products by improving WPC formulations [9]. Fur-
thermore, manufacturers and distributors made progress in communicating appropriate
demands to customers about these products and educating consumers about the proper
care and maintenance of WPC products. Although the durability of WPCs continues to
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be an important issue, a comprehensive understanding of the biological aging of WPC
products is pending. Due to the steadily increasing sales of WPC products for outdoor
use, especially decking and cladding [10], studies to improve or identify new strategies for
protecting WPCs are needed more than ever.

Hitherto, only a few results regarding the biological durability of WPCs are available
from outdoor tests. However, knowledge about biological aging processes and their impact
on the service performance of WPC products is essential, especially for material and product
developers, to counteract this phenomenon during formulation development.

To gain knowledge about the resistance of WPCs to biological attack, uniform test meth-
ods are essential. A general normative framework is provided by EN 15534-1 (2018) [11]
which, however, only specifies the laboratory test methods for determining resistance to
wood-destroying and discoloring organisms (syn.: biological durability). A subsequent
recommendation to subject the WPC variants under investigation to an aging procedure
before the biological laboratory tests originated from the assumption that durability testing
without pre-weathering would not induce the structural changes that occur during outdoor
use. In contrast, the biological aging processes of WPC products could be accelerated
or initiated by appropriate pretreatment (controlled damage) [12]. However, no specific
recommendation for action is given. The goal for the future must therefore be to pursue the
question of whether it is at all reasonable to establish a uniform pre-weathering procedure
within the standard.

This study attempts to implement a pre-weathering process upstream of the biological
laboratory tests, which should correspond as closely as possible to the use scenario of
WPCs in outdoor applications. In addition, the need for a pre-weathering procedure is
critically assessed.

2. Materials and Methods
2.1. Selection of Materials

The material selection (Table 1) included various industrially produced WPC profiles
(I-1–I-5) containing different polymer matrices (polypropylene (PP), polyethylene (PE), and
polyvinyl chloride (PVC)), wood particle contents, and profile variants (hollow or solid
profiles). A total of 5 profiles from 4 different manufacturers were examined. Furthermore,
WPC variants with known formulations were investigated, compounded at the SKZ—
Technology Center Würzburg, and subsequently extruded into profiles (L-1–L-4). The
PP-based formulation was varied by the matrix polymer, wood particle type, wood particle
content, and the addition of additives.

Table 1. Overview of commercial and self-manufactured WPC variants for testing according to EN
15534-1 (2018).

Label Specimen ID Formulation (wt%)

Wood Polymer Additive

Industry 1 I-1 60 40 (PP) * n.a.
Industry 2 I-2 50 50 (PVC) * n.a.
Industry 3 I-3 75 25 (PE) * n.a.
Industry 4 I-4 75 25 (PE) * n.a.
Industry 5 I- 5 50 50 (PP) * n.a.

PP w/softwood L-1 60 33 (PP) 7 (a + b + c)
PE w/softwood L-2 60 33.5 (PP) 6.5 (a + b + c)
PP w/hardwood L-3 60 33 (PP) 7 (a + b + c)

PP w/higher softwood content L-4 70 23 (PP) 7 (a + b + c)
* The polymer content also includes possible additives: a coupling agent; b stabilizer; c color pigment.



Materials 2022, 15, 8556 3 of 12

2.2. Mechanical Properties

To evaluate the effects of fungal attack on the mechanical properties of WPCs, the
flexural modulus of rupture (MOR) and the flexural modulus of elasticity (MOE) were
determined according to EN ISO 178 (2013) [13] on the following test specimens:

1. Untreated WPC test specimens;
2. WPC test specimens after water storage;
3. Reference specimens after air conditioning;
4. WPC and reference test specimens (inoculated and uninoculated) following the dura-

bility test against basidiomycetes;
5. WPC and reference test specimens following the durability test against soft rot fungi.

A universal testing machine Z010 TN (Zwick Roell GmbH & Co. KG, Ulm, Germany)
was used to determine MOR and MOE. The tests were performed with a preload of 5 N
and a test speed of 2 mm min−1. The support distance was 64 mm.

2.3. Determination of the Material Moisture Content in Different Test Conditions and
Conditioning of the Test Specimens

The initial dry mass of untreated WPC specimens (n = 10 of each variant) was deter-
mined. After measuring MOR and MOE, the specimens were oven-dried (T = 103 ± 2 ◦C;
t = 48 h) and the initial oven-dry mass was subsequently determined. The water storage
of WPC specimens was carried out according to EN 84 (2020) [14]. After 14 days, the test
specimens were removed from the impregnation vessel and weighed. Subsequently, MOR
and MOE were measured, and the oven-dry mass of 10 replicate specimens after condi-
tioning was determined. Specimens of the reference wood species European beech (Fagus
sylvatica L.) and Scots pine sapwood (Pinus sylvestris L.) were conditioned in a climate
chamber (T = 20 ± 2 ◦C; RH = 65 ± 5%) and weighed. Subsequently, MOR and MOE were
measured, and the oven-dry mass of 10 replicas after air conditioning was determined.

2.4. Durability Tests

A total of four durability tests against basidiomycetes and soft rot fungi in soil were
conducted according to EN 15534-1 (2018) using the previously listed industrial and self-
manufactured WPC variants. The WPC variants were tested as non-weathered virgin
material (0 months) and after natural, ground-level outdoor weathering for 6, 12, and
18 months (Figure 1). For each durability test, non-weathered references were used.
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Campus of the University of Goettingen.

Since not all WPC variants were available at the beginning of the first durability test,
the starting times varied (Table 2). Test specimens of 80 (ax.) × 10 × 4 mm3 were made
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from the various WPCs and the reference wood species. The references served also as
virulence control specimens.

Table 2. Overview of WPC variants for testing durability against wood-destroying fungi, including
the respective starting times.

Specimen ID Test 1 Test 2 Test 3 Test 4

I-1 0 months 6 months * 12 months 18 months
I-2 0 months 6 months * 12 months 18 months
I-3 0 months 6 months * 12 months 18 months
I-4 0 months 6 months * 12 months
I- 5 0 months 6 months * 12 months * 18 months

L-1 0 months 6 months * 12 months
L-2 0 months 6 months * 12 months
L-3 0 months 6 months * 12 months
L-4 0 months 6 months * 12 months

* No matched virgin material was tested.

2.4.1. Durability Tests against Basidiomycetes

Testing of the durability of the material variants against wood-destroying basid-
iomycetes was carried out with the two test fungi listed in Table 3. For each WPC and
reference variant, 10 replicate specimens were incubated with both test fungi for 16 weeks.
Additionally, 10 replicates of WPC and reference specimens were tested without inoculation
to gain knowledge about the material moisture of the specimens without a test fungus after
completion of the test. Thus, it was possible to determine the extent to which the respective
test fungus had an influence on the mechanical properties beyond the influence of moisture
during the test.

Table 3. Test fungi used for durability tests.

Test Fungi Strain No. Rot Type

Coniophora puteana (C. puteana) BAM Ebw. 15 Brown rot
Trametes versicolor (T. versicolor) CTB 863 A White rot

Kolle flasks prepared with a malt agar were used as test vessels, with each flask
containing 2 specimens. To inoculate the Kolle flasks under a clean bench, small round
inocula of the test fungi grown in a Petri dish on a malt agar were punched out and placed
centrally on the nutrient medium within the Kolle flasks using forceps. Subsequently, the
inoculated flasks were stored in a climate chamber (T = 20 ± 2 ◦C; RH = 65 ± 5%; t = 168 h).
Uninoculated Kolle flasks for the moisture control specimens were stored under the same
conditions.

Previously conditioned and sterilized specimens of each WPC and reference variant
were placed within the Kolle flasks, with 2 specimens in each of them resting on wash-
ers. Subsequently, the flasks were again stored in an incubation chamber for 16 weeks
(T = 20 ± 2 ◦C; RH = 65 ± 5%).

At the end of the test period, the specimens were removed from the flasks, cleaned of
fungal mycelium, and immediately weighed. Subsequently, MOR and MOE were measured,
and the oven-dry mass after completion of the durability test was determined. The latter
was used to calculate the mass loss and material moisture content of the specimens.

2.4.2. Durability Tests against Soft Rot Fungi and Other Soil-Inhabiting Microorganisms

Durability against soft rot fungi and other soil-inhabiting microorganisms was tested
in so-called terrestrial microcosms (TMCs) using nutrient-rich compost soil. To prepare
the test soil, it was sieved with a round sieve (1.2 cm mesh size) and then mixed with
sand in a ratio of 70:30. After mixing, the moisture content of the test soil was determined
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when the water-holding capacity (WHC) was reached. In addition, the amount of water
needed to adjust the moisture content to a percentage of 95% of the WHC was calculated in
a duplicate determination. Afterward, the soil was transferred into test boxes.

Before starting the test, the WPC specimens were dried (T = 103 ± 2 ◦C; t = 48 h)
and subsequently weighed to obtain the initial oven-dry mass. For each WPC variant,
10 water-stored replicate specimens and the same number of air-conditioned reference
specimens were tested. The specimens were inserted vertically into the soil at a distance
of 20 mm from each other and from the sides of the test boxes, with an insertion depth of
60 mm. To maintain the substrate moisture, the loaded boxes without lids were weighed
and their initial mass was determined before starting the test. At 4-week intervals, the
boxes were reweighed and the loss of mass due to water release was compensated by
adding water.

After the test period of 16 weeks, the specimens were removed from the test boxes,
cleaned of adhering soil, and weighed. Subsequently, MOR and MOE were measured and
the oven-dry mass after completion of the durability test was determined.

2.5. Influence of Natural Pre-Weathering on the Biological Durability of WPC in Laboratory Tests

To verify the assumption that a natural pre-weathering process reduces the biological
durability of WPCs, the characteristic values ‘loss of MOR’, ‘loss of MOE’, and ‘mass loss’,
determined before and after the different prestresses and durability tests (Formulas (1)–(3)),
were factorized (Formulas (4)–(6)) and plotted against the pre-weathering time.

The relative loss of MOR (σf ) was determined by using Formula (1):

σf (%) =
σi − σt

σi
(1)

σi →The original MOR of the test specimen of the untreated virgin material (N mm−2).
σt →The MOR of the test specimen of the pre-weathered material after incubation (N mm−2).

The relative loss of MOE (Ef ) was determined using Formula (2):

Ef (%) =
Ei − Et

Ei
(2)

Ei →The original MOE of the test specimen of the untreated virgin material (N mm−2).
Et →The MOE of the test specimen of the pre-weathered material after incubation (N mm−2).

The mass loss (Ml ) was determined using Formula (3):

Ml (%) =
MbI −MaI

MbI
(3)

mbI →The dry mass before incubation (g).
maI →The dry mass after incubation (g).

The weathering factor for mass loss (kMl, weathering ) was determined using Formula (4):

kMl, weathering =
Ml, weathered

Ml,unweathered
(4)

Ml, weathered→The mass loss due to fungal degradation and conditioning after pre-weathering,
respectively (%).
Ml, unweathered→The mass loss due to fungal degradation and conditioning without pre-
weathering, respectively (%).

The weathering factor for the MOR (kσf , weathering) was determined using Formula (5):
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kσf,weathering =
σfweathered

σfunweathered
=

σfweathered,untested − σfweathered,tested
σfweathered,untested

σfunweathered,untested − σfunweathered,tested
σfunweathered,untested

(5)

σf weathered→The loss of MOR due to fungal degradation and conditioning after pre-weathering,
respectively (%).
σf unweathered→The loss of MOR due to fungal degradation and conditioning without pre-
weathering, respectively (%).
σf weathered, untested→The MOR of weathered test specimens without prior exposure to fungi
and conditioning, respectively (%).
σf weathered, tested→The MOR of weathered test specimens after prior exposure to fungi and
conditioning, respectively (%).
σf unweathered, untested→The MOR of non-weathered test specimens without prior exposure
to fungi and conditioning, respectively (%).
σf unweathered, tested→The MOR of non-weathered test specimens after prior exposure to
fungi and conditioning, respectively (%).

The weathering factor for the MOE (kEf , weathering) was determined using Formula (6):

kEf,weathering =
Efweathered

Efunweathered
=

Efweathered,untested − Efweathered,tested
Efweathered,untested

Efunweathered,untested − Efunweathered,tested
Efunweathered,untested

(6)

Ef weathered→The loss of MOE due to fungal degradation and conditioning after pre-weathering,
respectively (%).
Ef unweathered→The loss of MOE due to fungal degradation and conditioning without pre-
weathering, respectively (%).
Ef weathered, untested→The MOE of weathered test specimens without prior exposure to fungi
and conditioning, respectively (%).
Ef weathered, tested→The MOE of weathered test specimens after prior exposure to fungi and
conditioning, respectively (%).
Ef unweathered, untested→The MOE of non-weathered test specimens without prior exposure
to fungi and conditioning, respectively (%).
Ef unweathered, tested→The MOE of non-weathered test specimens after prior exposure to
fungi and conditioning, respectively (%).

3. Results and Discussion
3.1. Mass Loss by Fungal Attack

The mass losses determined after 16 weeks of incubation (based on the total mass of
the test specimens) in the various biological tests and after the different pre-weathering
intervals are exemplarily shown in Figure 2 for the WPC variant I-1. C. puteana caused an
average mass loss between 0.5 and 3.5% and T. versicolor between 0.3 and 1.3%. Exposure
to unsterile soil led to an average mass loss of less than 2%. The mass loss of the references
varied considerably between the four tests, but this was mainly due to the varying virulence
of the test fungi. In particular, T. versicolor caused very high mass losses in beech, ranging
from an average of 65.1 to 74.9%. Overall, C. puteana caused lower mass losses in beech,
which also varied between 8.7 and 61.7% on average. Mass losses caused by soft rot also
varied between tests but were above the required minimum mass loss of 20%, except for
the first fungal test (‘0 months’).
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In summary, the high fluctuations in mass loss were particularly noticeable in the
WPC material and the beech references tested with brown rot, respectively. Furthermore,
the very high mass loss of beech due to white rot was noticeable. In addition, the above-
described observations of the WPC variant I-1 were confirmed for all other materials. To
work around the problem of high mass loss fluctuations between the test intervals and thus
to become independent of the respective virulence of the soil substrate, the results of all
WPC variants were factorized (Section 3.4) and related to the mass, MOR, and MOE losses
of the non-weathered material in the respective durability test.

3.2. Loss of MOR and MOE in Durability Tests

The MOR and MOE losses determined after 16 weeks of incubation in the different
biological tests and after the different pre-weathering intervals are exemplarily shown for
the WPC variant I-1 in Figures 3 and 4. On average, the MOR was significantly reduced by
water storage by 28 to 55% (Figure 3 ‘conditioned’, i.e., after water storage). Moisture and
incubation-induced reductions in MOR were generally only marginally higher (by 27 to
64% on average) than moisture-induced reductions, confirming recently published results
by Krause et al. [15]. In contrast, the MOR of the references was significantly more reduced
by incubation with fungi than the MOR of the WPC variant I-1 (Figure 3). It was also
noticeable that storage of the reference specimens on malt agar only (‘no fungus’) resulted
in a decrease in MOR compared to the pre-conditioned specimens. This can be explained
by the increase in moisture and the reaching of the fiber saturation point (FSP) within
the Kolle flasks (Figure 5), since the moisture content of wood has a high influence on its
mechanical properties [16]. Changes in moisture content below FSP have a high influence
on MOR and MOE. More precisely, with increasing moisture content up to FSP, MOR and
MOE are reduced by about 50% [17]. As the moisture content increases from about 10%
(pre-conditioned in a climate chamber) to 30–35% (pine) and 40-50% (beech) inside the
Kolle flasks, respectively, FSP is reached or exceeded in the case of the beech references.
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Similar to the MOR, the MOE of the WPC specimens was reduced more by water
storage (‘conditioned’) than by the subsequent fungal degradation of the wood substance
in the durability test (Figure 4). The references also experienced a loss of MOE due to water
storage and fungal wood degradation.

The following observations made for WPC variant I-1 were confirmed for all other
tested WPC materials:

1. Increased moisture after water storage affected MOR and MOE considerably more
than fungal attacks. This finding is in line with previous studies [15,18–21].

2. Natural pre-weathering of the test specimens did not result in an increased reduction
of MOR and MOE.

3.3. Material Moisture in Durability Tests

The material moisture contents determined after 16 weeks of incubation in the different
biological tests and after the different pre-weathering intervals are exemplarily shown in
Figure 5 for the WPC variant I-1. The material moisture content of I-1 was below 5% in
the untested condition, and the corresponding wood moisture content was thus below
10%. After water storage, the material moisture content of the WPC averaged between 10
and 17% (related wood moisture content between 14 and 28%). In comparison, the wood
moisture content of the references conditioned in normal climate (20 ◦C/65% RH) averaged
between 8 and 12%. Neither incubation with brown and white rot nor exposure in the
TMCs led to the considerably higher moisture content of the WPC material compared with
the specimens stored in the Kolle flasks without test fungi.

The moisture content of the wood references was considerably higher compared to the
WPCs. Beech ‘without fungus’ reached about 50% wood moisture content. After incubation
with fungi, its moisture content was clearly above 100%. The wood moisture content of pine
‘no fungus’ was about 27–33%; after incubation, similar to beech, it was well above 100%.

3.4. Influence of Natural Pre-Weathering on the Biological Durability of WPC in Laboratory Tests

Figures 6–8 show the normalized results of the experienced loss of MOR (Figure 6),
MOE (Figure 7), and mass (Figure 8), based on those in the respective durability test. In
each case, the losses were related to the non-weathered material. The weathering factors
derived from the normalized results were used to validate whether pre-weathering reduces
the durability of WPC. The weathering factor in each case is the quotient of the loss due to
fungal degradation after weathering divided by the loss due to fungal degradation without
weathering. After weathering means the WPC material of the respective test interval, i.e., 6,
12, or 18 months. Without weathering means the WPC material was a new product, which
was additionally tested at each test interval. An increase in the factor means that there is a
negative influence of pre-weathering on durability, whereas a decrease in the factor means
that there is no negative influence of pre-weathering on durability.

The weathering factors for the loss of MOR tended to decrease with increasing weather-
ing duration for all three rot types; thus, the expected negative influence of pre-weathering
on the durability of the WPC material was not confirmed. In contrast, the decreasing factors
indicated that the pre-exposure of the material to natural weathering reduced the loss of
MOR caused by fungal attack over time during the total exposure period of 18 months.

Similar to MOR, the weathering factors for the MOE decreased with increasing weath-
ering duration. However, as described in Section 3.2, the moisture behavior of the WPC
materials was not considerably altered by outdoor weathering, so increased moisture is
unlikely to cause reduced MOR and MOE values.

The weathering factors for the mass loss were subject to a high variation among each
other and over the weathering period. Thus, no apparent effect of pre-weathering on mass
loss due to fungal attack could be determined.
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Figure 8. The ratio of mass loss caused by incubation with C. puteana, T. versicolor, and soft rot fungi
of WPC materials naturally pre-weathered for different intervals to non-weathered WPC references
(weathering factors).

4. Conclusions

The need for a pre-weathering procedure preceding the biological laboratory tests
assumes that a durability test without such pre-weathering will not produce the struc-
tural changes that occur during use. In contrast, the calculated weathering factors for the
mechanical properties (MOR and MOE) tended to decrease with increasing weathering
duration. The expected negative influence of pre-weathering on these material properties
was thus not confirmed. The weathering factors for mass loss were subject to high vari-
ation among themselves and over the weathering period (especially for the test fungus
T. versicolor), so no apparent effect of pre-weathering on mass loss due to fungal attack
could be determined. Overall, the necessity of pre-stressing the WPC through weathering
before biological durability tests shall be questioned based on the presented results.

Furthermore, the results showed in some instances that the considerable loss of elasto-
mechanical properties was mainly caused by moisture, and hardly by fungal attack.

Author Contributions: Conceptualization, A.B., C.B. and K.C.K.; methodology A.B., C.B. and K.C.K.;
formal analysis, A.B. and C.B.; investigation, A.B. and K.C.K.; data curation, A.B., C.B., K.C.K. and
T.K.; writing—original draft preparation, A.B.; writing—review and editing, C.B., K.C.K., T.K. and
H.M.; visualization, A.B.; project administration, K.C.K., C.B. and H.M.; funding acquisition, C.B.,
K.C.K. and H.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Federal Ministry for Economic Affairs and Energy (BMWi),
grant number 18950N/2, and by the Federal Ministry of Food and Agriculture (BMEL), grant number
2219NR372. We acknowledge the Open Access Publication Funds of Goettingen University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Stark, N.M.; Matuana, L.M. Characterization of Weathered Wood–Plastic Composite Surfaces Using FTIR Spectroscopy, Contact

Angle, and XPS. Polym. Degrad. Stab. 2007, 92, 1883–1890. [CrossRef]
2. Steckel, V.; Clemons, C.M.; Thoemen, H. Effects of Material Parameters on the Diffusion and Sorption Properties of Wood-

Flour/Polypropylene Composites. J. Appl. Polym. Sci. 2007, 103, 752–763. [CrossRef]

http://doi.org/10.1016/j.polymdegradstab.2007.06.017
http://doi.org/10.1002/app.25037


Materials 2022, 15, 8556 12 of 12

3. Witt, M.; Anderson, R.; Pauly, S.; Lee, B. Effects of Soaking and Freezing on Composites Made from Wood-Based Fillers and
Biodegradable Plastics. Polym. Compos. 2006, 27, 323–328. [CrossRef]

4. Ab Ghani, M.H.; Ahmad, S. The Comparison of Water Absorption Analysis between Counterrotating and Corotating Twin-Screw
Extruders with Different Antioxidants Content in Wood Plastic Composites. Adv. Mater. Sci. Eng. 2011, 2011, 406284. [CrossRef]

5. Rowell, R.M.; Ibach, R.E.; McSweeny, J.; Nilsson, T. Understanding Decay Resistance, Dimensional Stability and Strength Changes
in Heat-Treated and Acetylated Wood. Wood Mater. Sci. Eng. 2009, 4, 14–22. [CrossRef]

6. Clemons, C.M. Wood-Plastic Composites in the United States: The Interfacing of Two Industries. For. Prod. J. 2002, 52, 10–18.
7. Mankowski, M.; Morrell, J.J. Patterns of Fungal Attack in Wood-Plastic Composites Following Exposure in a Soil Block Test. Wood

Fiber Sci. 2000, 32, 340–345.
8. Morris, P.; Cooper, P. Recycled Plastic/Wood Composite Lumber Attacked by Fungi. For. Prod. J. 1998, 48, 86–88.
9. Stark, N.M.; Gardner, D.J. Outdoor Durability of Wood–Polymer Composites. In Wood–Polymer Composites; Elsevier: Amsterdam,

The Netherlands, 2008; pp. 142–165, ISBN 978-1-84569-272-8.
10. Carus, M.; Baltus, W.; Carrez, D.; Kaeb, H.; Ravenstijn, J.; Zepnik, S. Market Study on “Bio-Based Building Blocks and Polymers in

the World—Capacities, Production and Applications: Status Quo and Trends towards 2020”; Nova Institut GmbH: Hürth, Germany,
2013; p. 35.

11. EN 15534-1; Composites Made from Cellulose-Based Materials and Thermoplastics (Usually Called Wood-Polymer Composites
(WPC) or Natural Fibre Composites (NFC))—Part 1: Test Methods for Characterisation of Compounds and Products. CEN-
European Committee for Standardization: Brussels, Belgium, 2018.

12. Ibach, R.E.; Clemons, C.M.; Stark, N.M. Combined Ultraviolet and Water Exposure as a Preconditioning Method in Laboratory Fungal
Durability Testing; Forest Products Society: Madison, WI, USA, 2003; pp. 61–67.

13. EN ISO 178; Plastics-Determination of Flexural Properties (ISO 178:2010 + Amd.1:2013). CEN-European Committee for Standard-
ization: Brussels, Belgium, 2013.

14. EN 84; Durability of Wood and Wood-Based Products-Accelerated Ageing of Treated Wood Prior to Biological Testing-Leaching
Procedure. CEN-European Committee for Standardization: Brussels, Belgium, 2020.

15. Krause, K.C.; Brischke, C.; Koddenberg, T.; Buschalsky, A.; Militz, H.; Krause, A. Resistance of Injection Molded Wood-
Polypropylene Composites against Basidiomycetes According to EN 15534-1: New Insights on the Test Procedure, Structural
Alterations, and Impact of Wood Source. Fibers 2019, 7, 92. [CrossRef]

16. Ansell, M.P. Wood Composites; Woodhead publishing series in composites science and engineering; Woodhead Publishing:
Waltham, MA, USA, 2015; ISBN 978-1-78242-477-2.

17. Ross, R.J. Wood Handbook: Wood as an Engineering Material; Forest Products Laboratory, United States Department of Agriculture
Forest Service: Madison, WI, USA, 2021; p. 546.

18. Schirp, A.; Ibach, R.E.; Pendleton, D.E.; Wolcott, M.P. Biological Degradation of Wood-Plastic Composites (WPC) and Strategies for
Improving the Resistance of WPC against Biological Decay. In Development of Commercial Wood Preservatives: Efficacy, Environmental,
and Health Issues; Schultz, T.P., Militz, H., Freeman, M.H., Goodell, B., Nicholas, D.D., Eds.; ACS Symposium Series; American
Chemical Society: Washington, DC, USA, 2008; Volume 982, ISBN 978-0-8412-3951-7.

19. Krause, A.; Gellerich, A. Evaluating Durability of Thermoplastic Wood Composites against Basidiomycetes and Development of
a Suitable Test Design. Wood Mater. Sci. Eng. 2014, 9, 179–185. [CrossRef]

20. Schirp, A.; Wolcott, M.P. Influence of Fungal Decay and Moisture Absorption on Mechanical Properties of Extruded Wood-Plastic
Composites. Wood Fiber Sci. 2005, 37, 643–652.

21. Defoirdt, N.; Gardin, S.; Van den Bulcke, J.; Van Acker, J. Moisture Dynamics of WPC and the Impact on Fungal Testing. Int.
Biodeterior. Biodegrad. 2010, 64, 65–72. [CrossRef]

http://doi.org/10.1002/pc.20212
http://doi.org/10.1155/2011/406284
http://doi.org/10.1080/17480270903261339
http://doi.org/10.3390/fib7100092
http://doi.org/10.1080/17480272.2014.916347
http://doi.org/10.1016/j.ibiod.2009.07.010

	Introduction 
	Materials and Methods 
	Selection of Materials 
	Mechanical Properties 
	Determination of the Material Moisture Content in Different Test Conditions and Conditioning of the Test Specimens 
	Durability Tests 
	Durability Tests against Basidiomycetes 
	Durability Tests against Soft Rot Fungi and Other Soil-Inhabiting Microorganisms 

	Influence of Natural Pre-Weathering on the Biological Durability of WPC in Laboratory Tests 

	Results and Discussion 
	Mass Loss by Fungal Attack 
	Loss of MOR and MOE in Durability Tests 
	Material Moisture in Durability Tests 
	Influence of Natural Pre-Weathering on the Biological Durability of WPC in Laboratory Tests 

	Conclusions 
	References

