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Wood has been recognized as an attractive alternative to several other traditional
construction solutions, and it is often called the “building material of the 21st century”.
However, compared with other traditional materials, wood possesses some technical
limitations and properties that, because they are less understood, remain difficult to
control. The most problematic are low-dimensional stability, thermal steadiness, limited
fire resistance, biotic and abiotic degradation resistance, and varying mechanical properties
highly affected by the morphological structure of wood. These properties need to be
improved to further enlarge wood application fields as well as reinforcing the confidence
of architects, engineers, and consumers when using wood. New developments in the
field of wood modification resulted in the discovery of highly innovative materials with
enhanced properties for natural timber. Several of these reached the highest readiness level
and are now mass-produced in high volumes. Further intensive research is in progress
to discover new wood modification solutions to ensure improvement of wood properties
and functionality, allowing elongated service life and reducing the risk of unexpected
product failure. This Special Issue presents the newest research outcome in the field of the
enhancement of native wood properties through a wide range of chemical, biological, and
physical agents. It contains two reviews and ten research reports authored by researchers
from four continents and 13 countries, namely, Australia, Finland, Greece, Iceland, Iran,
New Zealand, Norway, Poland, Romania, Slovenia, Switzerland, the UK, and the USA.

An overview of functional treatments for modified wood is provided in a compre-
hensive review paper [1]. The manuscript presents two parallel but closely connected
aspects of timber modification: the material functionalization strategies combined with the
expected (multi)-functionality of timber products. The wide range of covered modification
processes and the scope of applications proved that wood modification is not only the
sole concern of a few wood scientists but it became a truly inter-disciplinary research
area. Novel formulations, characterization methods, and serviceability are presented and
deeply discussed in several publications contributing to the Special Issue [2–7]. A broad
portfolio of characterization methods can be successfully implemented for the evaluation of
complex mechanisms of deterioration process occurring during service life. Artificial [2,3],
natural [4,5], and combined [6] weathering methods are used for the assessment of the
performance of different substrates and coatings. The performance of wood finished with a
broad range of coatings systems is highly improved when compared to that of unmodified
wood. This confirms the great advantage of wood surface protection, especially when used
in outdoor applications. Investigated coatings included transparent, semi-transparent, and
opaque solutions based on different chemical compositions [3,4,6]. The performance of an
innovative, bioinspired, and fully biobased coating system containing living fungal cells
provides testimony for technological development. [5]. In this case, the desired occurrence
of fungi as a part of the coating formulation provides self-healing properties. However,
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evidence of unwanted microbial cells is considered a major cause of the failure of timber
products in use. Therefore, the fundamentals of fungal decay, staining, and mold growth
processes, as well as analysis of the fungal attack mechanisms in the context of the state-of-
the-art knowledge, is reviewed [8]. Several suggestions for the future research directions in
the new biocidal and non-biocidal coatings treatments are provided. These are essential
for creating integrated coatings systems capable of limiting fungal attack while providing
long-term protection against environmental factors.

A critical limitation of the natural weathering procedures is the fact that the test is
very long-lasting. The novel methodology for the acceleration of the natural weathering
test is presented [9]. It can be used for the generation of the weather dose–response
models that are essential to estimate the future service life performance of timber elements.
Machinability, mechanical properties, and other engineering aspects of the modified wood
are addressed with consideration given to the specificity of arctic driftwood [10] as well
as laminated wood composites [11]. The diverse positive effects of wood modification
may be associated with the high environmental costs of the transformation processes. For
this reason, a systematic comparison of the impacts associated with the most relevant
modification technologies is presented in a dedicated review [12]. The impact of the
expected service life extension, highly imparted by the proper use of modified wood in
buildings, is simulated and profoundly discussed.

The broad spectrum of topics presented in this Special Issue provides a comprehensive
update regarding ongoing research in this field. We do sincerely believe that such a
compilation can be an inspiration for the further development of multifunctional and
sustainable coatings, revolutionizing the wood sector of the future.

Acknowledgments: We would like to thank all the authors for their valuable contributions to this
Special Issue, the reviewers for their reviews and useful comments allowing the improvement of the
submitted papers, and the journal editors for their kind support throughout the production of this
Special Issue.
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Abstract: Wood modification is now widely recognized as offering enhanced properties of wood and
overcoming issues such as dimensional instability and biodegradability which affect natural wood.
Typical wood modification systems use chemical modification, impregnation modification or thermal
modification, and these vary in the properties achieved. As control and understanding of the wood
modification systems has progressed, further opportunities have arisen to add extra functionalities to
the modified wood. These include UV stabilisation, fire retardancy, or enhanced suitability for paints
and coatings. Thus, wood may become a multi-functional material through a series of modifications,
treatments or reactions, to create a high-performance material with previously impossible properties.
In this paper we review systems that combine the well-established wood modification procedures
with secondary techniques or modifications to deliver emerging technologies with multi-functionality.
The new applications targeted using this additional functionality are diverse and range from increased
electrical conductivity, creation of sensors or responsive materials, improvement of wellbeing in the
built environment, and enhanced fire and flame protection. We identified two parallel and connected
themes: (1) the functionalisation of modified timber and (2) the modification of timber to provide
(multi)-functionality. A wide range of nanotechnology concepts have been harnessed by this new
generation of wood modifications and wood treatments. As this field is rapidly expanding, we also
include within the review trends from current research in order to gauge the state of the art, and
likely direction of travel of the industry.

Keywords: modified wood; functional wood; multifunctional wood; nanotechnology; transparent
wood; durability; weathering; fire performance

1. Introduction

Wood modification is a group of technologies that have shown steady growth in the
past two decades. While timber is a ubiquitous material that has been known to humankind
for millennia, and used in a wide range of forms, including structures, furniture and many
household objects; it has also been applied in high technology industries such as engineered
components for automotive, energy and aerospace industries [1,2]. Wood modification is
a relatively new field, which has contributed to this development, and is likely to allow
continued growth. Some of the limitations of wood, including its dimensional change
in changing moisture environments, and susceptibility to insect attack or decay, have
traditionally been addressed through good design, chemical treatments and strategic choice
of wood species for the intended applications. However, wood modification has offered
an alternative approach. The majority of dominant wood modification systems (chemical
modification, thermal modification and polymer or resin impregnation) have sought to
alter the relationship between wood and moisture, and as a result restrict dimensional
change, and reduce susceptibility to decay. These attributes are well reported by Hill [3]
and many recent reviews of the technology [4–6].

However, if we cast the net slightly wider, some wood modifications offer benefits
over and above the primary gains in dimensional stability and durability. Some seek
specifically to enhance hardness or wear-resistance, while others seek to further gain UV
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weathering resistance. Other novel treatments seek to utilise the stability of the modified
wood substrate to develop new technologies or ideas, for example as printable surfaces for
electrical circuits or sensors and new bio-based electronics. These diverse options introduce
multi-functionality to modified wood, so it is worth considering, do they themselves
count as emerging multi-functional wood modification systems, or are they simply post-
modification treatment options? This paper will firstly review some of the options for
creating (multi)functional wood using modified wood as a substrate, then newer options
for creating multifunctional wood using emerging systems and then consider and discuss
this question further.

2. The Main Modification Systems

Wood modification has been defined by Hill [3] as a process that “involves the action
of a chemical, biological or physical agent upon the material, resulting in a desired property
enhancement during the service life of the modified wood.” This is frequently considered to
be a separate technology to the established wood preservative treatments using biocides [7,8].
Several systems are well developed and commercially available, including:

• Acetylation—the process of esterifying wood using acetic anhydride, including
Accoya® [9,10]

• Thermal modification—the process of altering hygroscopicity through use of elevated
temperatures (160 ◦C to approx. 230 ◦C) in an inert atmosphere, steam or vacuum,
including Thermowood®, VacWood®, LunaWood®, VAP Holzsystemr® [11]

• Resin or polymer modification—the process of impregnating wood with thermosetting
resins, monomers or oligomers capable of cross-linking in situ in the wood cell wall
and/or cell lumena to form a non-leachable polymeric system, including furfurylation
(Kebony®, NobelWood® [10]), resin modification (ImpregTM, InduriteTM, Lignia® [12])
and polymer impregnations (Permagrain, Permali®, Jabroc®).

It will be assumed that readers can refer to detailed reviews elsewhere [9–12] for
the principles and properties of each of these modifications, or gain specific details from
product technical information via the relevant companies. The main modifications and
estimated commercial volumes per year by region are presented in Table 1, based on data
from Jones and Sandberg [6].

Table 1. Estimated global production of modified wood (Source: [6]).

Modification
Estimated Volumes (m3)

Europe China N America Oceania/Japan Other

Thermally modified timber 695,000 250,000 140,000 15,000 10,000

Densified wood 2000 <1000 - <1000 -

Acetylation 120,000 - - - -

Furfurylation 45,000 - - - -

Other methods 35,000 290,000
* - 5000 TBD

* Figures are a combination of furfurylation processes other than Kebony® and NobelWood® as well
as DMDHEU and other resin treatments. Empty fields indicate that no data is available or that no
modified wood of this type is known in this region to the authors of reference [6].

Other chemical modification systems exist, and some have been commercially avail-
able for intervals of time, e.g., the modification using DMDHEU (known as Belmadur®, or
its new name HartHolz®), or have been well investigated but currently left at a medium
level of advancement, not yet developed through the scale-up and commercialisation
process stages towards market availability. Such options include reaction of wood with
other acid anhydrides including succinic or maleic anhydride; reaction of wood with citric
acid and various polyols (glycerol, sorbitol, etc.); reaction of wood with silanes; reaction
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of wood with chitosan; impregnation and/or reaction of wood with natural oils, waxes
or paraffins, impregnation and/or reaction of wood with silicates or water glass. Some of
these systems may be already in use for specific small applications, such as conservation of
archaeological woods, and others are still in active process of investment or development to
the commodity market. Densification of wood, through the use of steam, heat or reagents
under pressure has also been investigated, and a small quantity of densified or surface
densified wood is reportedly available in Europe [6].

The main enhanced properties advertised for the wood modification systems are
summarised in Table 2, with a note of the main technical limitations, such as corrosiveness
to metal fixings, or loss of strength or toughness [6].

Table 2. Commonly achieved properties of modified wood from various systems (based on [6]).
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Typical Species Used
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Notes

Accoya® Radiata pine yes yes - - - yes yes - - -

Thermal
modification

Norway spruce, Scots pine,
various hardwoods yes mod. - - - - - yes - mod. =

moderate

Kebony®

NobelWood®
Radiata pine,

Scots pine yes yes yes - - - yes yes - -

CompregTM European beech veneer - yes yes yes yes - - - - -

ImpregTM European beech, Scots pine yes yes - - - - - yes - -

Lignia® Radiata pine yes yes - - - - - - - -

HartHolz®

(DMDHEU)
European beech, Scots pine - yes - - - - - - - -

Organowood®

(Silicate
modification)

Norway spruce, Scots pine - yes - - - - - - - Stable silver
grey surface

Linotech
(Linseed oil
derrivatives)

Scots pine, (Norway spruce) - yes - - - - - - yes -

Empty fields indicate that no benefit is claimed by the manufacturers, to the best of the authors’ knowledge.

There are differences between modification systems in which mechanical properties
are affected, for example a reduction of bending strength, hardness and toughness is
reported for thermally modified wood, depending on the level of modification applied. For
the furfurylated products, the loss of mechanical properties relates only to toughness, and
for Indurite the reported losses are for hardness and toughness. An interesting challenge is
the poor mould resistance of thermally modified wood, and several of the investigations to
add functionality to thermally modified wood relate to this issue—as we will discover in
this review.

In his definition, Hill [3] indicates that wood modification is distinct from the more
general band of wood treatments, such as traditional preservatives or fire retardants, which
are frequently applied as aqueous solutions of emulsions, without any chemical grafting or
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reaction in situ [8]. However, the limitations of some modifications provide the impetus
for adding functionality through secondary processes. This gives rise to combination
treatments, with partial modification and partially traditional methods. For example, a
commonly identified trait of thermally modified wood is its colour change on weathering.
The thermally modified timber is generally a darker colour than the original untreated
timber, however exposure to sunlight and rainfall leads to a relatively rapid change of
colour towards a silver-grey form [13–15]. This has led to many research teams seeking
to add a second treatment, either painted on, or impregnated into the wood, or using
more innovative approaches, that would increase UV stability of the thermally modified
timber [16,17].

Other combined wood treatments are developed using the initial chemical modifica-
tion as a starting reaction, which then permits a second new chemical reaction, e.g., using
functional groups introduced during step 1, or capitalising on changes achieved in step
1 (e.g., delignification). Many of these combined modification methods achieve stunning
additional functionality in the wood, e.g., photoluminescence, electrical conductivity, sen-
sors, transparency, etc. However, this may be at the expense of original material properties.
In many cases the dimensional stabilisation that is achieved by the wood modification
contributes to a more uniform and predictable starting material for the application of
nanotechnology approaches. These systems will be introduced and discussed in greater
detail to highlight future possibilities and limitations.

The sections which follow will consider each of the main modification systems, and
the ways in which secondary treatments have been used to add functionality or overcome
challenges identified in Table 2. We will also consider methods where wood modification
methods have been used innovatively as part of a several step process. In some cases
hybrid systems emerge, for example where a pre-treatment rather than post-treatment is
used, but a wood modification technique remains as the central enabling step to permit new
properties to be gained. The fields of application vary widely, as will be seen, and a large
amount of potential exists for ongoing exploration and development in this field. Thirdly,
we have included in the second part of the text a number of examples where the same active
ingredients for functionalisation of wood have been used without modification, but where
we see that there is significant potential for them to be included in modification approaches
within the near future. This is true for many of the nanotechnology approaches, where a
rapid growth of activity is showing interchangability between modified and unmodified
wood substrates and combinations of active ingredients. We return to this consideration in
the discussion section.

3. Adding Functionality to Modified Wood

3.1. Thermally Modified Wood with Functionality
3.1.1. TiO2 for Weathering Resistance

To improve weathering performance of thermally modified wood, the titania sol (TiO2)
in paraffin was impregnated into pine wood that had been previously thermally treated at
212 ◦C. The paraffin assisted in retaining the titania on the wood surface (water stability),
and UV resistance of the treated impregnated wood was observed [17]. Others have
considered titanium dioxide or other oxides such as zinc or cerium in acrylic binders, as is
common for UV protection of unmodified wood [18,19]. Both TiO2 and ZnO nanoparticles
were considered by Miklecic et al. [16] in a polyacrylate system, as a coating for thermally
modified beech wood. Both nanoparticle types improved colour stability of the thermally
modified beech, but the zinc oxide system was prone to more crack formation in the surface,
and peeling of the coating. A TiO2/Ce xerogel system was demonstrated for protecting
wood by Guo et al. [20], which could also contribute to future development in this area for
modified woods. The TiO2/Ce xerogel blocked virtually all light with wavelength below
370 nm in their study. When dip coated onto wood a microsheet film was formed with
thickness 7 μm (five dip cycles). Colour change during UV weathering test was greatly
reduced for spruce wood treated with the xerogel.
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Shen et al. [21] measured colour and water contact angle during an ASTM 154 weath-
ering test on thermally modified timber, and thermally modified timber with TiO2 nanopar-
ticle coatings, and thermally modified timber with polydimethyoxysiloxane (PDMS) treat-
ment, or combined TiO2 and PDMS treatments. The TiO2 treatment greatly reduced
the development of lightness over weathering exposure period, whereas PDMS allowed
bleaching to occur. The combined TiO2 and PDMS treatments both gave low total colour
change (ΔE) values compared to the control samples and the treatments when applied as
stand-alone.

The water contact angle of thermally modified timber was initially high (over 100◦) but
rapidly decreased [21]. The PDMS treatment increased the initial contact angle to approx.
110◦, and the TiO2 treatments with PDMS second step further increased the contact angle
to 125–135◦. Both the PDMS, and the TiO2/PDMS systems retained their contact angles
during the weathering exposure, whereas the untreated thermally modified timber lost
hydrophobicity by the 168 h measurement time, and contact angle continued to decrease
as weathering time increased up to 1176 h exposure.

3.1.2. Silica Nanosols

Nanosol treatments are stable dispersions of inorganic nanoparticles, such as silica,
that can be painted or sprayed onto a surface [22]. A number of studies have looked at
using this technology with wood, and differing nanoparticles affect wood in different ways,
e.g., silica- alkoxysilane sols can provide water repellence [23,24], silicon oxide/boron
oxide complexes can give flame retardancy, and silica oxide or boric acid sols can be used
for biocidal properties [23]. With modified wood, and in particular thermally treated wood,
iron salt sols and silica/iron oxide have been applied to improve weathering stability and
water resistance Incorporation of pigments such as iron oxide red with the sol not only
enhanced weathering protection and increased hydrophobicity but also enhanced aesthetic
qualities [23,25].

3.1.3. Suppressing Mould Growth

Another aspect of exterior use of thermally modified wood can be mould growth.
A few different approaches have been tried to improve upon this. Kwaśniewska-Sip
et al. [26] used caffeine, impregnated into wood prior to thermal modification, to alter the
susceptibility to mould growth. Others have used methacrylate as a secondary treatment on
thermally modified wood [27,28]. The methacrylate suppressed mould growth; however, it
did not reduce the colour change due to UV.

3.1.4. Other Improvements through Concurrent Treatments

Other approaches for altering the properties of thermally modified timber include
addition of reagents to the wood prior to heat treatment. One example is the use of a
zwitterionic buffer during thermal modification to alter the reactions which occur. In a
study by Duarte et al. [29], two zwitterionic buffers were used (bicine and tricine) alone or
in combination with thermal modification of wood. It is proposed that the amine compo-
nent of these zwitterionic buffers is able to contribute to Maillard-type reaction with the
polysaccharide components of the wood at elevated temperatures [30] and influence the
characteristics of the thermally modified wood. In the study by Duarte et al. [29] the pres-
ence of bicene and tricene had an effect on termite survival, but further investigations of the
interactions of these molecules with wood during thermal modification was recommended.

Another attempt to modify the properties of thermally modified wood used vinylic
monomers, impregnated into the wood before thermal treatment, the monomer solution
also contained boron derivatives, to alter the termite resistance of the wood [31]. The
polyglycerolmethacrylate and maleic anhydride-polyglycerol adducts improved the boron
fixation, even after leaching. In addition, samples without boron treated at 220 ◦C showed
benefit in termite resistance, indicating a synergistic effect between the thermal modification
and reaction with monomers.
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3.2. Resin Modified Wood with Functionality
UV Resistance Promotion for Resin Modified Timber

The UV stability of resin modified timbers was investigated by Kielmann and Mai [32].
Two types of resin modified timber were studied—based on N-methylol melamine (NMM)
and phenol formaldehyde resin (PF), in addition, both resins were also studied when a dye
had been incorporated into the resin during wood treatment. The timbers were coated with
a translucent waterborne acrylic binder, with and without UV protective agents. The UV
protective system (Tinuvin 533-DW) was a light stabilizer blend containing UV absorbers
and hindered amine light stabiliser (HALS). While this acrylic treatment is a typical paint or
varnish-type treatment, not a surface functionalisation or modification study, it is included
in this review to reflect the interest in achieving UV stability enhancement for modified
wood. The NMM modified wood, and NMM wood with dye both became whitish during
weathering, relating to loss of polyphenolics from lignin, and leaching of the dye if present.
The PF modified woods became a darker brown colour, while the PF wood with dye only
became a slightly lighter shade of black, but with some lightish regions on the sample face.
The darkening of PF modified woods has been previously reported in other studies [33,34]
and is related to formation of new chromophores within the PF resin during UV exposure,
which offsets the degradation of lignin and loss of polyphenolics from the wood itself.

In the coating study by Kielmann and Mai [32] the NMM, PF and PF with dye
samples that had been coated with acrylic without UV agents gained a darker colour after
weathering, which was attributed to the lack of removal of polyphenolic fragments, due to
the coating inhibiting the action of water to mobilise these fragments. The samples with
acrylic binder and light stabiliser blend turned only somewhat darker on UV weathering
exposure, relating to the action of the UV stabilisers. The greatest benefit from the light
stabiliser formation was seen for the NMM samples containing the dye.

Evans et al. [33] used hindered amine light stabilisers (HALS) in the PF resin formu-
lation that they used to resin modify wood veneers. Resin at 10, 20 and 30% resin solids
content were tested, and the presence of 1% or 2% HALS additives. The PF resin and
the HALS additive had a beneficial effect, reducing strength loss resulting from natural
weathering. SEM images of the UV exposed PF treated wood containing HALS (150 h
exposure) revealed that middle lamellae (ML) were intact, and very limited damage to cell
walls, whereas the untreated wood tracheids had clearly separated due to loss of lignin
from the ML. The PF treated wood without HALS showed an intermediate state of damage,
with some small fissures beginning to develop between cells along the line of ML. After
1070 h of UV exposure clear differences remained between the samples, and macro scale
observations indicated greater structural integrity of the PF modified wood with the HALS.

Resin modification has been used as a second step on succinic anhydride modified
wood by Wang et al. [35], with the claim that this led to enhanced dimensional stability,
water repellency (determined by contact angle) and flame retardancy (determined by
LOI, limiting oxygen index). The combination of treatments showed ASE values than
the individual succinylation or melamine formaldehyde impregnation treatments. Both
the resin impregnation and the succinylation are known to have a beneficial effect on
dimensional stability, however it was suggested that the succinic anhydride promoted
cross linking between the resin and the wood.

3.3. Acetylation and Esterification of Wood with Added Functionality
3.3.1. Chemical Modification with UV Stability

Esterification is a popular method for reducing the colour change of wood when
exposed to weathering conditions. For example, acetylated timber shows only minor
changes on weathering, if sufficient weight percent gain (WPG) has been achieved [36,37].
Acetylation shows good colour stability, while succinic and maleic anhydride performed
acceptably, but phthalic anhydride modified wood tended to gain more chromophores
during UV exposure test. Esterification of fir with benzoyl chloride was also shown to
reduce colour change, in tests by Pandey and Chandrashekar [38]. For untreated wood
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bleaching is common as lignin is degraded by UV light, and water removes fragments
of polyphenol decomposition products from the wood surface [7,39]. Rosu et al. [40]
investigated further enhancement of UV stability of esterified wood (prepared with succinic
acid anhydride modification) by an epoxidized soybean oil (ESO) treatment. The ring
opening of the succinic anhydride during the wood modification step presented carboxylic
acid functional groups on the wood surface for further grafting of the ESO, thus this is
a two-step modification process, with the ESO being grafted on the surface of the wood.
The colour change of SA modified wood was reduced compared to the untreated wood,
while the ESO grafted SA modified wood had very low colour change, which on the
first observation interval (20 h) was below the threshold for detection by the human eye.
An ESO treatment for unmodified wood was previously reported by Olsson et al. [41],
in an experiment with additional UV absorbing agent, 2-hydroxy-4(2,3-epoxy propoxy)-
benzophenone (HEPBP), where it showed reduction in colour change on artificial and
natural weathering.

3.3.2. Esterification as a Pre-Treatment for Other Purposes

Esterification with maleic anhydride was used by Li et al. [42] to pre-swell wood prior
to a second step—grafting of a mix of glycidyl methacrylate and methyl methacrylate
monomers. They reported better interfacial compatibility between the phases of wood
and polymer, and a high level of dimensional stability was reported. Pre-treatment of
wood with succinic anhydride (another cyclic anhydride molecule) was reported by Wang
et al. [35] for resin modifications, as noted above.

3.4. Polymer Impregnation with Functionality

Polymer impregnation of wood has been recognised for many years. Initial interest in
impregnating the cellular structure of wood with monomers or polymers such as methyl
methacrylate or epoxy or microscopy led to advances in larger scale pieces of polymer
impregnated wood for high performance applications. Schneider and Phillips [43] reported
investigations on methyl methacrylate impregnated timber giving it the term wood polymer
composite (which has since been assigned to other composites with a wood flour filler in any
polymer matrix). Several commercial systems were developed in the UK, North America
and elsewhere, and found niche applications such as neutron shielding, or machinable
wood blanks for manufacturing high wear components for motorsport and engineering, or
hardwearing flooring. These included products which are still available today: Permali,
Jabroc and Insulam. Work in this area continues today, considering polystyrene [44],
polymerised glycidyl methacrylate [45] and polymethylmethacrylate (PMMA) [46].

3.4.1. Biodegradability in Impregnated Wood

Some of the new generation of modification systems have sought to address dimen-
sional stability while retaining the biodegradability of wood. A good example is the poly-
mer modification proposed by Ermeyden et al. [47], who generated poly-ε-caprolactone
(PCL) in situ by ring opening polymerisation. PCL is a synthetic polymer with strongly
biodegradable character, when subjected to the correct conditions. Depending on the
solvent used during modification, the experiments indicated that good distribution of the
PCL within the cell wall is possible, although toluene as a solvent gave a lumen-filling
and cell wall coating, rather than bulking [47]. Consequently PCL synthesised in dimethyl
formamide solution showed greater anti-swelling efficiency (ASE) than the toluene synthe-
sised PCL modified wood.

Studies by Noel et al. [48,49] used four biopolymers, polylactic acid (PLA), polyglycolic
acid (PGA), polybutylene adipate (PBA) and polybutylene succinate (PBS). A mixture of
cell wall bulking and cell lumen filling properties were observed. The PLA and PBS showed
very interesting affinity for the wood cell wall material, leading to migration into the cell
wall structure during a heating stage, which enhanced dimensional stability [50,51]. Both
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PBS and PLA show biodegradability, however PLA requires careful control of conditions
to facilitate degradation, and may result in a less biodegradable modified wood product.

3.4.2. Pretreatments and Grafting for Polymer Impregnation Modifications

Other systems from the new generation of polymer functionalisation reactions make
use of wood modification, prior to full polymer impregnation This can be to control the
location of the polymer within the wood, or to ensure maximum grafting between the
wood cell wall and the polymer phase. Berglund and Burgert [52] summarised the pre-
treatments and polymerisations, with typical applications, in their review. Atom transfer
radical polymerisation (ATRP), reversible addition-fragmentation chain transfer polymeri-
sation (RAFT) and ring opening polymerisation (ROP) can be used to graft the intended
functionality onto the wood surface for subsequent reactions. Various surface initiated
polymerisations can also be used.

In one example a pH responsive wood system was created, using two different grafted
polymers (PMMA and PDMAEMA, poly(2-dimethylamino)ethyl methacrylate) to favour
water uptake under acidic or basic conditions by Cabane et al. [53]. In a later work by
Cabane et al. [54] they used a bromoisobutyryl bromide (BiBB) initiator and ATRP to
graft polystyrene and poly-N-(isopropyl acrylamide) (PNIPAM) into wood, demonstrating
different functionalities. The polystyrene modified wood was intended as a hydrophobic
treatment, while PNIPAM is known to change its hygroscopicity with temperature-induced
change in microstructure, offering potential to give control over the hygroscopicity of
PNIPAM modified wood. The contact angle at room temperature was low for PNIPAM
wood, but after heating to above the critical temperature (32 ◦C) the contact angle signifi-
cantly increased, demonstrating very low wettability [54]. A wealth of other grafting-based
reactions are possible. For example, Trey et al. [55] polymerised aniline within the cell
lumena of Southern yellow pine veneers, creating semi-electrically conductive wood, with
potential application in anti-static or charge-dispersing materials [56].

3.4.3. Delignification Combined with Polymer Impregnation—Transparent Wood

Polymer impregnation is a key step in the manufacture of transparent wood, however
this is done following a prior delignification step, so is a two-step, or hybrid, modifica-
tion [57–60]. However, once the delignification has been accomplished, various options
exist for the polymer impregnated wood, as well reviewed by [59,60]. Polymethyl methacry-
late is a commonly chosen polymer for this [57], although other researchers have considered
epoxy resins, PVA or other systems [58,59,61–64]. In order to make a two-component ma-
terial (such as composite or impregnated wood) transparent, the difference between the
refracted indices of the two phases must be minimised to reduce diffraction at interfaces
between the two phases [57].

Uses for this wood include optically transparent or opaque materials to permit light to
enter structures [57,58,62,65,66], transparent materials and light diffusing layers for solar
cells [67,68], and diffused luminescence wood structures [69]. Further functionality can be
added by incorporating particles, dyes or other additives into the polymer during impreg-
nation of the delignified wood. Examples of extended functionality include: wood based
lasers (using a dye in the transparent wood to give laser activity) [70,71], heat-shielding
transparent wood windows (incorporating nanoparticles, CsxWO3) [72], thermo-reversible
optical properties—using phase change materials [73], electrochromic properties [74],
energy storage through encapsulation of phase change materials such as polyethylene gly-
col [75], luminescent properties by incorporating nanoparticles (Fe2O3@YVO4:Eu3+) [76],
luminescence [69], magnetic properties by incorporating Fe3O4 nanoparticles [77].

Materials can be produced with high optical transmittance (over 80%) and haze (over
70%) [57]. It is also reported that thermal conductivity is low [66], and load bearing capacity
is good—as reflected in tough, non-catastrophic failure behaviour, or the absence of a
shattering behaviour [57,69]. In some applications the optical haze is seen as beneficial, to
create a uniform and consistent distribution of daylight without any glare effect [66], while
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in other applications a greater level of clarity is sought through adjustment of refractive
indices of the wood and the polymer matrix [64]. The process has now also been applied to
bamboo [64,78].

The actual mechanical properties of the transparent wood have been tested and
reported by Li et al. [57] and Zhu et al. [58] and show that the delignification has a
large reduction in strength, which is then overcome by the polymer impregnation. This
provides a stiffness of the transparent wood (MOE = 2.05 GPa) that is higher than the
PMMA polymer used for impregnation (MOE = 1.8 GPa) [54]. For an epoxy matrix based
transparent wood studied by Zhu et al. [58], the MOE value was 1.22 GPa when loaded in
the radial direction (i.e., higher than the unmodified Basswood in this test orientation (0.19
GPa). Meanwhile, in the longitudinal direction the transparent wood MOE was 2.37 GPa,
which was approximately half the strength of the natural wood prior to delignification and
polymer resin impregnation (5.78 GPa).

A compression step was added to the transparent wood preparation by Li et al. [57],
which further increased the stiffness value to 3.59 GPa, the tensile stress for this compressed
transparent wood was higher than PMMA (ca. 90 MPa and ca. 40 MPa, respectively) when
the wood was loaded longitudinally, whereas the delignified wood had a maximum stress
of below 5 MPa [57]. The level of delignification in the study was high, reducing lignin
content of the balsa wood used from 24.9% to 2.9% [57]. However, there is also interest
in development of a method for creating optically transparent wood which has not been
subjected to such intense delignification, to reduce the loss of strength, and to reduce the
time-consuming delignification step [61]. A method where 80% of lignin remains in the
wood has been proposed and demonstrated, using a hydrogen peroxide system [61]. The
method focused on bleaching by removal of the chromophoric structures, while leaving
bulk lignin in situ within the wood cell wall, preserving the structure of the wood. Reaction
time was significantly reduced for four species studied by Li et al. [61] and the wet strength
of the wood parallel to the grain was significantly higher than the full delignification
method.

In a further development of the transparent wood concept, an intermediate step has
been demonstrated by Montanari et al. [79]. Following delignification, the wood substrate
was grafted with either maleic, itaconic or succinic anhydride from renewable sources. The
esterification reaction onto the wood substrate permits interface tailoring in subsequent
reaction with active agents and controls the wood-polymer interaction necessary for optical
transparency. Additionally, the esterification reduces moisture sorption of the wood, as
would be expected based on the well-known esterification family of chemical modification
systems.

4. Functionality and Multi-Functionality through Other Wood Modifications

4.1. New Approaches for Functionality

Looking outside the literature relating to the primary, or fully commercialised wood
modification systems, we find reviews which consider how wood can be given multi-
functionality through any combination of cell wall modification, cell lumen surface modifi-
cations, and lumen filling. These can be considered to be ‘new generation wood modifi-
cations’, although there is some overlap with existing wood modifications mentioned in
Section 2, as shown in Figure 1. Li et al. [59] comment that this can use “chemical reactions,
physical adsorption or absorption, thermal treatment for phase separation effects, inorganic
or metal particle precipitation from salt solution, and combined approaches.” Many of
these have been reviewed and compared in Burgert et al. [80], whose review also extended
beyond wood modification to also consider using the hierarchical porous structure of the
wood as a template for inorganic non-metallic materials, and applying biomimicry to cell
wall structures, i.e., reassembling cellulose nanofibers to design new structures. These
elements extend far outside the realms of wood modification, however many interest-
ing principles can be considered based on the modification elements of Burgert et al.’s
review [80]. The first insight is that the well-established wood modifications typically
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focus on making wood more inert (e.g., blocking or removing hydroxyl groups), whereas
many of the nanotechnology wood modifications have focused on increasing functionality,
or chemical reactivity. A second insight is that the commercialised wood modifications
are typically carried out with relatively little nanostructural control, i.e., they applied to
the bulk of the wood. They also highlighted the emerging field of wood nanotechnology,
which includes advanced wood functionalisation, where molecular features of the wood,
and pore spaces within the wood cell wall are targeted specifically [80]. The pore spaces at
specific length scales can be deliberately utilised to fine-tune the synthesis processes or to
facilitate novel properties.

Figure 1. Interaction of wood modification and nanotechnology to create functional and multi-functional wood.

Through these impregnation or mineralisation approaches we find examples of fire-
retardant wood [81], magnetic wood [76,77,82,83], UV stabilised wood [76,82,84], and
conductive wood [55,56]. However, some references for conductive wood refer to systems
where the wood is so highly carbonised that is should no longer be called modified wood,
for example many studies have used carbonised wood as a substrate for lithium or other
conductive materials for battery anodes [85]. Other studies [56] have used conductive
polymers to impregnate the wood without causing this severe degradation, permitting
the conducting or super-conducting behaviour. In some of the above studies, the func-
tionalising agent was incorporated within the polymer during impregnation, while for
others a pre-treatment with dye or functionalising agent was completed prior to poly-
mer impregnation which sealed the treatment agent in situ [59]. Thus, not only is wood
modification occurring, but in some systems nanoparticles are being utilised to extend the
types of functionality given to the wood. These nanoparticle-based modifications will be
considered in following sections, but are represented by the rectangular field in Figure 1,
intersecting with both the traditional and new generation modifications.

4.2. Delignified Wood with Functionality

In the section on polymer modified woods (above), we identified the use of delignified
wood with a polymer impregnation process to form transparent wood. Other work has
considered the use of delignified wood without polymer, as a scaffold for further modifica-
tions. One example is the luminescent wood films proposed by Fu et al. [86], where the
delignified wood also had a reduced hemicellulose content, enhancing hydrophobicity, and
was infused with quantum dots before densification. Light scattering by the delignified
wood was supplemented by the presence of quantum dots to generate different colours
of light. After densification, the wood film was protected by a further modification using
hexadecyl trimethoxy silane, so we observe a three-step modification, combining well
known techniques to generate the desired functionality. The use of a silane to protect the
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wood film was selected to avoid debonding of a more rigid polymer such as the PMMA
or epoxy that are often used in transparent wood systems. As a result, a high level of
flexibility was formed in this product.

Frey et al. [87] used delignification followed by densification to produce a bulk com-
posite with specific fibre folding patters that had excellent elastic (circa 35 GPa) and tensile
(270 MPa) properties and could be easily shaped. They also reported the potential for
further functionalisation of the material. Delignification of wood followed by freeze drying
and compression has been used [88] to create highly compressible aerogels with very low
thermal conductivity values (0.028 W/mK) that could have other applications such as noise
adsorption or soaking up pollution like a sponge. Extreme modification has performed
using delignified wood as a template for precision casting with a nanosol of cerium zirco-
nium oxide to form a non-structural ceramic like material with potential applications in
fuel cells or catalyst systems [89].

4.3. Sodium Hydroxide Treatment

A less intense chemical pre-treatment has been used for creation of wood scaffolds
for metal organic frameworks (MOFs) by Tu et al. [90]. Sodium hydroxide pretreatment
does not substantially delignify wood when conducted at room temperature, but does
open up the wood structure to facilitate the necessary rough fibrillar structure for MOF
formation. The sodium hydroxide solution also leads to substitution of sodium cations into
the wood structure replacing carboxyl groups, and these sodium ions are believed to act as
nucleation sites for the MOF deposition process [90]. Two MOFs were formed, including a
zeolitic imidazole framework (ZIF-8) derived from zinc nitrate and 2-methyl imidazole,
demonstrated in beech, spruce and basswood; and a demonstration of MOF-199 in beech
only. The tensile and compressive strength of the beech timber was greatly increased by
formation of the ZIF-8 composite, and the porous MOF deposited within the cell lumena
showed good adsorption of gases, with potential suitability for environmental or energy
applications.

4.4. Other Modifications with Functionality

Many of the emerging wood modifications for enhanced functionality rely on a set of
additives that can be incorporated into the wood during polymer modification, or decorated
onto the wood surface as a separate treatment step. Many are compiled in Table 3, although
the list is far from exhaustive. Several of the inorganic or metallic particles listed are
familiar ingredients for wood coatings, and indeed, there is some overlap between coatings
and surface treatments for functionalised wood [91]. During the process of compiling this
review the wide range of such additives has become apparent. It was also noted that there is
considerable cross-over between the use of such treatments on or in modified wood, versus
their use on unmodified wood to create similar functionalities. Therefore, some overlap
between modified and unmodified woods is acknowledged, but as research continues,
there is a high likelihood that treatments currently demonstrated on one substrate will be
further developed on others, to generate modifications of the future. Other reviews which
consider nanoparticles as treatments for wood or for surface coatings contain additional
information [22,92–96].
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Table 3. Typical or potential additives used to add functionality during or after a main wood modification step.

Additive
Used during
Modification

Used after Modification
Properties Given or

Enhanced
Refs.

Metal oxides
nanoparticles: TiO2,

ZnO, CeO2

- Unmodified wood
Photocatalytic properties;

UV-protection;
Self-cleaning

[19]

Silicon nanoparticles;
TiO2 nanoparticles;

ZnO nanorods
- Unmodified wood

Superhydrophobic
properties;

Fire retardancy
[97,98]

TiO2 (anatase form) Polymer impregnated
wood

Unmodified wood [99]
Thermal mod. [17,21]

Hydrophobic surface
treatment [17,21,99,100]

TiO2 (rutile form) - Unmodified wood [101];
Thermal mod. [16] UV resistance [16,101]

Nanoclay (layered
aluminosilicates)

PF Resin modification,
Polymer impregnation -

Quicker reaction,
Improved dimensional

stability
[100,102]

Halloysite,
Montmorillonite,

Calcium carbonate,
TiO2, silica

nanoparticles

- - As a carrier for biocides [103]

Montmorillonite clay - Delignified wood
Fire retardancy; Readily

splits into multiple
platelets

[84,98]

Fe3O4 particles;
MnFe2O4 particles;
CoFe2O4 particles

- - Magnetic properties [83]

Fe3O4 nanoparticles Before PMMA
impregnation - Magnetic properties [78]

CoFe2O4 nanoparticles Before silane treatment -
Magnetic properties;

hydrophobicity when
combined with OTS

[77]

Metal organic
frameworks (MOFs)

ZIF-8 & MOF199
- NaOH pretreated scaffold Adsorption of gases [89]

Metal oxides (atomic
layer deposition) - Unmodified wood Hygroscopicity and

resistance to mould growth [104]

MXene (transition
metal carbides,

carbonitrides and
nitrides)

- Unmodified wood Elecrtomagnetic shielding [105]

Silver nanoparticles Before thermal
modification Unmodified wood Decay resistance; electrical

conduction [106–108]

Quantum dots
(Si and CdSe)

(CdSe and ZnS)

PMMA
impregnation
(transparent)

Delignified scaffold
Luminescence—red &

green excitation caused by
blue or UV light

[68,109]

Electrochromic
polymers (ECPs)

PMMA
impregnation
(transparent)

- Colour change on electrical
current [74]
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Table 3. Cont.

Additive
Used during
Modification

Used after Modification
Properties Given or

Enhanced
Refs.

Rh6G dye (Rhodamine
6G)

PMMA
impregnation
(transparent)

-

Red colour of transparent
wood; laser output (565 to

570 nm) from the wood
perpendicular to input

laser (532 nm)

[70,71]

Carnauba wax and
organoclay - Thermal modification

Reduction in water uptake;
increase in strength

properties; improved
photostability

[110]

One common treatment seen in many of the nanotechnology based systems is the
reaction of wood with organosilanes. Several have already been mentioned in this review
for their ability to assist in grafting of the treatment [17,80,109], or to protect the treatment
once in situ [111–113]. Silanes are also used in the functionalisation of nanoclays, to enhance
their compatibility with the intended polymer matrix, or to promote binding of active
substances. For example, Devi et al. [100] used a functionalised nanoclay in preparing
resin modified wood, the nanoclay had previously modified with octadecylamine and
aminopropyl triethoxy silane.

The grafting of different silanes onto wood to increase hydrophobicity were considered
by Donath et al. [114] and depending on the pendant functional groups many different
levels of effect may be achieved. Other organic silicon compounds can include chlorine or
fluorine species, further altering the properties provided to the wood [115]. One frequent
aim is to enhance hydrophobicity through alkyl or other low polarity functional groups.
In performing these reactions, a sol-gel process is common, where a hydrolysis reaction
of the silane creates silanols leading to sol formation, followed by gel formation through
cross linking reactions. Some treatments utilise the moisture content of the wood to supply
water for hydrolysis reactions to occur in situ, while other systems may generate the sol
in a reactor prior to impregnation. Donath et al. [108] favoured the in situ reaction for
good results in wood modification, with better distribution of the silane in the wood
structure. The use of emulsions, plasma treatments and other methods for surface coating
or for impregnation into the bulk of the wood were considered in the review by Mai and
Militz [115].

5. Targeted Properties

5.1. Hydrophobicity

As introduced above, one issue for modified wood is the loss of hydrophobicity on
weathering exposure, for example thermally modified wood has relatively high hydropho-
bicity immediately after treatment, but contact angle decreases with UV exposure [21].
Ways of improving the contact angle of unmodified wood have also been studied, using
similar approaches, such as deposition of titanium dioxide on the wood surfaces to enhance
hydrophobicity. Sun et al. [99] used a hydrothermal method to achieve the surface depo-
sition of TiO2, with certain deposition conditions generating a micromorphology on the
surface that demonstrated hydrophobic (contact angle of over 90◦) or superhydrophobic
(contact angle of over 150 ◦C) behaviour. Such micromorphologies can result in the ‘lotus
effect’ with either Cassie-Baxter or Wenzel mode and are found in various plant leaves,
giving rise to a well-investigated field of biomimetic surfaces [116,117]. For example, a
water contact angle of 154 ◦C was demonstrated for hydrothermal growing process at
130 ◦C, whereas lower temperatures gave contact angles of 85◦ or above. This growth
process followed an earlier deposition stage in a treatment solution of tetrabutyl orthotita
(TBOT) in ethyl alcohol with sodium dodecyl sulphate (SDS), conducted at 70 ◦C for 4
h. The pH of the starting solution also had a significant influence on deposition of the
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TiO2 and contact angle achieved, with lower pH favouring higher hydrophobicity [100].
TiO2 occurs in several crystalline forms, or polymorphs, and the anatase form (tetragonal)
shows photoactivity [118], this form was also achieved during the deposition method of
Sun et al. [99].

Similar techniques have since been used with modified wood. Titanium dioxide sols
have been applied to thermally modified Scots pine to enhance weathering resistance [17].
They demonstrated that TiO2 sol was not resistant to water, but the addition of paraffin
emulsion helped the retention of the TiO2 by the wood surface. The samples impregnated
with the combined TiO2 and paraffin emulsion showed improved resistance to the effects of
ultraviolet light and water on the wood surface, and degradation of the wood components
was slowed by the presence of the treatment. In a second study, using a two-step process,
Shen et al. [21] applied titanium dioxide nanoparticles, followed by a silane coating. The
titanium nanoparticles were grown from acidic solution of ammonium fluorotitanate and
boric acid, into which wood samples were immersed for three days. The TiO2 treated
wood was then washed and dried before silane treatment with hydroxyl-terminated poly-
dimethyl siloxane (PDMS) by brush application. A weathering test (ASTM 154) was used to
evaluate UV resistance. Water contact angle was measured at intervals over the weathering
experiment, and TiO2 treatments, with and without the PDMS retained the high contact
angle that indicates hydrophobicity (values between 110 to 145◦). Colour change was also
inhibited by the combined treatment.

Zinc oxide nanorods have also shown enhanced hydrophobicity when grown on the
wood surface [83,97]. Control of the nanorod morphology and coating of the nanorod
assembly with PTES (perfluorotriethoxy silane) led to contact angles of 130◦ (without PTES)
and 160◦ (with PTES). Thus, the treated wood surfaces demonstrated superhydrophobic
behaviour, with water droplets sliding off the surface. In a study by Kong et al. [119]
high-density zinc nanorods were demonstrated to give not only water-repellency but also
photostability and flame retardancy to wood.

Silica nanoparticles were used by Jia et al. [120] to prepare superhydrophobic wood
that also had high wear resistance. The nanoparticles were added to the wood in a
hydrothermal process with vinyl triethoxy silane (VTES) and ethanol in sealed containers
that were placed in the oven at 100 ◦C for 90 min. This process was repeated three times to
obtain treated samples. Similar samples were also prepared on wood that had received
a mild sodium hydroxide pretreatment, and this gave rise to very high contact angles,
whereas the nanoparticle and VTES treatment alone did not. A further treatment includes
sodium hydroxide in the single step hydrothermal treatment with the SiO2 and VTES,
giving contact angle values that were almost as high as the pretreated SiO2 and VTES
samples. The wear resistance of the pretreated SiO2 and VTES treated wood was tested
using abrasion tests (with sandpaper and knife-scratches), and a boiling procedure, in all
cases the high contact angle was retained [120].

Other surface modifications have been attempted using bio-derived extracts. Filgueira
et al. [121] used water insoluble condensed tannins and hydroxypropylated condensed
tannins extracted from Pinus radiata bark to increase hydrophobicity on the surface of
beech wood. The process was enabled using laccase at pH 10 to produce a heterogenous
modification. The hydrophobicity of the surface of beech wood (Fagus sylvatica L.) was
improved by this treatment.

5.2. Self-Healing

The development of new nanotechnology-based coatings brings the need for robust
and wear resistant surfaces. Some researchers have begun to address this, either considering
the abrasion resistance [120], or through developing self-healing surfaces [122]. A silane
modification was used by Tu et al. [122] as a pretreatment for the wood, followed by spray
coating with TiO2 nanoparticles dispersed in a waterborne perfluoroalkyl methacrylic
copolymer. The coating performed well in abrasion tests, retaining a high contact angle
and only small increase in sliding angle (where the water droplet rolls off the surface). The
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silane pretreatment was shown to assist in long-term UV exposure tests, whereas samples
prepared with only the nanoparticles in copolymer suspension showed decreasing contact
angle with duration of UV.

5.3. Indoor Environment Improvement

Comfort of the interior environment is an issue that is becoming more of a design
feature. There is a perception that natural materials create more comfortable environments,
and wood can contribute significantly to this [123]. Some of this perception is psycholog-
ical but there is also a physical effect based on temperature and humidity. Hygroscopic
materials such as wood have been shown to affect humidity in the indoor environment
via moisture buffering—i.e., absorbing moisture in high humidity environments and con-
versely releasing moisture in low humidity environments [124,125]. This can help keep
room humidity in the comfortable zone for most people. This moisture buffering also
affects temperature via differences in latent heat of sorption [126,127]. Different wood
types have different moisture buffering effects and therefore different effects on room
comfort [128]. There is a challenge to maintain moisture buffering (which relies on hygro-
scopicity) whilst also protecting wood against liquid water. Lozhechnikova et al. [129]
have used Carnauba wax in a non-continuous film to treat Spruce wood and showed that
good moisture buffering and good water repellence was obtained. In comparison to full
wax films and lacquers reduced moisture buffering significantly whilst linseed oil did not
provide enough hydrophobicity. Adding zinc oxide to the Carnauba wax [130] and using a
layer-by-layer deposition increased both the hydrophobicity and the UV resistance of the
wood whilst maintaining the moisture buffering capability.

Other functionalised woods have been developed with indoor environmental comfort
in mind. Montanari et al. [75] developed a transparent wood which incorporated a phase
change material within the PMMA main polymer. Phase change materials have been an
area of development within building design in recent years. Transparent wood has already
demonstrated good thermal insulation properties, with potential to outperform traditional
glazing [65,66]. The intention of the study was to allow thermal regulation of the indoor
environment, while also permitting light to be transmitted into the building. It was found
that the transparent wood with thermal energy storage was superior to normal glass, with
its combination of thermal energy storage and thermal insulation properties. A thermal
conductivity of 0.30 Wm−1·K−1 was reported for the transparent wood, compared with
1.36 Wm−1·K−1 for glass [75]. The low thermal conductivity of transparent wood for
glazing applications was also demonstrated by Mi et al. [62], with an even lower value of
thermal conductivity, 0.19 Wm−1·K−1, however, did incorporate phase change materials.

5.4. UV Resistance

As mentioned above, TiO2 can be used to promote UV resistance, for example during
weathering [21,101]. The preparation of TiO2 particles of various sizes on wood surface has
been demonstrated. Sun et al. [101] reported a one-pot method for hydrothermal treatment
of wood creating sub-micron sized particles of TiO2. Yang et al. [131] showed that anatase
TiO2 has greatest use for photocatalysis, whereas rutile form shows greater UV blocking
capability. Sun et al. [101] created anatase and rutile TiO2 on wood surfaces using different
reaction conditions, and showed that the rutile form had greater UV hindering capacity.
Colour change analysis after QUV weathering exposure revealed the lowest change for
the rutile TiO2 treated wood, with anatase TiO2 showing intermediate colour change, and
untreated wood the greatest change.

Copper micro-particle deposition on wood was studied by Gascon-Garrido et al. [132]
and demonstrated a reduction in UV induced strength loss. A pulsed-arc discharge plasma
was used to deposit the copper microparticles on the wood surface. Micro-veneers with
and without the copper surface treatment were exposed to accelerated weathering (EN
927-6), then analysed by various techniques including FTIR, SEM-EDAX, zero span tensile
test and blue stain fungal test (EN 152). The FTIR results indicated that lignin degradation
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was not inhibited by the presence of copper, whereas the strength results indicated that
UV-initiated degradation of the polysaccharides was inhibited. The stain fungi were unable
to colonise the copper coated surface of the wood. The results are therefore promising
for exterior weathering conditions, where mould and stain fungi frequently contribute to
discoloration of wood surfaces.

Ultra-violet protection was also reported by Gan et al. [82] in a study that gener-
ated magnetic wood by deposition of cobalt ferrite (CoFe2O4) nanoparticles in the wood,
followed by an octadecyltrichlorosilane (OTS) modification to provide hydrophobicity
and UV resistance. The OTS treatment used a room temperature immersion followed by
50 ◦C oven drying step. Colour change on UV exposure was substantially reduced for the
combined treatment. The combination of CoFe2O4 particles with the OTS increased the
contact angle from 100◦ for OTS only, to 150◦, although the use of nanoparticles on their
own gave a very low contact angle of 7◦, which was lower than the wood itself.

5.5. Photochromic Behaviour

The potential to give wood photochromic properties has been demonstrated by
Hui et al. [133] who used spironaphoxazine, an organic photochromic compound with
good fatigue resistance. This compound alternates between a colourless (closed ring struc-
ture) and coloured (open ringed structure) on the presence of UV light. In the study the
photochromic material was incorporated in a surface coating of polyvinyl alcohol (PVA)
and dextrin [133]. A second formulation incorporated octadecyltrichlorosilane (OTS) to
increase hydrophobicity of the coating. The presence of OTS also slowed the colour change
seen during weathering test, but did not hinder the photochromic effect.

5.6. Acoustic Properties

One interesting additional use of wood modification is to change the acoustic prop-
erties of the wood either for sound adsorption or sound production. Noise pollution is
a factor of modern life and yet it can have serious impacts on wellbeing. Modification
to increase the sound adsorption of wood could therefore be a highly useful procedure
to increase wellbeing of occupants of buildings. Kang et al. [134] used steam explosion
to increase the permeability of yellow poplar, resulting in 15 to 50% increase in sound
adsorption in the fibre direction, (dependent on the treatment). Wang et al. [135] used
microwave treatment to significantly increase sound absorption of Scots pine, especially in
mid-range frequencies, via increased permeability due to micro-cracks and voids formed
in the wood.

Thermal treatments have been used with higher temperatures appearing to be the most
effective in increasing acoustic properties of the wood. Thermal treatment of Paulownia
tomentosa between 100 ◦C and 200 ◦C had an insignificant effect on permeability and
therefore sound absorption [136] although heat treatment of Mulberry at 145 ◦C to 165 ◦C
was shown to increase absorption coefficients in the 250 Hz range [137]. In contrast, high
temperature treatment (190 ◦C) of Malas wood increased permeability in the longitudinal
direction with a resulting increase in sound adsorption [138]. Even higher temperature
treatments (200–240 ◦C) have been used to increase the sound absorption coefficient of Larix
kaempferi, with a particular increase in the absorption of high frequencies [139]. At lower
temperatures, using a hygrothermal treatment on Paulownia coreana at 110 ◦C did produce
good results, with an 81.8% improvement of the sound absorption coefficient [140].

Noise, at least in the form of music, also has a mostly beneficial impact on wellbeing
and wood is used in a myriad of musical instruments. Of course, the influence of humidity
and dimensional movement can have serious effects on these instruments both in terms of
tone and tuning, and in strain or catastrophic failures when joints and timber are placed
under high tension. Wood modification has therefore been used to alleviate some of these
issues. Of the chemical methods acetylation, has been tested [141] to solve the issues of
dimensional changes on wood in instruments. It was found that whilst stabilising the wood,
both the sound velocity and sound adsorption were reduced, although no conclusions on
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sound quality were made. Succinylation, however, did not improve acoustic properties
although in the same study crosslinking with glyoxal and carboxymethyl cellulose did [142].
Vapour formaldehyde treatment of a violin [143] was shown to improve the tone of a
violin whilst also protecting it against humidity effects. Further treatments [143,144]
using low molecular phenolic resin or vapour formaldehyde combined with saligenin
impregnation were found to affect tone and timbre of wooden instruments. Ahmed
et al. [145] compared acetylation, phenol formaldehyde, and furfurylation treatments to
thermal treatments of a number of woods. They identified a range of differing modulus
of elasticity to damping coefficient (tanδ) ratios that would be beneficial for differing
instruments. Most modifications produced better acoustic properties compared to the
original wood types though thermally modified wood and acetylated wood showed the
most potential. Conversely phenol formaldehyde and furfurylation treatments showed the
least potential.

Seeing that thermal modification seems to give good results Mania et al. [146] report
that the most resonant wood has a high modulus of elasticity and low density. Thermal
modification decreases both density and hygroscopicity. Modification at 160 ◦C increased
the modulus of elasticity and acoustic parameters such as sound propagation and acoustic
impedance, (determined by the modulus). Pfriem [147] found that thermal modification
at 160 ◦C to 180 ◦C in low oxygen gave good improvements of acoustic properties. Hy-
drothermal treatment at temperatures between 100 ◦C and 140 ◦C has also been used [148]
to decrease density and increase Young’s modulus of mulberry wood to improve acoustic
properties. However, if intermediate relative humidities, e.g., 29–64%, are used for the
hygrothermal treatment then gains are actually reversible and so provide no long term
solution [149]. Mania and Gasiorek [150] found hot oil treatment to have different effects
based on the size of the element being treated. Small pieces absorbed comparatively high
levels of oil which increased density and decreased acoustic performance. In contrast larger
pieces showed more of an increase in MOE which overcame the increase in density to result
in a small increase in acoustic parameters.

5.7. Electrical Conductivity

Several different approaches have been taken to introduce electrical conductivity to
wood in various forms. Polymer impregnation or polymer grafting have been demon-
strated by Lv et al. [151] with polypyrrole, and Trey et al. [55] with polyaniline. Proposed
applications were for use in supercapacitors and in anti-static applications, respectively.
Others have looked at different approaches, such as creation of a fine mesh of conductive
nanowires on the wood surface. Guo et al. [152] used copper nanowires, and developed
a fusion welding process, based on photonic curing, to ensure good mesh formation and
avoid degradation of the thermally sensitive wood substrate during this process. In other
transparent materials both copper and silver nanowires have been used, however, the
greater abundance of copper leads to greater potential for widespread use in flexible
electronics. The use of silver nanoparticles for conductive wood was investigated by Gao
et al. [108]. In their study, a post-treatment with a fluoroalkyl silane led to a superhydropho-
bic surface, using the texture of the nanoparticles combined with the hydrophobicity of
the silane. Another method is the impregnation of the wood scaffold with metals [153],
however this requires high temperatures, to melt the metal, and could lead to wood thermal
degradation, so it is most frequently performed on charred wood, rather than untreated
wood, and falls outside the scope of this review. Unlike metals, many of the semiconduct-
ing metal oxides (such as TiO2) show potential for adaptation to introducing electrical
conductivity to material substrates, including wood, and could be further tailored to offer
sensing properties [95]

There is interest in using wood as a scaffold for electrically conductive or semi-
conducting materials for various reasons. One is the potential of the wood grain to
contribute to different levels of conductivity in different orientations along or across the
wood, relating to the distribution of conductive polymer or metal within cell lumena, or as
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a coating on the cell wall of each lumen space. The flexibility of wood veneers was also
listed as an advantage by Lv et al. [151], the flexible wood-polypyrrole material had high
capacitance, and showed potential for use in energy storage.

Piezoelectric energy generation using wood-based materials has also been considered.
Sun et al. [154] used delignified balsa wood as a ‘wood sponge’ with greater deformability
than untreated wood, and a higher piezoelectric yield on deformation. A large-scale
demonstrator used 30 wood sponges connected in to power a commercial LCD screen
through compression in a flooring element. This holds considerable potential for wearable
electronics and other motion-based energy supply.

5.8. Fire-Retardant Properties

A desirable area for development in modified wood is fire retardancy, either as an
indirect result of deposition of the types of inorganic materials used in some of the emerg-
ing nanotechnology-based modifications listed above, or as a deliberate effort to move
commercially modified timbers into higher performance applications within buildings. As
a result, the tests used to claim that new modified woods demonstrate fire retardancy can
vary widely, from small lab experiments such as thermogravimetric analysis up to the more
thorough fire test standards used on construction sized timber elements or assemblies.
Both have their role to play in understanding the many mechanisms through which fire
retardancy may be achieved, and an excellent overview can be found in Lowden and
Hull [155]. This understanding is especially important as new generation fire-retardant
treatments are developed. In this review we made effort to clarify how the reported levels
of fire retardancy were tested, to help differentiate between these different scales.

Martinka et al. [156] has shown that thermal treatment can change the fire properties of
timber. Thermally treated spruce had a lower total heat release and heat rate comparing to
untreated timber in a cone calorimeter study. During thermal treatment, hemicellulose and
some of the extractives which have the lowest combustion temperature are decomposed.
The absence of these components can explain the thermally modified wood better reaction
to fire. Others have shown the opposite, indicating a higher burn rate for thermally
modified wood from higher temperature processes, for example Čekovská et al. [157],
who used spruce wood in their study, which used a novel 45◦ ignition method. The
treatment conditions chosen (180 ◦C and 210 ◦C) were representative for the Thermowood
S and Thermowood D product categories, respectively. However, according to Luptakova
et al. [158], in order to have any beneficial effect on fire performance of thermally modified
timber, the treated temperature should be over 200 ◦C. Working with larch timber in a
cone calorimeter tests, Xing and Li ([159] observed that the heat release rate and mass
loss rate curves for thermally treated larch (180 ◦C, 190 ◦C and 210 ◦C) were suppressed,
which concords with other cone calorimetry studies, such as Martinke et al. [156]. It
should be pointed out that no thermally modified timber, regardless of the temperature
conditions used, has sufficient gain in fire retardancy in the full-scale tests required to meet
the building regulations in Europe. Therefore, it is highly likely that additional treatments
will continue to be required to protect thermally modified timber. Gasparik et al. [160]
showed that the application of a two-substance fire-retardant coating can improve the fire
performance of thermally treated oak. This was a commercially available product, using
three layers of a foaming formulation containing oxalic acid, ammonium phosphates and
fire-retardant additives, which was followed by an acrylic cover lacquer.

Acetylated wood also shows a small change in flammability, as a result of the chemical
modification, however this is insufficient to provide fire resistance. Mohebby et al. [161]
tested acetylated beech plywood in an ignitability test on small samples. They reported a
delay in ignition for the acetylated beech, and a reduction in observed glowing, which they
attributed to the weight percent gain from the acetylation treatment.

In 2007, an Australian collaborative project was funded by the Commonwealth Sci-
entific and Industrial Research Organization (CSIRO) to develop a single step treatment
that could provide fire protection and preservation to wood. According to Marney and
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Russell [162], to produce a multifunctional system to act both as fire retardant and wood
preservative there are four different approaches. The first approach would be to modify an
existing preservative with the addition of fire-retardant chemical. Another approach would
be to treat or chemically modify the wood with fire retardants that have proven to have
good biocidal performance. A similar approach would be the usage of preservatives that
have shown good fire resistance when fixed into the wood structure. The fourth approach
would be the wood modification with inorganic substances forming a wood-inorganic
composites.

Sweet et al. [163] tested a variety of fire retardants in combination with wood preser-
vatives. This follows point two of Marney and Russel’s suggested four potential ap-
proaches [162], in this case the examples are based on treatments rather than wood modifi-
cations, in the strict sense, however the list is included here to show the range of substances
currently under investigation. Sweet et al. [163] tested the compatibility of the different
products in leaching, indicating their ability to fulfil the requirements for external us-
age. According to their findings urea dicyandiamide phosphoric acid and formaldehyde
(UDPF), melamine dicyandiamide phosphoric acid and formaldehyde (MDPF), dicyandi-
amide phosphoric formaldehyde (DPF) and dicyandiamide phosphoric acid (DP) were
the fire retardant candidates to show resistance to leaching and be compatible with the
chromated copper arsenate (CCA), didecyl dimethyl ammonium chloride (DDAC), DDCA
with 3-iodo-2-propynyl butyl carbamate (NP-1), ammoniacal copper quaternary (ACQ),
zinc naphthenate, waterborne emulsion (ZnNaph-wb) and ammoniacal copper arsenate
(ACA) preservatives. Their study concluded that the combinations UDPF with DDAC
and MDPF with NP-1 were the most effective system to provide both fire resistance and
durability before and after weathering. Similarly, many researchers have used different
combinations of fire retardants with wood preservatives such as zirconium and borate
salts and urea phosphoric acid and ethanol with a mixture of boric acid and borax penta-
hydrate [162]. An example of wood modification combined with fire retardant is seen in
the work of Baysal [164], who showed that the melamine formaldehyde with boric acid
and borax improved the fire performance of wood. However, the efficiency of the system
as preservative was not investigated in this study as it was assumed that boric acid would
provide sufficient performance.

Lewin [165] tried the approach of chemically modify wood with proven fire-retardant
substances. Yellow pine and spruce were subjected to bromination of lignin with bromate-
bromide resulting to improved fire and decay resistance while being resistant to leaching.
Moreover, the brominated timber did not show any significant reduction in mechanical
properties while improving hydrophobicity and swelling. Moreover, in situ production of
phosphoramides within Loblolly Pine and Sweetgum timber using phosphorus pentoxide
and amines has been reported to provide good decay and fire resistance [162,166].

In an attempt to fix a substance into wood in order to provide fire and decay resistance
properties, Tsunoda [167] proposed a boron vapor treatment and showed that there was
no difference between fire performances of the suggested application with the application
of boron in a liquid state. However, this study did not include any data about leaching
after weathering. To fix the leaching problem of boron substances in a fire-decay resistance
modified wood, Kartal et al. [168] introduced a chemical modification using allyl glycidyl
ether (AGE) in combination with methyl methacrylate (MMA), grafted in situ into timber
that had been treated with disodium octoborate tetrahydrate (DOT). Their findings were
that the modified Japanese cedar timber showed improvement in dimensional stability,
leaching, decay and termite resistance, however they did not include fire performance
testing. Another approach to fix the boron into the treated wood was proposed by Baysal
et al. [169] with the application of various water repellent agents, including styrene, iso-
cyanate, paraffin wax and methyl methacrylate, as a post borate impregnation treatments.
A vacuum impregnation system and thermally induced cure step (90 ◦C, 4 h) was used to
cure the monomers in situ. They found that styrene application provided the most effective
results in reducing borate leaching, yet they did not present fire performance data.
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Jiang et al. [170] used a N-methylol resin to fix a guanylurea phosphate (GUP) and
boric acid (BA) fire-retardant system into wood. The resin was DMDHEU (which is a
known wood modification agent) was connected to an increase in flammability, when used
alone, but with the GUP/BA treatment suppressed combustion. The treated wood was
tested in full-scale tests and demonstrated class Bfl-s1 performance, suitable for certain
building applications.

Yue et al. [171] used boric acid that was incorporated into phenol formaldehyde resin
during synthesis to enhance the fire retardancy of PF modified wood. The treated wood
was assessed in cone calorimetry tests, and showed a suppression of HRR, which became
more prominent as the percentage of boric acid PF resin within the wood increased. Smoke
formation was also reduced. Interestingly, the mechanical properties of the boric acid PF
treated wood were greater than those of the PF treated wood. In a development of this
work, Yue et al. [172] showed that compression of the boric acid PF resin impregnated
timber led to further gains in combustion resistance, and increased mechanical properties.

Different silane compounds and different treatment methods have been investigated
as systems to provide inorganic fire resistance and durability to timber and timber-based
products with some promising results. However, some of the treatments could not mini-
mize the leaching issue seen with boron compounds. Other approaches with combination
of zinc and boron compounds have been also investigated with interesting results, however
many of those studies do not include fire test data and they are focusing on the leacha-
bility of their substances [162]. Mineralisation of timber has also been investigated as a
fire resistance and hydrophobicity improvement method. CaCO3 can be found in many
exoskeleton species such as corals, egg-shells and crustacean exoskeletons and it provides
durability, increase of hardness and water uptake reduction. The incorporation of CaCO3
into the timber structure as a bio-inspired mineralisation showed a high improvement in
fire resistance. This could be an alternative approach to improve fire resistance of timber,
however there was no leaching and water absorbing data in this study [79].

The modification of timber in order to provide durability has an effect on the fire
performance. Rabe et al. [173] investigated the fire performance of acetylated (Accoya),
thermally treated and N-methylol crosslinked (Belmadur) timber, and compared them
to untreated timbers of the equivalent species. In addition, Scots pine and a tropical
hardwood (Meranti) were included to investigate species effects. They used four test
systems: Thermogravimetric analysis, bomb calorimetry, heat release capacity and dual
cone calorimetry to conduct tests, in a comprehensive study. All of the treatments except for
the acetylated timber showed a partial flame retardancy. The introduced acetyl groups into
acetylated wood are producing volatile compounds with low ignition temperatures during
pyrolysis in the event of fire which they negatively affect their fire resistance [173,174].
However, it seems that for the timbers investigated by Rabe et al. [173], the timber species
had a greater effect on fire performance than the wood modification treatment itself. When
species with higher lignin content (which is associated with higher char yield) were used,
the improvement in fire performance became more prominent.

6. Discussion

This review has considered the functionalisation of modified timber and the mod-
ification of timber to provide (multi)-functionality as two overlapping fields (Figure 1).
Additionally, we have identified rapid expansion in the field of nanotechnology applied to
wood, whether this is in combination with wood modification; or as a wood modification
process in its own right; or as a process with potential for application to modified wood
through future research. Our intention has been to highlight the many parallel research
fields, and some of their inter-connectivity, which leads to multifunctionality in new gen-
eration wood. Throughout the review we have encountered similar active substances,
combined in different sequences, or different combinations.

It is clear from the review that for some properties, the commercially available mod-
ified timbers may be easily subjected to a secondary treatment, to deliver additional
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functionality. A good example is the addition of hydrophobicity to thermally modified
wood, often at the same time as introducing UV stability and weathering resistance. An-
other example is where thermally modified timber is routinely available with a secondary
commercially applied fire-retardant formulation of the same type as is used on unmodified
timber, to deliver fire retardancy. In this particular example, we have not presented for-
mulation data, or scientific journal citations, as this is typically proprietary information
available from the timber merchant or fire-retardant treatment company. Similarly, Accoya
have stated that the fire class of their timber for European cladding applications is class
D-s2, but note that fire-retardant treatment using commercially available systems can be
used to achieve higher requirements, up to class B, with appropriate systems [175].

As a contrast, at a laboratory research level, various groups have looked to alter
the wood modification processes to incorporate fire-retardant agents, or to trap active
chemicals that were previous applied (e.g., using resin impregnation systems), or to modify
the wood so that it is more receptive to secondary fire-retardant treatments, and better able
to retain these active components during leaching or other weathering and exposure tests.
This is an essential process, and can provide good results, suitable for future incorporation
in commercial systems or development into new stand-alone products.

A similar mix of strategies can be seen in other fields of adding functionality to modi-
fied wood, or adding functionality through the modification process. Examples of adding
functionality to modified wood that we have seen include: resistance to mould growth
(by adding biocides, or by adding secondary modifications); termite resistance (by adding
active agents before or during the thermal modification); promotion of UV resistance on
resin modified woods (by incorporating dye in resin, or including HALS in the resin, or the
use of surface coatings, or use of pre-modification with succinic anhydride); improvement
of biodegradability (through the use of biopolymers rather than the traditionally chosen
polymers and resins); and adding novel functionality through new polymer impregnants
(leading to pH response, electrical conductivity, or energy storage by inclusion of phase
change materials within the resin).

There have been examples of combining two modification systems to successful effect.
Notably this is the basis for forming transparent wood by using delignified wood with
polymer impregnation; but is also well demonstrated in the various chemical pretreatments
(silanes, anhydrides) to enhance resin adhesion in resin modified timber. Some pretreat-
ments have also been developed that could essentially be considered to be modifications,
for example the use of NaOH to increase cell wall texture prior to grafting or deposition
of other components, or the delignification of wood to alter nanostructure and chemical
functionality.

This research has led to some new modification systems: delignification with compres-
sion (for flexible functionalised films); and the impregnation or encrustation with inorganic
particles. This latter modification is not always considered to be a modification in the
truest sense, as it overlaps with the impregnation of micronized copper or other traditional
preservative systems. However, in this review we believe it is justified in some cases, where
for example the deposition is highly controlled to provide closely spaced nanorods of ZnO
as a surface coating, or TiO2 of the correct crystalline form on the wood cell wall. This
is clearly more engineered than simple impregnation with preservatives or FR systems;
there is tailoring of crystalline forms and particle sizes. These systems are most closely
associated with the treatments giving hydrophobicity and superhydrophobicity.

Many examples of simultaneously adding several functionalities while modifying
wood can be found in the transparent wood family of products—where different systems
have demonstrated combinations of secondary or tertiary functionalities through added
nanoparticles, chemicals, dyes or active substances. Traits that have been achieved include:
heat shielding, lasing, luminescence, heat storage and magnetic properties. It is clear
from the many publications in this field that there is considerable scope to achieve new
combinations through continued research.
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Many of these multi-functional materials are not targeting traditional sectors where
wood is used as a commodity material. The use of veneers or thin slices of wood for
transparent materials in glazing or solar cells is a good example; it is likely to displace
glass, rather than replace structural timber. However, good mechanical properties will still
be required, to sustain the wear and tear of the domestic environment—weather, cleaning,
human activity. Thus, the reported advances in mechanical properties [57,58,61] are a
necessary part of the whole product. When transparent wood with energy regulating
properties induced by phase change materials is fully developed, will it be used in posts
and beams for routine construction? This is unlikely, a more strategic location for these
wood materials will be chosen where their light diffusing qualities can be combined with
greatest capacity for thermal gain and thermal release. It will be necessary to not embed
the functionalised timber into standard wall elements as structural units, but leave them
exposed within the wall to ensure a real contribution to the regulation of the interior
environment.

A big question is: can multi-functional wood still be defined as wood or modified
wood? Looking back at the definition proposed by Hill [3], many of the cases described in
this review have retained the necessary traits:

• The action of chemical, physical or biological agents on the cell wall—in the case of
this review, primarily chemical processes have been described, but also compression
which is a physical process.

• Achievement of property enhancement has been achieved, in a very diverse set of
properties.

In his definition, Hill continues to say that “The modified wood should itself be
nontoxic under service conditions, and furthermore, there should be no release of any toxic
substances during service, or at end of life, following disposal or recycling of the modified
wood. If the modification is intended for improved resistance to biological attack, then the
mode of action should be non-biocidal” [3]. This is probably the more challenging part
of the definition, and the answers to different functionalised modified woods described
in this review will vary significantly in their toxicity in service, or their likelihood of
releasing toxic substances during service life or after disposal or recycling. To consider
these questions would take detailed individual study, and during the route to scale-up
and commercialisation of novel modified wood products, researchers must continue to ask
these questions, to ensure that new products are correctly declaring their sustainable or
environmentally benign credentials.

In order to do this, various green chemistry approaches, ecotoxicity studies, life cycle
assessment (LCA) studies and other research will be required to answer pertinent questions
about end-of-life options for modified wood or functionalised wood. There is clearly much
to be done.

Certainly, this review has revealed that the range of modifications covered, and the
scope of applications, show that wood modification may no longer be the sole remit of
wood scientists but a true inter-disciplinary area. Ongoing work will involve metallurgy,
ceramic, electronics, nanotechnology and polymer science on one hand and will involve
engineers, designers, and even health professionals on the other.

7. Conclusions

Wood modification, by chemical, impregnation or thermal methods, has already been
used to address issues such as dimensional instability with changes in moisture content, or
by degradation and deterioration due to biotic factors or weathering with varying success.
Ongoing research has looked to new chemical modifications and other fields of inspiration
such as biomimetics and nanotechnology to further augment the properties of wood. This
review has considered two parallel, and closely connected themes: (1) the functionalisation
of modified timber and (2) the modification of timber to provide (multi)-functionality. In
several examples we have observed new wood modification processes, which are emerging
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through the pursuit of functionalised wood for high technology applications such as energy
and electronics.

A large body of work is also emerging through nanotechnology approaches that have
been tested on wood (but not necessarily applied to modified wood yet). These were noted
for their potential to radically change the way that wood is used in future. Wood, and
especially delignified wood, is increasingly seen as a scaffold for enhancement through
decoration with functional particles. In time, some of these nanotechnology techniques will
be applied to modified wood as part of a multi-step process, where the benefits complement
or offset the properties of the modified wood.

In the shorter term, a good example that is well advanced is the development of
weathering resistant surfaces for thermally modified timber, which boosts the performance
of the thermally modified timber in an area where it previously had a weakness. It is clear
there are many other treatments and modifications in the pipeline. Certainly, as wood
modification moves to render dimensional change negligible for wood, new aspirations
for using this stable substrate in precision applications such as electronics or responsive
materials have become tangible.
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146. Mania, P.; Moliński, W.; Roszyk, E.; Górska, M. Optimization of Spruce (Picea abies L.) Wood Thermal Treatment Temperature to
Improve Its Acoustic Properties. BioResources 2020, 15, 505–516.

147. Pfriem, A. Thermally Modified Wood for Use in Musical Instruments. Drvna Ind. 2015, 66, 251–253. [CrossRef]
148. Mohebby, B.; Yaghoubi, K.; Roohnia, M. Acoustical properties of hydrothermally modified mulberry (Morus alba L.) wood. In

Proceedings of the Third European Conference on Wood Modification, Cardiff, UK, 15–16 October 2007; pp. 283–286.
149. Obataya, E. Effects of natural and artificial ageing on the physical and acoustic properties of wood in musical instruments. J. Cult.

Herit. 2017, 27, S63–S69. [CrossRef]
150. Mania, P.; Gasiorek, M. Acoustic Properties of Resonant Spruce Wood Modified Using Oil-Heat Treatment (OHT). Materials 2020,

13, 1962. [CrossRef]
151. Lv, S.; Fu, F.; Wang, S.; Huang, J.; Hu, L. Novel wood-based all-solid-state flexible supercapacitors fabricated with a natural

porous wood slice and polypyrrole. RSC Adv. 2015, 5, 2813–2818. [CrossRef]
152. Guo, H.; Büchel, M.; Li, X.; Wäckerlin, A.; Chen, Q.; Burgert, I. Dictating anisotropic electric conductivity of a transparent copper

nanowire coating by the surface structure of wood. J. R. Soc. Interface 2018, 15, 20170864. [CrossRef] [PubMed]
153. Ansell, M.P. Carbonised and mineralised wood composites. In Wood Composites; Ansell, M.P., Ed.; Woodhead Publishing:

Cambridge, UK, 2015; pp. 395–409.
154. Sun, J.; Guo, H.; Ribera, J.; Wu, C.; Tu, K.; Binelli, M.; Panzarasa, G.; Schwarze, F.W.M.R.; Wang, Z.L.; Burgert, I. Sustainable and

biodegradable wood sponge nanogenerator for sensing and energy harvesting applications. ACS Nano 2020, 14, 14665–14674.
[CrossRef]

155. Lowden, L.A.; Hull, T.R. Flammability behaviour of wood and a review of the methods for its reduction. Fire Sci. Rev. 2013, 2, 4.
[CrossRef]

156. Martinka, J.; Chrebet, T.; Kral, J.; Balog, K. An examination of the behavior of thermally treated spruce wood under fire conditions.
Wood Res. 2013, 58, 599–606.

32



Coatings 2021, 11, 327
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Abstract: The main aim of the presented research was to compare the influence of selected ageing
factors, such as UV radiation and complex artificial weathering methods, on the colour, wettability and
roughness changes in garapa, tatajuba, courbaril and massaranduba from South America—tropical
wood species that are popular for external usage in European countries. Both processes caused
wood surfaces to become darker and turn to shades of brown. The highest total colour changes
were shown in courbaril wood (wood with the highest extractives content). The wood surface
roughness demonstrated variation, depending on the wood section and measurement direction,
and increased after ageing treatments. Changes in surface contact angle were significant after the
inclusion of water and drying in the weathering process (wettability decreased). Anatomical analyses
of the tested tropical woods revealed structural changes after used artificial weathering treatments
(distortion between cell elements, degradation of the middle lamella, micro-cracks in cell walls,
thinning and degradation of parenchyma cells, cracks along pits within vessels). As a result of
desorption tension, the changes caused by UV irradiation were much smaller than those caused
by full artificial weathering. Fourier-transform infrared spectroscopy (FTIR) analysis indicated the
occurrence of lignin and hemicelluloses oxidative changes after the weathering process which resulted
in the formation of carbonyl and carboxyl compounds. The depolymerisation of cellulose was also
identified. The results show that the observed changes may affect the long-term durability of finishes
applied over wood subjected to weathering factors for a short period before finishing.

Keywords: tropical wood; surface preservation; wood weathering; FTIR; weathered wood roughness;
wood degradation

1. Introduction

During the external exposure of wood there are some key procedures which should be followed
to reduce the effects of weathering. The natural weathering was defined as a process of irreversible
changes to the appearance and properties of wood effected by the long-term impact of outdoor factors,
such as the solar radiation, air and oxygen contained within it, and changes in the temperature and
humidity (no direct influence of biotic factors should be assumed) [1–7]. This complex phenomenon
is caused by solar radiation, hydrolysis, and the leaching of wood components [8–10]. The harsh
outside environment makes it necessary to consider wood durability, in accordance with EN 350-2 [11].
Next, a proper construction solution is required, such as proper usage conditions. Moreover, surface
treatments can be used to prolong the service life of wood [12,13].

Despite the high durability of many tropical wood species against biological factors such as
fungi or insects, it is always recommended to protect wood surface during outside exposure due to
weathering. On the other hand, one of the most important factors in securing sustainable development
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is utilization of renewable natural materials, which undoubtedly include wood [14]. In order to reduce
the environmental burden, the surfaces of wooden elements are not treated with any painting and
varnishing products. In addition to the traditional interior design elements, the use of non-treated wood
is expanding even further to external use. According to contemporary trends, it is recommended to use
untreated wood and allowing it turn grey upon exposure to weather under aboveground conditions
over using non-durable wood with applied surface coatings. Many tropical species are considered to be
the most durable wood. However, the use of tropical wood has several negative consequences including
illegal deforestation. Hence, impacting significant climate changes. Pronounced through net carbon
emissions, deforestation leads to a global warming [15]. However, as wood of tropical species is utilized
in Europe, knowledge of their weathering characteristic is important to optimize their performance.
Materials should be recognizable in terms of their surface properties. The wettability of wood is one of
the most significant parameters influencing the gluing as well as the coating processes [16–19]. One of
the most critical factors for extending the durability of painted wood is freshness of the wood surface
and only a fresh, high-energy surface guarantees optimum adhesion conditions. The loss of coating
ability and glueability due to the increasing age of a wood surface was studied over time by several
researchers [20–22], who arrived at the conclusion that the changes caused by the weathering are the
effect of the migration of wood extractives to wood surfaces after their preparation, which causes a
decrease in wood surfaces’ wettability.

It is also convenient to determine the direction and degree of colour changes in individual tropical
wood species caused by external factors. The aesthetic function of wooden products used externally
can be extended by selecting the most resistant wood species in terms of its surface properties stability.
Some knowledge about changes occurring in tropical wood species was gained, but mainly during
colour testing wood subjected to different weathering treatments [23,24]. This paper is a part of
an extensive study determining the influence of artificial weathering on the surface properties of
several species of wood from tropical and subtropical zones. The main aim of the presented research
is to compare the influence of selected ageing factors such as ultraviolet radiation and complex
artificial weathering methods on the colour, wettability and surface roughness changes in garapa
(Apuleia leiocarpa (Vogel) J.F. Macbr.), tatajuba (Bagassa guianensis Aubl.), courbaril (Hymenea courbaril L.)
and massaranduba (Manilkara bidendata (A. DC.) A. Chev.) wood species, as these are popular for
external usage in European countries.

2. Materials and Methods

The wood species used in this study are presented in Table 1. All test materials were heartwood,
because the heartwood of tropical species is more commercially usable than sapwood. All species
came from South America (Brazil) and wood was acquired from DLH Poland (Warsaw, Poland).
The material was identified using macroscopic techniques and was deciduous diffuse-porous in all
cases. Characterization of the tested wood species was supplemented with density determination,
performed in accordance with the ASTM D2395 standard [25].

Wood samples were prepared for investigation and analyses by using standardized methods.
To avoid differences in the tested properties caused by differences in wood anatomy, identical samples
of each wood species were collected from one log. Each one was sawn to produce planks approximately
4 cm thick. The obtained planks were air-dried in a room with relative humidity up to 50% and a
temperature of 21 ◦C for approximately 6 months before testing. Then, the defect-free planks were
sized into samples for the tests. Forty samples of each wood species were prepared, each with a
radial and tangential cross-section of 10 × 10 mm2 and a length of 70 mm. Following Gardner [26]
and Liptakova et al. [27], the radial-oriented or tangential-oriented surface of the wood block was
planned. The aim was to make wood showing the roughness caused by the cellular structure of wood
and only a negligibly small roughness caused by cutting. Moreover, the wood surface is chemically
heterogeneous, and therefore does not comply with the requirements of the physicochemical theory of
contact angle in a strict sense.
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Table 1. Wood species used in tests.

Wood
Name

Scientific Name Plant Family Special Features
Wood Density

* (kg/m3)

Garapa Apuleia leiocarpa (Vogel) J.F.Macbr. Caesalpiniaceae Irregular fibre
arrangement

739
(16)

Tatajuba Bagassa guianensis Aubl. Moraceae Irregular fibre
arrangement

884
(35)

Courbaril Hymenea courbaril L. Fabaceae

Irregular fibre
arrangement,
paratracheal

parenchyma and in
narrow bands

1038
(6)

Massaranduba Manilkara bidendata (A. DC.) A. Chev. Sapotaceae

Irregular fibre
arrangement,

parenchyma in
narrow bands

1131
(18)

* means and standard deviations in parentheses.

2.1. Properties Measurements

The parameters of the colour of unmodified and modified wood were measured on the basis of the
mathematical CIE (International Commission on Illumination known as the Commission Internationale
de l’Elcairage) L*C*h colour space models. The parameter L* represents lightness. The parameters C*
and h describe the saturation (colour intensity) and hue angle, respectively. The total colour change
ΔE* was determined in accordance with ISO 7724-3 [28]. The 3NH NH300 spectrophotometer made
by X-Rite Europe GmbH (Regensdorf, Switzerland) was used to examine the colour parameters.
The sensor head was 8 mm in diameter. Measurements were made using a D65 illuminate.

Surface properties can be characterized by the water contact angle (wettability). A single
measurement of the water contact angle provides information on several important parameters, such as
the surface free energy, contact angle and wetting coefficient or work of adhesion. To predict interactions
with wetting materials such as lacquers or adhesives, the surface properties are characterized. The lower
the contact angle value (θ), which is a measure of the wetting impact of the substrate by solution,
the better the wettability of the material. As soon as the samples were placed in the contact angle
measuring apparatus, measurements were started. The contact angle is defined as the angle between the
solid surface and the tangent, drawn on the drop-surface, passing through the three-point liquid-solid
atmosphere [29]. Using a contact angle analyzer, Haas Phoenix 300 Goniometer (Surface Electro Optics,
Suwon City, South Korea), equipped with microscopic lenses, a digital camera connected to a computer
with software—image analysis system (Image XP, Surface Electro Optics, version 5.8, Suwon City,
South Korea) that provides an image of the drop on the examined wooden surfaces, the contact angles
of the expanding droplets (advancing angels) were determined. To test the wettability, a re-distilled
water was used as a liquid. All contact angles were measured along the grain direction followed by
Gindl et al. [16]. Based on the research of Liptáková et al. [27], the measurements of the contact angle
were taken 30 s after each drop of reference liquid.

The roughness was evaluated in accordance with the requirements of ISO 4287 [30]. As part
of the conducted research, the arithmetic mean deviation of the assessed profile (Ra) was measured.
The surface roughness was tested using the Surftest SJ-210 Series 178-Portable Surface Roughness
Tester (Mitutoyo Corporation, Takatsu-ku, Japan). The parameter Ra was measured in parallel and
perpendicular to the grain direction.

Properties were measured on a fresh wood surface after UV irradiation and complex artificial
weathering treatment. Before and after the treatments, each of the samples were conditioned in a
climatic chamber with a temperature of 21 ◦C and relative humidity of about 50%. Measurements
were done for each tested variant 30 times. In case of roughness and wettability testing, measurements
were made both on the tangential and radial cross-section.
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2.2. UV Irradiation

Four fluorescent 100R’s Lightech lamps of 100 W each and the spectrum 300–400 nm (90% of the
radiation spectrum is a wavelength of 340–360 nm) were used for irradiating. The time of irradiation
was 24 h. The source of radiation applied in this study imitated solar radiation and, in particular,
the UVA component of solar radiation. This component causes the greatest changes in the appearance
and structure of organic materials exposed in an outdoor environment. This is due to the fact that UVA
radiation accounts for 90%–95% of the solar radiation reaching the Earth’s surface [31].

2.3. Artificial Weathering

The artificial weathering method was based on the literature [10,32]. It took 30 h to complete
one artificial weathering cycle. The first step of each cycle was soaking samples in water at 20 ◦C for
16 h. The conditions of the second step were 70 ◦C and 5%–10% RH for 8 h, and the third step was
performed at 30 ◦C and 20%–25% RH with irradiation with UV rays (24 h). The tested wood species
were subjected to one and four cycles of artificial weathering. That weathering method was previously
used for tropical wood [33], but obtained results regarding the effect of long-term aging.

2.4. Scanning Electron Microscopy SEM

The microstructure of samples was examined using a scanning electron microscope HITACHI,
model TM-3000 (Hitachi Ltd., Tokyo, Japan) with a digital image record. The samples were chosen
randomly and put into the vacuum chamber. The photos at accelerating voltages equal to 5 kV were
taken with 1000 magnification and the record was saved using SEM software (TM3000, Hitachi Ltd.,
Tokyo, Japan). The analysis was conducted at least in three repetitions for each sample.

2.5. FTIR

The spectra were recorded using an Agilent Cary 630 FTIR spectrometer (Agilent Technologies
Inc., Santa Clara, CA, USA) equipped with a single bounce diamond ATR unit. Scans were performed
in the range of 650–4000 cm−1 with a resolution of 4 cm−1, and 64 scans for each sample. Background
correction with 32 scans was performed after each measurement. The measurements were conducted
in three repetitions.

2.6. Statistical Analysis

Statistical analysis of the test results was carried out using Statistica v. 10 software (TIBCO
Software Inc., Palo Alto, CA, USA). Data were analysed and provided as the mean ± standard deviation,
the scatter plot of results around the median, and minimum and maximum values. To compare and
determine the significance of difference between data, t-test was used. Analysis of variance (ANOVA)
was used to determine the influence of UV irradiation, full artificial weathering process and anatomical
properties, such as the direction of measurements and cross-section (tangential or radial).

3. Results and Discussion

3.1. Colour Changes

The colour of wood exposed to external conditions can rapidly change in quite a short time [23].
Due to the photodegradation (photooxidation) of lignin and extractives, wood colour usually turns
yellowish or brown. During UV radiation, the surface colour changed visibly. The deviation ΔE* in all
the wood species exceeds the value of 3 (Table 2), which is considered the limit for visibility to the
naked eye [34]. The Figure 1 shows the clear contrast between wood surfaces when they were fresh
and after different treatments. Distinctive differences in colour can be seen. In general, wood surfaces
become darker and turn to shades of brown. The previous studies conducted on softwoods [35],
and tropical wood species as well [36], confirmed that the most rapid changes in ΔE* occurred during
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the first stages of UV radiation. The tested wood species are rich in extractives [37]. The rapid change
in the first hours of exposure could have been caused by the reaction of extractives contained within the
wood to UV radiation. Pandey [38] compared the behaviour of unextracted and extractive free wood
of Acacia auriculaeformis. The unextracted wood surface showed a rapid colour change at the initial
period of exposure, which decreased upon prolonged exposure. Tests on wood (coniferous, deciduous)
from moderate climates during weathering in natural external conditions did not show a wide range of
changes, which can be explained by the relatively low content of extractives. The maximum value of
ΔE* was for spruce—34.1 after 12 months of weathering. In the study here and in the case of courbaril
wood, ΔE* = 51.21 was caused only after 24 h of UV radiation. Soaking wood samples in water meant
that the wood dyes contained within were washed out, and accumulated on the top layers of wood,
which caused wood darkening (lower values of L*)—Table 3. The full artificial weathering process
gave higher colour changes and also a response to changes in the appearance of wood surfaces in
natural external conditions. In all cases of the tested wood species, wood became darker both after UV
irradiation and after full weathering treatment. Conducting a higher number of artificial weathering
cycles caused higher changes.

Table 2. Overall colour change (ΔE*) during exposure.

Species

ΔE*

After 24 h UV
Irradiation

After 1 Cycle of
Artificial Weathering

After 4 Cycles of
Artificial Weathering

Garapa 4.4 6.3 8.4
Tatajuba 7.5 9.4 12.0

Courabril 52.2 58.0 58.4
Massaranduba 8.2 9.5 13.2

Table 3. Coordinates of CIE L*C*h colour system for individual woods (means and standard deviations
in parentheses).

Species
Before Exposure

After 24 h UV
Irradiation

After 1 Cycle of
Artificial Weathering

After 4 Cycles of
Artificial Weathering

L* C* h L* C* h L* C* h L* C* h

Garapa 71.4
(3.1)

33.5
(2.9)

65.8
(1.3)

68.6
(0.7)

36.7
(1.3)

65.1
(2.7)

65.9
(2.5)

34.9
(1.4)

64.9
(3.4)

64.9
(2.1)

32.8
(1.5)

65.8
(2.1)

Tatajuba 58.6
(1.2)

32.8
(1.7)

69.3
(1.2)

51.8
(1.3)

35.1
(1.0)

65.6
(1.3)

49.9
(1.6)

34.0
(1.0)

63.7
(1.3)

46.9
(1.3)

32.2
(1.4)

60.9
(1.8)

Courabril 53.3
(3.7)

25.5
(1.9)

71.4
(1.3)

41.2
(1.8)

20.0
(2.1)

65.8
(2.3)

37.6
(2.2)

18.3
(1.9)

62.3
(1.5)

35.1
(1.7)

18.8
(2.0)

60.6
(1.3)

Massaranduba 50.0
(1.6)

23.9
(0.7)

42.5
(0.4)

43.8
(1.2)

21.2
(1.3)

48.1
(1.2)

43.0
(1.5)

21.9
(1.0)

49.2
(2.4)

40.3
(2.2)

18.1
(1.8)

48.8
(2.1)

In the case of wood species of a lighter colour—garapa and tatajuba—C* and h values followed a
similar trend: they increased after UV irradiation and decreased during the full artificial weathering
process. In the case of courbaril and massaranduba wood (both of darker colour), C* value was
lower after each treatment. The different behaviours of individual wood species regarding chromatic
parameters probably could have been caused by the presence of specific types of extractives in the
wood. While studying the influence of extractives on discoloration, Pandey [38] found that this
relation is, to a great extent, dependent on the nature and chemical composition. Both ΔC* and Δh are
determined mainly by the changes in the chromophore groups in extractives and change through the
lignin degradation and later leaching. Thus, it can be assumed that a higher proportion of extractives
within one wood species can cause a darker colour of the wood. The test results of tropical wood
discoloration caused by simulated sunlight [23] confirmed that lighter samples manifest a larger colour
change due to sunlight. In the research here, the results were different. The scope of change was similar
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for both garapa, tatajuba of light colour and massaranduba of dark colour. Massive colour changes
(total colour change ΔE*) showed courbaril wood, known for its high extractives content [37].

According to the above, the conclusion can be frawn that wood, as a complex structure, differing
between species, requires a unique approach for each individual species. Especially in the case of
tropical wood, which, despite many reports, remains little known. With a large number of different
wood types, the formulation of dependencies is only indicative. Due to the huge variability of
properties and structure details [39], deep knowledge is necessary, especially in the context of proper
wood application.

 
Figure 1. Visual comparison of contrast among the exposed and non-exposed surface (from left: garapa,
tatajuba, courbaril and massaranduba; from top: fresh wood, after 24 h of UV irradiation, after 1 cycle
of artificial weathering, after 4 cycles of artificial weathering).

3.2. Roughness Changes

The results of the surface roughness Ra of tested wood species are shown on Figures 2 and 3.
Tests were performed on both the tangential and radial wood section, parallel and perpendicular
to the grain. The wood roughness is a complex phenomenon because wood is an anisotropic
and heterogeneous material, and several factors such as anatomical differences and the machining
properties should be considered in evaluating the surface roughness of wood [40]. The roughness of
the tested wood species demonstrated variation, depending on the wood section and the measurement
direction (parallel or perpendicular to the grain). As can be seen from Figures 2 and 3, mostly radial
sections showed higher roughness. All tested wood species are characterized with interlocked fibres,
which causes variable fibre orientation. As a result, they are cut in various ways on the radial section
of the wood. In general, Ra⊥ values (measured perpendicular to the wood fibres) were twice as high as
those measured parallel to the grain (RaII). Wood, as a non-homogeneous material, shows differences in
its properties depending on the direction. The roughness perpendicular to the fibres is mostly caused
by irregularities in the structural element sizes, such as the vessels’ diameter.
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Figure 2. Roughness (RaII) along the fibres of tested wood species: “O”—fresh wood, “UV”—after
24 h of UV irradiation, “1 c”—after one cycle of artificial weathering, “4 c”—after four cycles of
artificial weathering.

 
Figure 3. Roughness (Ra⊥) perpendicular to the fibres of tested wood species: “O”—fresh wood,
“UV”—after 24 h of UV irradiation, “1 c”—after one cycle of artificial weathering, “4 c”—after four
cycles of artificial weathering.

According to the ANOVA results (at the 0.05 confidence level), the surface roughness varied
significantly depending on the examined factor (species, section, used methods of weathering) (Table 4).
However, the most important influencing factors were wood section and kind of treatments used (45%
and 46%, respectively).

Table 4. Statistical evaluation of the factors influencing wood surface roughness.

Feature Factor

Sum of
Squares

Mean Sum
of Squares

Fisher’s
F-Test

Significance
Level

Factor of
Influence

SS MS F p %

RaII

Intercept 513.3754 513.3754 1365.962 0.000000 * -
Species 12.3166 4.1055 10.924 0.000102 * 9
Section 19.6308 19.6308 52.233 0.000000 * 45

Treatment 59.8475 19.9492 53.080 0.000000 * 46
Error 9.0200 0.3758 - - 1

Ra⊥

Intercept 1700.612 1700.612 709.3115 0.000000 * -
Species 27.501 9.167 3.8235 0.022689 * 12
Section 34.875 34.875 14.5462 0.000842 * 46

Treatment 90.381 30.127 12.5657 0.000039 * 41
Error 57.541 2.398 - - 4

*—significant at the 0.05 level.
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Generally, the surface roughness values increased due to UV irradiation when compared with the
surface roughness values of the control wood samples. The differences were statistically significant at
the 0.05 confidence level in most of the cases. UV treatment initiates surface oxidation (increase in the
acid/base or polar component), which leads to the introduction of functional (carboxyl) groups [15].
Ra values increased after UV irradiation at a similar level as after one cycle of artificial weathering
and significantly higher after a further full weathering treatment. Exposure to UV light and water
caused fewer cracks. Soaking wood in water and then drying caused the raising of wood fibres. Initial
roughness was not decisive in the scope of changes.

3.3. Wettability Changes

The effects of UV irradiation on the changes in the chemistry of wood surfaces were verified using
contact angles with distilled water. Results are given in Table 5. The wettability decreased (contact
angle increased) for all investigated surfaces with treatment by UV radiation and the full artificial
weathering process. The contact angle (θ) measurements with distilled water showed the same trend
for the radial and tangential surfaces of all tested wood species. In contrast to changes in surface
roughness, changes in wettability caused by exposure to UV light were not statistically significant.
In general, for most of all tested wood species, UV irradiation for 24 h caused an increase in surface
contact angle of 8%–15% (decrease in wettability). The inclusion of water in the weathering process
resulted in a much wider range of changes. Currently, one full weathering cycle caused a change
in the wettability of the surface of up to 51% (for massaranduba wood). Further ageing resulted in
minor changes. Carrying out four weathering cycles resulted in slightly larger wettability changes.
This can be explained by the fact that leaching of extractives with water and its accumulation on
the wood surface effect decreased the degree of surface hydrophilicity [40,41]. Thus, the decrease in
wetting of a wood surface is related to the chemical changes after outdoor exposure. Leaching of
the extractives from the surface of weathered wood reduces water repellence, while the degradation
of lignin results in a more hydrophilic surface [40]. Garapa wood has shown a different nature of
change. UV exposure caused a slight decrease in the contact angle (increase in wettability). This reverse
direction of change can be explained by the fact that garapa wood has the lowest density in the studied
group. Thus, UV penetration of structure was more possible. The degradation of hydrophobic lignin
and allowing cellulose to become more abundant on the wood surface increased the degree of surface
hydrophilicity [41].

Table 5. Contact angles (θ) tested wood species before and after used weathering treatments (means
and standard deviations in parentheses).

Species Section
Before

Exposure (◦)
After 25 h UV
Irradiation (◦)

After 1 Cycle
of Artificial

Weathering (◦)

After 4 Cycles
of Artificial

Weathering (◦)

Garapa tangential 66.4 (5.8) 59.5 (5.2) 70.9 (4.5) 78.0 (7.5)
radial 49.9 (5.3) 55.3 (3.1) 65.0 (6.3) 77.0 (5.6)

Tatajuba tangential 48.4 (6.2) 52.9 (4.7) 59.8 (5.1) 63.3 (3.7)
radial 47.8 (6.5) 53.5 (6.0) 62.2 (4.7) 65.8 (4.6)

Courabril
tangential 49.8 (5.0) 55.8 (2.5) 68.3 (4.5) 69.3 (4.4)

radial 45.7 (5.2) 54.1 (6.4) 66.4 (4.1) 68.2 (5.8)

Massaranduba
tangential 44.4 (4.4) 49.6 (4.5) 66.8 (3.7) 74.1 (6.9)

radial 43.2 (4.4) 45.3 (3.6) 65.1 (8.1) 70.9 (7.5)

UV light can destruct pits, which enable coatings and adhesives to penetrate deeper into the wood
surface, and therefore enhance mechanical anchoring. Each of the chemical components of wood
(i.e., lignin, cellulose, hemi-cellulose or extractives) is sensitive to UV radiation with a consequential
deterioration effect. Of these chemical constituents, lignin, because of its strong ultraviolet absorbing
characteristic due to the phenolic nature of its molecular architecture, appears to be oxidized and
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degraded very rapidly by UV light [42]. This information is important in the context that, in the wood
working industry, UV irradiation is usually used for the curing of coating systems and a UV source
mostly exists in the production line, so it seems feasible to integrate UV-modification into the finishing
process. Contrary to other activation methods, UV treatment is suitable for an online manufacturing
process [16].

According to ANOVA results (at the 0.05 confidence level), the surface wettability varied
significantly depending on the used methods of weathering (Table 6). It was the most important
influencing factor (76%). Wood section and wood species did not have a significant influence.

Table 6. Statistical evaluation of the factors influencing wood surface wettability.

Factor

Sum of
Squares

Mean Sum of
Squares

Fisher’s
F-Test

Significance
Level

Factor of
Influence

SS MS F p %

Intercept 117,570.1 117,570.1 6298.194 0.000000 * -
Species 518.4 172.8 9.256 0.000300 * 18
Section 49.1 49.1 2.632 0.117806 NS 5

Treatment 2112.0 704.0 37.714 0.000000 * 76
Error 448.0 18.7 - - 1

*—significant at the 0.05 level, NS—not significant.

3.4. Structure Changes

Microstructure changes in the wood surface properties were characterized using SEM. Most of
the previous conducted studies regarded softwoods. Figure 4 presents images of wood surface before
weathering, after UV irradiation and after full ageing treatment. The untreated samples indicted cell
walls and some easy to recognize damages caused by splitting after mechanical preparation.

As a result of weathering, some characteristic anatomical changes occurred. Both UV irradiation
and full artificial weathering treatment caused the apparent erosion of wood structure elements.
This also agreed with previous studies of wood surface deterioration after exposure to sunlight or
UV irradiation [43]. A number of distinctive cracks formed in the specimens after exposure to UV
light. Distortion and creasing of the cells wall occurred in the longitudinal direction and resulted
in the delamination of the cell walls—degradation of S1 layer [44]. The deterioration of connections
between cell elements were associated with the degradation of the middle lamella. At the same time,
it confirmed the degradation of lignin. The SEM micrographs revealed much more degradation in
wood specimens subjected to the full weathering process. Heavy damage to the pits within vessels
was observed. Most of the cracks on the pits formed transverse to the cell axis, which resulted from
microfibril orientation in the S3 layer of cell walls, produced from condensing compounds of degraded
lignin and hemicelluloses. In all analysed specimens, thinning of parenchyma cell walls and their
shrinkage or total degradation were observed. As seen in Figure 4, deterioration was present in
parenchyma cells of wood rays. Similar observations were made by Mamoňová and Reinprecht [44],
who tested tropical wood species weathered in natural conditions. They stated that the highest
incidence of micro-cracks after weathering is correlated with wood density.

The changes caused by UV irradiation were much smaller than those caused by full artificial
weathering. Thus, this confirmed the influence of desorption tensions in structure changes that caused
disruptions to wooden tissue subjected to cyclic humidity changes.
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Figure 4. Comparison of microstructure exposed and non-exposed wood surface (from top: garapa,
tatajuba, courbaril and massaranduba; from left: fresh wood, after 24 h of UV irradiation, after 4 cycles
of artificial weathering); the described changes are marked with yellow arrows.

3.5. FTIR Analysis

The FTIR spectra of woods before and after UV irradiation and full weathering (four cycles) are
shown in Figure 5. The main changes were found at 2900, 1730, 1650, 1590, 1512, 1420, 1317, 1260, 1163,
and 1030 cm−1. The garapa wood showed the greatest scope of changes (the highest differences in
absorbance) and the smallest differences in absorbance showed massaranduba. The wood species
in the studied group are characterized by the lowest and highest density. In the case of garapa and
tatajuba wood, in general, the relative intensity of the bands increased more after UV treatment than
after full artificial weathering. This can be explained by the fact that during the full weathering process,
water-extractable compounds leached out and their accumulation on wood surfaces caused a negligible
effect of weathering factors on wood. Nevertheless, the changes in the chemical structure of extractives
during weathering cannot be determined by infrared spectroscopy, due to the significantly lower
amount of lignin and polysaccharides [45–47]. According to the current knowledge [45–47], in the
spectral range 1740–1720 cm−1, various overlapping stretching vibrations of bond C=O in carbonyl
and carboxyl compounds can occur. The results showed that carbonyl groups, determined at 1730 and
1650 cm−1, increased more as an effect of full weathering process than after UV irradiation.
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Figure 5. FTIR spectra of tested wood species before, after UV irradiation and after four full artificial
weathering cycles: a—fresh wood, b—after UV irradiation, c—after four artificial weathering cycles.

The absorption near 1735 cm−1 can be attributed to vibrations in bond C=O in xylan (hemicellulose),
as well as in carboxylic acids (lignin oxidation products). The occurrence of oxidation products was
confirmed by the changes in intensity band, reaching 1650 cm−1. These results are in accordance
with the studies of other researchers, involving one or more different species and extended for longer
periods of ageing [33,38,45,46]. This absorption was due to C=O carbonyl stretching in aromatic
compounds, which can suggest the carbonyl compounds’ formation, and the highest changes were
observed in the case of garapa wood. The relative intensity of band at 1512 cm−1 decreased after
weathering process. That peak is due to the skeletal stretching vibration of C=C in the aromatic ring
of lignin [46]. The absorption at 2900 cm−1 was characteristic of alkane CH vibrations of methylene
in cellulose, 1417 cm−1—CH2 bending crystallized, and amorphous cellulose and 1317 cm−1—CH2

wagging in crystallized cellulose [44,45]. Only in the case of massaranduba wood irradiated with UV
did these peaks remain almost unchanged, which could be due to the high wood density and negligible
effect of weathering factors on wood or their blocking with extractives. The peak at 1030 cm−1 for
the C–O stretching was linked to cellulose and wood extractives [45]. The notable decrease in the
relative intensity of bands at 1260 and 1230 cm−1 was observed after weathering. The absorbance in the
range 1290–1200 cm−1 is characteristic for stretching C–O vibrations in lignin (guaiacyl), hemicellulose
(xylans) and the conjugation of the C–O of extractives [43]. After a full weathering process, in the case
of garapa and tatajuba wood, a peak at 1260 cm−1 was found, which might be associated with the
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conjugation of the C–O of extractives. Tropical woods have a relatively high number of extractives in
comparison to European wood species [37]. Wood, as a complex structure, is a material for which it is
difficult to formulate general conclusions. Followed by Reinprecht et al. [46], differences observed
between tested wood species and changes observed on its surfaces after UV irradiation and full
weathering could be explained by chemical changes taking place individually for each of them during
photo-oxidation processes in the lignin-polysaccharide system, as well as extractives contained in wood.
Differences between results obtained after UV treatment and full artificial weathering process might
be associated with the migration of extractives such as UV-protectable extractives [45] (water-soluble
extractives accumulated on the wood surfaces after full weathering process) and with the fact that
extractives photooxidation products can increase the delay photodegradation of lignin [48].

4. Conclusions

Based on the results of the research into the influence of selected ageing factors such as UV
irradiation and complex artificial weathering methods on the colour stability, wettability and roughness
changes in garapa, tatajuba, courbaril and massaranduba, it can be concluded that:

• Regardless of ageing method, wood surfaces become darker and turn into shades of brown.
The scope of changes was similar for both garapa, tatajuba of light colour and massaranduba of dark
colour. Massive colour changes showed in courbaril wood, known for its high extractives content;

• The roughness of the tested wood species demonstrated variation, depending on the wood section
and the measurement direction. In general, radial sections showed higher roughness due to
interlocked fibres in tested wood species (fibres cut in various ways on the radial section of the
wood). Roughness measured perpendicular to the wood fibres was twice as high as that measured
parallel to the grain;

• The surface roughness values increased due to UV irradiation. The same time of irradiation
connected with soaking wood in water and the drying caused roughness changes at a similar
level, but was larger after a higher number of artificial weathering cycles;

• In contrast to changes in surface roughness, changes in wettability caused by exposure to UV light
were not significant. The inclusion of water and drying in the weathering process resulted in a much
wider range of changes. The wettability decreased (contact angle increased). One full weathering
cycle caused a change in the surface from 24% for tatajuba wood to 51% for massaranduba wood;

• Anatomical analyses of tested tropical woods revealed structure changes after using ageing
treatments. Distortion was found between cell elements associated with the degradation of the
middle lamella, micro-cracks in cell walls, thinning and degradation of parenchyma cells in wood
rays, and cracks along the pits in vessels formed on the S3 layer of cell walls. As a result of
desorption tension, the changes caused by UV irradiation were much smaller than those caused
by full artificial weathering;

• FTIR analysis indicated the occurrence of oxidative changes in lignin and hemicelluloses after the
weathering process. The depolymerisation of cellulose was identified as well. The differences in
FTIR results after UV treatment and full artificial weathering process must have been caused by
the accumulation of water-soluble extractives on the wood surfaces.

Thus, the effect of changes caused by aging factors is the result of wood structure and its
density, but also chemical composition. The results show that the observed changes may affect the
long-term durability of finishes applied over wood subjected to weathering factors for a short period
before finishing.
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Abstract: The objective of this study was to evaluate the glossiness of black alder wood (Alnus gluti-
nosa L.) samples coated with two varnish types as a function of exposure to dry heat and artificial
aging. The chemical resistance of the coated samples to cold liquids was also evaluated. Based on the
findings in this work, it appears that the varnish types and their structural differences influenced the
overall glossiness of the coated samples. The UV varnish exhibited higher gloss values than those
coated with the water-borne product within the range of silky gloss and silky matte grades. The heat
exposure influenced the surface glossiness of the UV-coated samples more than the samples coated
with water-borne varnish. The overall gloss values of the samples decreased with the exposure time
to artificial aging, resulting in no layer cracks. The cold household liquids left less visible traces
on the surfaces and alcohol was found to be the strongest agent. This study could have practical
applications in the furniture industry to produce value-added furniture units according to their
specific conditions of indoor use.

Keywords: artificial aging; coating; gloss; properties; varnish; black alder wood

1. Introduction

The glossiness of any surface is used to evaluate the quality of a finished product as
a result of reflection due to the incident light from different directions [1,2]. High gloss
surfaces are in demand in the furniture industry, but matte gloss still has its importance in a
specific solid wood furniture market. A reflection structure image of high-gloss composite
products was developed as an alternative method to describe the visual human perception
of gloss [3]. However, recent studies have shown off the comfortable feelings given by
both the coated and uncoated surfaces of wood products [4,5]. A model based on the value
generation of wooden furniture has been validated by these qualitative, innovative, and
ecological products. These products are used as reliable and environmentally friendly
furniture [5,6].

The glossiness and color, apart from the visible wood texture, represent important
aesthetic properties that influence the choice of any furniture customer. Several factors
including wood species, surface roughness, chemical composition of the varnish, coating
system, number of layers, angle of incident light, and the direction of gloss measurement
influence the gloss quality of the finished wood product [7–10]. The anisotropic texture
of the wood makes the reflection from a surface a complicated process. The variation of
different structure patterns can be obtained from the most common lengthwise measure-
ments on radial and tangential directions [11]. The diameters of vessels and tracheids in
the earlywood and latewood are not the same because of the annual growth rate.

The roughness of the two areas of an annual ring differs under the same machining
conditions and some irregular reflections of the properties appear [11]. The wood grain
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may raise, twist, and lift during machining, with effects during the finishing step [12,13].
The surface quality influences the glossiness of the wood [8,14]. A certain correlation may
exist between the surface gloss and its roughness. Such a correlation is valid when the
dominant effect influences the reflection originating from the surface structure of the unit.

Different resin clear coatings could alter the reflection properties depending on the
coating thickness [11]. Transparent coatings preserve the natural color of wood and
improve its glossiness. However, they reduce stability over time when compared to that of
pigmented coatings, which are less affected by the sunlight [15–17]. However, they still
maintain their popularity. Different levels of gloss can be achieved as a function of varnish
type and its application system [6,9,10]. Alternative ecological products including water-
based and UV varnish are widely used due to their low emissions, rapid application, and
good gloss retention. In the case of water-borne coatings, the curing time and penetration
are longer because of their lower water absorption [18].

Volatile organic compounds (VOC) regulations are applied to interior coatings as
well, in order to reach abrasion and chemical resistance [19]. VOC emissions from indoor
materials and finishing products are still current subjects of concern among studies on
indoor air quality [20,21]. The acceptable total VOC level in the air for human health ranges
from 0.3 to 0.5 mg/m3 concentration [20].

The cost of the UV equipment could be considered high for small companies [10].
In terms of gloss, a UV varnish applied by a roller system produces surfaces with a
higher gloss than when applied by spraying. The gloss of water-based, nitrocellulose,
and polyurethane varnish has already been studied by several authors [7,22]. Successive
layers of coating and polishing could also contribute to a higher gloss. They are applied on
furniture parts depending on the surface visibility and exposure during use, and therefore
different values of gloss are recorded [10,23]. For beech wood, the gloss level increased by
5−20 gloss units with the increase in varnish layers of the water-based product compared
to polyurethane [9].

The direction of viewing or measurement influences the glossiness of a wood sur-
face [11]. The reflection properties of a surface depend on the angle of incident light. There
are three standardized measuring angles: 20◦, 60◦, and 85◦. Generally, the 60◦ geometry is
recommended for wooden surfaces, but it provides limited information.

Comparative measurements on the same surface using different measuring angles
and gloss correlations between the angles may help to better evaluate the wood surface [8].
The scattering of the incident light strongly depends on the direction of gloss measurement
relative to the wood grain; parallel gloss is higher than perpendicular gloss [10,11].

Wood exposed to the outdoors suffers due to the photo-degradation of the lignin
and, to some extent, the hemicelluloses [24]. Changes in color and gloss, and also cracks
that occur on the surface during weathering, limit the wood’s utilization [25]. These
changes appeared after a few hours of accelerated exposure or after a few days of natural
exposure [26,27]. The lignin content in softwoods ranges from 25−35%, and consists
mostly of guaiacyl units, while hardwoods have a lignin content of 15−28%, constituted
mainly by guaiacyl and syringyl units [28]. It was shown that hardwoods underwent faster
degradation than softwoods. The syringyl structure in hardwoods degraded faster than the
guaiacyl structures in softwoods [29]. The natural, accelerated, and simulated weathering
tests have proved very useful in the wood protection industry [30].

When used indoors, wooden products are subjected to less intensive UV radiation
than when used outdoors [23]. Slow degradation of the coating layer by changes in the
surface gloss and color, apart from some fine cracks, are noticed [31]. In a previous study, it
was proven that the most relevant color changes of coated beech were generated during
the first 100 h of artificial aging [23]. Retarding effects on the surface photo-degradation
could be obtained with protective agents against UV radiation. Panek et al. [17] showed
that the gloss of exposed surfaces decreased with the exposure time to radiation.

The coating resistance to different chemicals has been previously studied for wooden
flooring. They are the most exposed elements of an interior, along with some horizontal
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visible furniture parts [32–36]. To evaluate the chemical resistance of coatings applied to
lignocellulosic materials, a rating scale, included in the standards and test procedures, is
commonly used [34]. Oils enhance the natural wood appearance, but they produce limited
quality in terms of resistance to various chemicals [35]. No major differences in the surface
resistance to cold liquids such as coffee, ethanol, red wine, water, or paraffin oil have
been observed for oak parquet covered with different coatings [34]. It was found that the
resistance to cold liquids depends on the properties of the topcoat used [34].

Currently, there is limited information about the glossiness of varnished alder wood.
Therefore, the objective of this study was to evaluate the glossiness of varnished alder
wood surfaces when using two varnish types and after their exposure to various test
conditions including the dry heat test and artificial aging. The resistance to different cold
liquids of the coated surfaces was also tested. The results of this study can provide a
better understanding of the properties of the coatings of such wood species, and show its
potential for furniture manufacturing.

2. Materials and Methods

In this study, planed specimens of black alder (Alnus glutinosa L.) wood, supplied
by a local sawmill in Buzau County, Romania, were used. Black alder wood is a native
species in Romania, less-utilized but known mostly for its good workability, properties,
and pleasant appearance. The average basic density of the samples was 520 ± 10 kg/m3,
and their moisture content was 8 ± 1%. A total of 29 samples were used for the experiment
and they were grouped as presented in Table 1. The samples were conditioned for 7 days
in a room with a temperature of 20 ± 2 ◦C and relative humidity of 50% ± 5% before any
tests were carried out.

Table 1. Experimental design.

Wood Species Black Alder

Dimension of samples (mm) L = 300; R = 6; T = 95

Number of samples and their distribution

Total: 29
5 control and 12 samples per each varnish type,

and, out of them, 3 per each test and
varnish type

Processing Planed samples were sanded with 100 and 150
grit size

Coating System Spraying

Varnish Products
A2: 100% UV varnish–2 layers

B2: water-borne varnish–2 layers

A light 220 grit sanding between layers

Tests

Dry heat test

Artificial aging

Chemical resistance

Decorative property Glossiness

2.1. Surface Preparation of the Samples

The specimens (Figure 1) were subjected to parallel sanding by employing a portable
sander (FESTOOL ETS 125, FESTOOL GmbH, Wendlingen, Germany) shown in Figure 2
with the technical data displayed in Table 2. Two types of sandpaper with aluminum oxide
grains (FESTOOL Rubin 2) of 100 and 150 grit size were used.
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Figure 1. Wood samples.

 
Figure 2. Festool ETS 125 sander.

Table 2. Technical characteristics of the FESTOOL portable sander ETS 125.

Characteristics

Power
Consumption,

W

Eccentric
Motion Speed,

min−1

Sanding
Stroke, mm

Sanding Pad
Diameter, mm

Dust Extraction
Connection

Diameter, mm
Weight, kg Drive Type

250 6000−12,000 2.00 125.00 27 1.20 Hand

2.2. Coating of the Samples

The sanded samples were coated by spraying with two types of varnish, namely a UV
acrylic varnish (A2) and a water-borne varnish (B2) at a room temperature of 20 ◦C and
40% RH in two layers. An industrial low-pressure spray gun at a pressure of 0.25 bar and a
spread rate of 120 ± 5 g/m2 was employed as shown in Figure 3. A light sanding using a
foam pad of 220 grit size made of electrocorundum grains (Klingspor Abrasives, Bielsko-
Biala, Poland) was applied between the two varnish layers. The varnish parameters are
presented in Table 3. UVC-250 × 2-type UV curing equipment (MIKON UV Ltd., Warsaw,
Poland) was used to cure the samples coated with the UV varnish. The samples coated
with the water-borne varnish were cured at a room temperature of 20 ◦C and 40% RH. Dry
film thicknesses of 90 ± 5 μm and 30 ± 5 μm were determined for the UV and water-borne
varnishes, respectively [37].
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Figure 3. Application with the spray gun.

Table 3. Parameters of the varnish products.

Varnish Product
VOC-EU (Volatile

Organic Compounds),
g/L

Density (g/cm3),
20 ◦C

Conventional
Viscosity (s),

20 ◦C [38]

Organic Solvents
(%)

Solid Content
(%)

UV acrylic (A2) 55.2 1.229 42 6.5 93.5
Water-borne (B2) 55.2 1.024 65 5.4 27.9

2.3. Gloss Measurement of the Samples

The gloss of the control and coated samples was determined employing a PICO
GLOSS 503 gloss meter (ERICHSEN GmbH, Hemer, Germany) as illustrated in Figure 4.
The gloss measurements were conducted at a degree level of 20◦, 60◦, and 85◦ geometry,
both in parallel and perpendicular to the wood grain. Five measurements per sample
were taken for each standardized measuring angle and direction according to the ISO 2813
standard [39]. The method was applied for the samples before and after the dry heat test
and artificial aging.

 
Figure 4. PICO GLOSS 503 gloss meter.

2.4. Dry Heat Test of the Coated Samples

The dry heat test was carried out by employing a device, heated to the temperature of
70 ◦C, applied to the coated samples for 20 min according to the EN 12722 standard [40].
As the standard device did not fit the sample size, a new one with a smaller diameter of
about 70 mm was used (Figure 5).
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Figure 5. Hot device (70 ◦C).

2.5. Artificial Aging of the Coated Samples

The coated samples positioned at an angle of 45◦ were exposed to intensive ultraviolet
light and infrared radiation (UV + IR). The artificial aging test was carried out with a
special quartz lamp (VT-800, FAMED Lodz S.A., Lodz, Poland) having radiation energy
of 740 W (Figure 6). The radiation was applied from a distance of 40 cm to the samples
for 30 min, 1, 4 and 8 h aging time. The temperature of 65 ◦C at the surface of the coated
samples was determined with the help of a temperature detector (DT 8662 Dual Laser
Infrared Thermometer, CEM, Shenzhen, China).

 

Figure 6. VT-800 quartz lamp (UV + IR).

2.6. Chemical Resistance of the Coated Samples

The chemical resistance of the coated surfaces was determined by using four types of
liquids, namely water and fat (liquid paraffin) applied for 24 h and alcohol (48%) and coffee
for 6 h, according to the EN 12720 standard [41]. Soft filter paper disks of 25 mm diameter
were soaked for 30 s in the above mentioned liquids and then placed on the coated samples
and each covered with a glass rim (Figure 7). After the exposure time, the glass rims and
paper disks were removed and the samples were carefully cleaned with a soft paper towel.
The surfaces were evaluated visually under the laboratory light environment according to
an assessment scale from 1 to 5 for the varnish structure (1—severe damage, 2—traces with
no change, 3—slight traces, 4—slight change, 5—no visible change) [41].
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Figure 7. Test of cold liquids.

2.7. Processing of the Data

All data in this study have been processed using the Minitab 17.0 software. The mean
values of the gloss have been used to represent the variation for each test. The regression
fit equations, along with the gloss correlations and the response optimization, have also
been provided.

3. Results and Discussion

3.1. Gloss Evaluation of the Coated Samples

The glossiness for the 20◦, 60◦, and 85◦ geometry was determined for the control and
coated samples by respecting two measurement directions, parallel and perpendicular to
the grain direction. The gloss variations of the control and coated samples are displayed
in Figure 8. The varnish type and their structural differences influenced the glossiness of
the coated samples [42]. The gloss values of the samples coated with the UV varnish for
both directions of measurement were found to be higher than the gloss values obtained
when using the water-borne product to varnish the samples. As expected, the UV-cured
varnish produced an enhanced coating layer [10]. The coating structure of the UV varnish
was more cured due to the influence of the UV energy when compared to the water-based
varnish, and this can therefore explain the gloss differences. The direction of the gloss
measurement at a 20◦ angle did not influence the gloss values of the same sample type and
varnish, while in the case of the gloss at 60◦ and 85◦, the values from along the grain were
found higher than those from across the grain. The parallel gloss value at 60◦ geometry
increased after coating from 2.95 to 34.87 gloss units (GU) in the case of the UV varnish,
while the surfaces coated with water-borne varnish reached 27.21 GU. For the 85◦ geometry
the gloss did not show much difference between the two varnishes when considering the
same gloss direction. Sonmez et al. [12] reported that the water-borne varnish reduced the
glossiness of the coated wood surface. Similar results have been found in a previous study
for beech samples [9].

To obtain good interpretations and to give insights into the diversity of the results, it
is best to use the correlations of gloss. Such correlations present interest in terms of their
practical applications in furniture manufacturing [11]. The matrix plots of such correlations
are presented in Figures 9–11. Table 4 also displays the general regression equations for
the correlations of gloss. It appears that strong correlations were obtained for the gloss
at 20◦ and 60◦, and 60◦ and 85◦ (R-sq = 0.83 and R-sq = 0.88, respectively). A moderate
correlation between the gloss at 20◦ and the gloss at 85◦ (R-sq = 0.6) was noticed. These
results are also supported by the Pearson coefficients displayed in Table 4 (p-value = 0.000).
The good value of correlation presented in Figure 9 could be explained by the incident
angles used, which were large enough to be released from the surface microstructure effect.
There was very little difference between the gloss readings of the samples for each varnish
type and gloss direction, as depicted in Figure 9. It was determined that gloss readings
at 20◦ are practically the same in both directions. The gloss along and across the grain
for the UV varnished samples varied over a wide range, corresponding to the silky gloss
grade (25−40 GU), while the water-borne varnish produced a perpendicular gloss of silky
matte grade (15−25 GU), but silky gloss along the grain (Figures 9 and 11). The gloss
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readings perpendicular to the grain changed in a narrower range and they were much
lower than the ones parallel to the grain for each varnish type (Figure 11). The literature
provides information on the gloss correlations mainly for old oil and wax-treated furniture
or flooring with a clear high-gloss resin. An oak-veneered old cabinet having a thin clear
coating presented a gloss in the range of a silky matte grade (15−25 GU), while an old
Biedermeier cabinet polished with shellac in several layers showed a high gloss grade
(70−100 GU) [11].

The response optimization for glossiness as a function of varnish type and gloss
direction is displayed in Table 5. As already found before, the UV varnish produced the
best gloss value when measured parallel to the wood grain.

 Panel variables: Varnish type; Gloss direction

Figure 8. Gloss variation of the coated samples as a function of incident angle, measuring direction,
and varnish type.

 

Figure 9. Correlation of gloss at 20◦ and 60◦ geometry of the coated samples.
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Figure 10. Correlation of gloss at 20◦ and 85◦ geometry of the coated samples.

 

Figure 11. Correlation of gloss at 60◦ and 85◦ geometry of the coated samples.

Table 4. Regression fit equations for the correlations of gloss.

No.
Correlation

of Gloss
R-sq, % Equation

Pearson
Correlation
Coefficient

1 Gloss at 20◦ and
gloss at 60◦ 83.7 Gloss at 20◦ = 0.4365 + 0.1627 gloss at 60◦ 0.915

2 Gloss at 20◦ and
gloss at 85◦ 60.7 Gloss at 20◦ = 1.287 + 0.1128 gloss at 85◦ 0.779

3 Gloss at 60◦ and
gloss at 85◦ 88.4 Gloss at 60◦ = 3.401 + 0.7658 gloss at 85◦ 0.940
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Table 5. Response Optimization for Gloss at 85◦, Gloss at 60◦, and Gloss at 20◦.

Solution Varnish Type
Gloss

Direction
Gloss at 20◦

Fit
Gloss at 60◦

Fit
Gloss at 85◦

Fit
Composite

Desirability

1 A2 parallel 5.9 33.4 36.5 0.648015

3.2. Gloss Evaluation of the Coated Samples after the Dry Heat Test

The test for resistance to dry heat was carried out to evaluate the effect produced by
the contact of the coated surface with a hot object heated to a temperature of 70 ◦C.

The results after the dry heat test showed that the high temperature applied to the
coated wood surface influenced the surface glossiness (Figure 12). Overall, very little or no
increase in glossiness values between the samples coated with both varnish types and the
tested samples at 20◦ gloss geometry was found. The parallel gloss at 60◦ and 85◦ geometry
for the UV-coated samples was highly influenced by the dry heat test when compared to
water-borne varnish samples; a gloss increase of 15.83% and 43.4% for UV, and 4.79% and
5.21% for water-borne, respectively, were found. In regards to the perpendicular gloss at an
85◦ angle, the dry heat test produced a gloss increase in the same range for the two varnish
types. In another study, the thermal test produced a high gloss in the case of polyurethane
resin [43], while a low gloss was produced by powder coating [44].

 
Panel variables: Varnish type; Gloss direction

Figure 12. Gloss variation of the coated samples before and after the dry heat tests as a function of
incident angle, measuring direction and varnish type.

3.3. Gloss Evaluation of the Coated Samples after the Artificial Aging

The gloss variation of the coated samples before and after the artificial aging for the
two measurement directions is presented in Figure 13. The gloss measurement direction
and the exposure time to radiation had almost no influence on the gloss values at 20◦
geometry. However, there were small differences in glossiness between the two varnish
products. The gloss values recorded at 60◦ and 85◦ geometry for the coated samples
showed a subsequent decrease and increase in a parallel direction with the increase of the
exposure time to radiation. The gloss in the perpendicular direction was almost constant
for 1 h radiation, and it then decreased for the next 8 h of exposure. Overall, the gloss of
the coating layer decreased with the exposure time to radiation, predicting the degradation
of the surface layer [17]. In a previous study, Irmouli et al. [31] estimated the surface
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degradation by quantifying the cracks at the surface layer. In the present study, no cracks
were found on the coating. The findings of this test are similar to the results determined in
two past studies [14,42]. The temperature plays an important role in the degradation of the
varnish molecules on the surface. It is also stated that the changes on the surface are due
not only to changes in the coating layer but also in the wood [14].

 Panel variables: Varnish type; Gloss direction

Figure 13. Gloss variation of the coated samples before and after the artificial aging.

Kudela and Kubovski [23] found the best color stability after aging in the case of the
pre-treated beech samples before coating with a varnish-containing UV filter. Another
study showed that the UV-accelerated weathering of the coated beech and spruce wood
samples produced significant degradation of the oil-based coating compared to the acrylic
coating [17]. Reduced gloss values are usually connected with the surface micro-roughness
changes and diverse formulations of the varnishes [45].

3.4. Evaluation of the Coated Samples Resistance to Cold Liquids

The chemical resistance of the coated surfaces was determined by using four types
of liquid: paraffin, water, alcohol, and coffee. The cold liquids used in the household
left both visible and less visible traces on the tested surfaces. Alcohol was noticed to
be the strongest agent because it produced surface deterioration very fast, while coffee,
paraffin, and water did not produce much change, as displayed in Table 6. The results
of the resistance to chemical tests are similar to other findings in the literature for wood
surfaces coated with UV and water-borne varnishes [36]. Even though oils enhanced the
wood’s natural appearance, they had limited resistance to chemicals [35]. In their study,
Pavlic et al. [34] showed that the resistance to cold liquids including coffee, ethanol, red
wine, water, and paraffin oil, among others, depended on the properties of the topcoat. In
terms of surface chemical resistance, no major differences were found [34]. In previous
work, Nejad et al. [32] showed that household chemicals including vegetable oil, ketchup,
and mustard increased the gloss of coated oil-heat-treated samples made of maple, beech,
and hemlock.

61



Coatings 2021, 11, 558

Table 6. Assessment of surface resistance to cold liquids.

Cold Liquids Time, h Varnish Type Scale 1–5 Description

Paraffin
24 h

A2
B2 4 Slight change on the

varnish layer, only
visible under
reflected lightWater A2

B2 4

Alcohol (48%)

6 h

A2
B2 1 Severe damage on the

varnish layer

Coffee A2B2 4

Slight change on the
varnish layer, only

visible under
reflected light

4. Conclusions

The present work evaluated the glossiness of alder wood surfaces coated with two
varnish types and the effect of their exposure to the specific conditions of dry heat and
artificial aging on the gloss. The chemical resistance of the coated surfaces was also
assessed. The findings of this work are useful in furniture manufacturing for selecting the
best varnish type. The specific conclusions of this study are presented as follows:

1. The varnish types and their structural differences influenced the glossiness of the
coated samples tested in this study. The samples coated with the UV varnish exhibited
higher gloss values than the samples coated with the water-borne product in both
gloss directions. The gloss readings across the grain were found lower than those
recorded along the grain for each varnish type. The two varnish types produced
glossiness in the range of silky gloss and silky matte grades. The incident angles used
were large enough to be relieved of the surface microstructure effect, and therefore
very good correlations were found for the gloss at 20◦ and 60◦, and 60◦ and 85◦.

2. The high temperature applied to the coated wood surface influenced the surface
glossiness. The parallel gloss at the 60◦ and 85◦ geometry for the UV-coated samples
was highly influenced by the dry heat test when compared to the samples coated with
the water-borne varnish.

3. The overall gloss values of the samples decreased with the exposure time to artificial
aging, predicting the degradation of the surface layer. No cracks were noticed on the
coating layer. The glossiness in the parallel direction at the same geometry for both
varnish types showed a subsequent decrease and increase with the increase of the
exposure time to radiation.

4. The cold liquids used in the household left both visible and less visible traces on the
tested surfaces. Alcohol was found to be the strongest agent because it produced
surface deterioration very fast.

5. The findings of this study could have practical applications in the furniture industry
for producing value-added furniture units according to their specific conditions of
indoor use.
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Abstract: Wood, as a biological material, is sensitive to environmental conditions and microorgan-
isms; therefore, wood products require protective measures to extend their service life in outdoor
applications. Several modification processes are available for the improvement of wood proper-
ties, including commercially available solutions. Among the chemical treatments, acetylation by
acetic anhydride is one of the most effective methods to induce chemical changes in the constitutive
polymers at the cellular wall level. Acetylation reduces wood shrinkage-swelling, increases its
durability against biotic agents, improves UV resistance and reduces surface erosion. However,
even if the expected service life for external cladding of acetylated wood is estimated to be 60 years,
the aesthetics change rapidly during the first years of exposure. Hybrid, or fusion, modification
includes processes where the positive effect of a single treatment can be multiplied by merging with
additional follow-up modifications. This report presents results of the performance tests of wood
samples that, besides the modification by means of acetylation, were additionally protected with
seven commercially available coatings. Natural weathering was conducted in Northern Italy for
15 months. Samples were characterized with numerous instruments by measuring samples collected
from the stand every three months. Superior performance was observed on samples that merged
both treatments. It is due to the combined effect of the wood acetylation and surface coating. Limited
shrinkage/swelling of the bulk substrate due to chemical treatment substantially reduced stresses
of the coating film. Hybrid process, compared to sole acetylation of wood, assured superior visual
performance of the wood surface by preserving its original appearance.

Keywords: wood modification; natural weathering; acetylation; coatings; service life performance;
aesthetic

1. Introduction

Biodegradability, identified as an important advantage of biomaterials from a sus-
tainability perspective, is its biggest weakness when considering materials durability. It
is especially relevant to all wooden elements or timber structures that are exposed out-
door to environmental factors like humidity/temperature variation, wetting by rain or
UV radiation [1]. The selection of naturally resistant species or improvement of the less
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durable by means of modification processes is a common solution to minimize degradation
of biomaterials in service [2]. However, all actions related to the chemical treatment of
biomaterials should be carefully implemented by balancing the benefits with costs and
other possible negative consequences. An optional solution is to program a sequence
of maintenance actions where façade elements may undertake cleaning, painting or re-
placement operations. In the majority of cases, wood weathering is an uneven process
resulting in diverse deterioration kinetics in different zones on the building [3]. The surface
protected by the roof or other architectural detail changes slower than the fully exposed.
The same trend can be associated with the exposure side, with cardinal directions resulting
in diverse doses of deteriorating factors [4–6]. Wood, as well as other hygroscopic mate-
rials, is subject to dimensional distortions caused by changes in the moisture content, air
humidity and temperature. Even if a properly designed structure may not be affected by
the moisture-induced shrinkage, the dimensional changes may affect the surface coatings
creating excessive stresses followed by surface cracks [7,8]. It alters the protection function
of the coating and may promote even more excessive decay through the moisture bridges.
It is essential to implement best practices of the “protection by design” paradigm to project
and construct façade details that allow or compensate for dimensional distortions and
minimize related treats [9].

The most critical limitation of using non-protected wood on the building façade is
its aesthetical instability, evidenced as appearance changes over time [10]. All materials
used on the façade change their outlook during service, but alterations of the majority of
bio-based materials are usually more pronounced and occur more rapidly compared to
ones that are not bio-based. Under certain circumstances, this may be considered as an
advantage, especially when it is a part of the design strategy or intended rapid homogeniza-
tion with the local context [11]. However, in the majority of cases, the visual changes on the
wooden façade claddings are perceived negatively [12]. Unprotected wood exposed to UV
rays ultimately changes its colour turning toward grey tonality. In some cases, it may crack
or splits at the ends, especially when the façade is not properly designed or boards are
wrongly installed. There are several factors affecting weathering intensity of biomaterials
surface, such as location, exposure direction, specific microclimate, architectural details,
orientation/position of the assembly, use condition or material intrinsic properties [10].
The biotic attack changes surface colour resulting in green or grey-blue spots on the surface
of the material [13,14]. Glossy and shiny appearance may turn over time into the matte
surface. After a sufficiently long period of moulds’ growth, the component may require
replacement due to its aesthetical appearance, even though it can still fulfil other func-
tions such as load-bearing capacity, protecting the building envelope from weathering or
providing shelter [15].

Modification processes lead to the enhancement of selected wood properties by means
of chemical, biological or physical agents. Several alternative treatments, including both
active and passive modifications, are recently available [16,17]. The active modification
changes the chemical nature of material through chemical, thermo-hygro-mechanical
or enzymatic treatments. Conversely, the passive modification does not alter material
chemical composition but rather deposits selected functional molecules by means of bulk
impregnation or surface treatments [16]. Consequently, various properties of wood are
changed to a different extent depending on the modification process and its intensity.

Chemical modification is the result of a chemical agent reaction with wood chemical
components resulting in the formation of covalent bonds. Acetylation is the most well-
established treatment where acetic anhydride reacts with hydroxyl groups of the cell wall
polymers by forming ester bonds. Acetylation slightly improves UV resistance and reduces
surface erosion by 50%, which is important while using wood as façade material [18]. The
mechanical strength properties of acetylated wood are not considerably different than
not-treated wood; however, its durability is substantially improved [19]. Besides bulk
modification processes, several techniques affect properties of the surface only without
interfering with the interior of the piece [20,21]. The changes of the surface functionalities
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affected by the exterior treatments include UV stabilization (e.g., surface esterification), an
increase of hydrophobicity (e.g., reaction with silicone polymers) or improvement of the
adhesion (e.g., enzymatic treatment, plasma discharge) [22–24]. In addition, alternative
processes can be applied with the purpose to improve biomaterial’s surface resistance
against biotic and abiotic factors. This includes surface coating [8,20] as well as other treat-
ments such as surface densification [25] or surface carbonization (e.g., Shou Sugi Ban) [26].
Surface finishing by diverse coatings, waxes, oils or stains is the most common procedure
of the surface treatment, which is highly influencing its service life performance [27]. The
resistance of the surface against deterioration in service highly depends on the finishing
product quality (chemical formulation), surface preparation (oxidation stage, roughness,
wettability, surface free energy) and the application procedure (industrial coating, immers-
ing, brush or spray) [28]. A large variety of commercially available products for surface
finishing allow obtaining different appeal, including colour variation, transparency or
gloss. The proper use of the surface finishing technologies may contribute significantly
to the aesthetical attractiveness of the structure as well as the appearance changes along
the service life of the façade [21]. The cost of the finish, including proper surface pre- and
post-treatment, may be considerable. However, in a majority of cases, it is economically
viable to increase the initial cost of the façade by increasing the thickness of the coating
layer, as it may significantly increase the time of maintenance-free use. It has been reported
that the change of the coating layer from 30 μm to 50 μm increases the time of the surface
resistance for cracking, and the service life period, by a factor of 1.2 [29].

The bulk and surface modification processes may affect one or more functionalities
of the biomaterial used for building façade. Even if it improves certain material assets,
the positive effect can be multiplied by merging two or more modification processes.
Such an approach turns out to be a “hybrid process” and becomes an optimal solution
frequently implemented by bio-materials producers [10]. An example of a successful hybrid
modification is the surface coating of acetylated or thermally treated wood. The combined
effect of the reduced shrinkage/swelling of the bulk substrate and water protecting coating
significantly reduces stresses of the coating film preventing it from cracking. Consequently,
the surface façade remains intact for a longer period, preserving its original attractive
appearance. Benefits obtained by merging different materials and treatments are highly
useful to address design limitations and biomaterials’ deficiencies. If properly implemented,
hybrid modifications can contribute to reducing the environmental burden and economic
cost of the façade. It has to be mentioned, however, that some of the modification processes
cannot be merged or may affect undesired changes of other material properties. An example
may be an increase of the biomaterial brittleness after some modifications that affect its
machinability or paint-ability [17]. For that reason, special attention should be directed
toward selecting appropriate treatment combinations and extensive quality control of the
hybrid modification processes. The goal of this research was to evaluate the combined
effect of wood acetylation followed by seven industrial coatings on wood performance
when exposed to natural weathering.

2. Materials and Methods

2.1. Experimental Samples

Acetylated wooden boards manufactured from radiata pine (Pinus radiata D. Don),
were used for the preparation of experimental samples. The acetylation and coating
application was performed in industrial environments by the collaborating companies.
One hundred forty–four small blocks (150 × 75 × 20 mm3, length × width × thickness,
respectively) were cut out and randomly separated into two sets. The first set included
eighteen samples that were not surface finished and used for the following tests without
additional treatments. The second set contained hundred twenty–six samples that were
subjected to the supplementary surface coating procedure. It was implemented as a part
of the industrial process by applying selected coatings usually used for building façades.
Seven alternative coating products manufactured by three producers were tested and
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confronted; 144 (= 8 × 6 × 3) samples were analysed in total, including 8 sample types (#A,
#B, #C, #D, #E, #F, #G, #H), 6 natural weathering scenarios (0, 3, 6, 9, 12 and 15 months)
and 3 replicas for each testing scenario. The summary of technical details regarding
experimental samples is presented in Table 1.

Table 1. Summary of acetylated Radiata pine samples tested within natural weathering experiment.

Sample Code Surface Coating Appearance

A no treatment natural wood
B hybrid hydro-oil (producer #1) transparent brown, mat

C preserving stain emulsified with hydro-oil
(producer #1) transparent brown, glossy

D water-based (producer #1) white, opaque
E waterborne high-gloss (producer #2) transparent yellow, glossy
F water-based VV MAT (producer #2) semi-opaque yellow, glossy
G water-based (producer #3) white, opaque
H water-based impregnating agent (producer #3) transparent brown, glossy

2.2. Weathering Tests

Natural weathering tests were performed in San Michele, Italy (46◦11′15′′ N, 11◦08′00′′ E).
The objective of this test was to collect a set of reference data regarding material perfor-
mance at the different exposure time. Samples were exposed on vertical stands representing
a building façade. The stand was oriented to face the southern direction. The weathering
experiment was carried out for a total period of 15 months, starting in March 2017. Three
replicas were collected from the stand each third month to stop the deterioration progress.
Consequently, a collection of samples exposed to 0, 3, 6, 9, 12 and 15 months was gathered.
Each exposure period corresponds to a single experimental scenario, and three replica
samples assured insight on the reliability and repeatability of results. All samples were
stored in a climatic chamber (20 ◦C, 65% RH) to stabilize conditions before follow-up
measurements.

2.3. Characterization Methods
2.3.1. Digitalization and Colour Measurement

Samples after conditioning were scanned with an office scanner HP Scanjet 2710
(300 dpi, 24 bit) and saved as TIF files. Colour changes were assessed by means of a spec-
trometer following the CIE Lab system where colour is expressed with three parameters:
L* (lightness), a* (red-green tone) and b* (yellow-blue tone). CIE L*a*b* colours were mea-
sured using a MicroFlash 200D spectrophotometer (DataColor Int, Lawrenceville, Illinois,
USA). The selected illuminant was D65 and the viewer angle was 10◦. All specimens were
measured on five randomly selected spots over the weathered surface. The mean values
were considered as a representative colour, even if the maximum and minimum readings
were preserved to assess the natural variation of the colour distribution.

2.3.2. Gloss

The mode of light reflection from the surfaces was measured using a REFO 60
(Dr. Lange, Düsseldorf, Germany) gloss meter with incidence and reflectance angles of 60◦.
Ten measurements along and across the fibre direction were taken on each specimen to
address the optical heterogeneity of the light reflectance from the wood surface.

2.3.3. Microscopic Observation and 3D Roughness Measurement

Keyence VHX-6000 digital microscope (Keyence, Osaka, Japan) was used for mi-
croscopic observation, high magnification image acquisition and 3D surface topography
scanning. Colour images were collected with an optical configuration corresponding to
×30 and ×200 magnifications. The light direction and intensity were adjusted to assure
a wide dynamic range of the image and avoid saturated pixels generation. Part of the
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high magnification images was acquired in the real-time 3D depth reconstruction mode.
It allowed post-processing of data to determine surface profile as well as surface rough-
ness indicators. For that reason, an area of 2 × 2 mm2 was assessed while series of 3D
images stacked together. The proprietary software of the Keyence microscope was used for
roughness data post-processing. The protocol included removal of the error of form (plane
extraction) and filtering of the surface topography data with a Gaussian band pass filter
(2 μm < λ < 0.8 mm). The surface roughness quantifiers determined on such prepared data
included arithmetical mean height (Sa), skewness (Ssk) and kurtosis (Skt).

2.3.4. Contact Angle and Surface Free Energy

Dynamic contact angle measurements were performed using optical tensiometer
Attention Theta Flex Auto 4 (Biolin Scientific, Gothenburg, Sweden). Five replica measure-
ments were performed implementing the sessile drop method on each specimen with a
sequence of distilled water and formamide droplets. The dosing volume of each drop was
4 μL controlled by both precise dispenser and drop image analysis. The measurement of
the drop shape started at the moment of the initial drop contact with the assessed sample
surface and lasted for 20 s. The series of images collected were post-processed with the
proprietary software of the tensiometer. The Laplace equation was used for the estimation
of the contact angle for both investigated liquids. The series of contact angles observed
at 3 s after dispensing were averaged to reduce the scatter of results. However, the range
(minimum to maximum) of the observed contact angles was also recorded for further
analysis. The surface free energy was computed following OWRK/Fowkes method [30].
The total surface free energy (γtot), as well as its polar (γp) and disperse (γd) components,
were determined for all investigated samples.

3. Results

The appearance alteration of investigated samples after natural weathering conducted
at diverse exposure times is shown in Figure 1. The colour changes are mainly observed
for uncoated samples (#A), appearing lighter after three months of exposure. The colour is
maintained for the three following months. However, a presence of mould is noticed at
month 9 (December). The mould area gradually increased with the subsequent weathering
duration. The overall tonality of uncoated samples at the end of the natural weathering test
(month 15) became grey. It should be mentioned that in parallel to the above-mentioned
colour alterations, samples #A exhibit minor disintegration of surface, evidenced by raised
fibres and small cracks. All coated samples performed well, considering the overall
appearance alteration as evaluated by the visual assessment. No sign of deterioration
was observed in samples #D and #G that were coated with a white and non-transparent
film. Similarly, dark brown samples #B and #H did not noticeably change. Conversely,
samples #E and #F were coated with a product of original yellow tonality. The colour of
coated sample #E become lighter during the initial weathering period to maintain the same
appearance afterwards. The colour of coating #C appeared to be constant along the whole
testing period.
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sample ref 3 months 6 months 9 months 12 months 15 months 
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Figure 1. Macro colour images of acetylated wood samples exposed to natural weathering.

Figure 2 present colourimetry changes of acetylated wood samples exposed to natural
weathering. In analogy to the visual observations, CIE L*, a* and b* are nearly constant
for the majority of coated samples along the entire period of the test. It was noticed
particularly for samples #D, #G and #H, which are considered here as the most colour-
stable. These contain white opaque coatings (provided by producers 1 and 3) as well as a
transparent glossy brown coating (producer 3). Slightly higher fluctuations were observed
for samples #B and #F. Similar trends were noticed for coated samples #C and #E. CIE L*
and CIE b* values slightly increased during the weathering period in the case of sample
#C, while CIE a* was relatively constant. A similar tendency was observed in sample
#E, where CIE L* and CIE a* values gradually decreased. CIE b* slowly decreased after
the initial increase observed at month 3, to reach almost initial values afterwards. The
highest changes of colour indicators were noticed for uncoated samples (#A). The apparent
lightness (CIE L*) noticed for the acetylated radiata pine was relatively stable, with only a
slight and steady rise at the initial phase of the weathering test. CIE a* gradually decreased
for all uncoated samples, reaching more stable values from month 6 of the exposure. Values
of CIE b* progressively dropped after a slight gradual increase at the beginning of the
weathering test.
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Figure 2. Colour changes of acetylated wood samples exposed to natural weathering. A–H: sample type.
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Gloss measured along and perpendicular to the fibres (Figure 3) was, in a majority
of the investigated cases, very similar. An exception was sample #F where gloss values
measured along the fibres were approximately 10 units higher than perpendicular. For
coated sample #B, as well as for uncoated samples #A values were rather constant along the
whole weathering period. A slight decrease was observed for coated samples #C, #D and
#H, contrary to #E, where gloss value increased for about 10 units during the 15 months.
Samples #F and #G showed some fluctuations during the weathering period, even if the
gloss at the end of the test was close to the initial value. The gloss mainly depended on the
performance of the coating and no interaction with the acetylated substrate was evidenced.
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Figure 3. Gloss changes of acetylated wood samples exposed to natural weathering (note: solid line–gloss along fibres, dash
line–gloss perpendicular to fibres). A–H: sample type.

The surface roughness of the coated wood samples (#B–#H) was not measurably
altered during the natural weathering test period. However, an apparent increase in the
surface roughness was noticed in uncoated specimens. The result of surface topography
analysis performed for samples #A is presented in Figure 4. The 3D topography map
aligned with the colour image allows identification of the large tracheids as a major
surface irregularity source. However, clear progress of the surface erosion is evident
in the analysis of the surface profile outline. It is confirmed as steady progress of the
surface roughness parameters. Three-dimensional (3D) areal surface texture assessment is
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a favourable approach to characterise surfaces of heterogenic and anisotropic materials,
such as wood. Arithmetical mean surface height (Sa) is the basic irregularity quantifier
corresponding to the arithmetical mean height of the roughness profile (Ra) traditionally
determined from the two-dimensional surface roughness profiles. Values of Sa remained
relatively constant for acetylated radiata pine. Skewness (Ssk) represents the degree of
the roughness distribution bias or asperity. Negative skewness observed for all measured
samples indicates a deviation to the higher side of the topography map that is typical for
porous materials, such as wood. The steady decrease of skewness indicates a shift of the top
material ratio toward a central distribution that can be associated with the loss of fibres and
general progress of the uncoated wood surface erosion. Kurtosis (Skt) is a measure of the
sharpness of the topography histogram profile. Values of Skt > 3 correspond to leptokurtic
distribution with tails fatter than in normal/Gaussian curves. The spiked nature of the
surface irregularity histogram is a consequence of the flat samples’ surfaces generated by
the planning operation. The trend of Skt alterations indicates that the curve tended toward
platykurtic distribution and a more balanced contribution of the surface peaks and valleys.
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Figure 4. 3D surface topography map, typical surface profiles and high magnification images of the acetylated radiata pine
wood (sample #A) exposed to natural weathering for a period of 15 months.

An interesting observation is related to the dark spots present on the high magnifica-
tion colour images. These correspond to the surface contamination and presence of mould
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spores. Such spores gradually appeared with the progress of the weathering test that was
also perceived on the macro-scale images presented in Figure 1. An evident increase of the
infestation kinetics was noticed for all samples exposed for one year or more.

Contact angle (θ) is a quantitative measure of the wetting ability of a solid surface
by a liquid. It is defined geometrically as the angle formed by a liquid at the three-phase
boundary where the liquid, gas and solid intersect. Results of the dynamic contact angle
measurement when wetting the surface of experimental samples with water and formamide
are presented in Figure 5. Low contact angle values indicate that the liquid easily spreads
over the assessed surface. Conversely, high contact angle implies poor spreading and
physical affinity. The high value of θ observed for most of the coated wood samples
indicates low wettability by both tested liquids. In all cases, the contact angle measured
with water was higher than that with formamide. No clear pattern of the θ changes can
be observed on the coated wood samples, even if an initial increase can be noticed in
samples #C, #D, #G and #H. A change of the water contact angle at the initial period of the
weathering test was observed on the uncoated wood samples (#A). In fact, the surface was
so easily wetted by both water and formamide that sessile drops disappeared after a few
seconds of the test.
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Figure 5. Contact angle measured after 3 s of wetting with water (white circle) and formamide (black square). A–H:
sample type.
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A direct implication of the contact angle measurement is the possibility of the surface
free energy (SFE) estimate. SFE was determined following OWRK/Fowkes energy theory
that is a recommended method for the coated surfaces. Results of the SFE determined for
each measured sample are presented in Figure 6, including total surface free energy (γtot)
that contains polar (γp) and disperse (γd) components. Values of the SFE were highest for
the uncoated wood samples and oscillated around 70 mJ·m−2. Even with that, the disperse
component dominated in samples #A and #F. An increase of the SFE with the progress of
weathering was noticed for coated sample #B and #F. Conversely, the SFE value decreased
along with the weathering progress for coated samples #C, #D and #G, while it fluctuated
in the case of #E and #H. An increased dispersive part of the modified substrate (acetylated
radiata pine wood) and a lower surface free energy after coating application, positively
contributed to a stable performance of the coated samples after weathering.
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Figure 6. Surface free energy (γtot) including polar (γp) and disperse (γd) components. A–H: sample type.

4. Discussion

All evaluated hybrid modified systems revealed a satisfactory performance dur-
ing natural weathering tests conducted within this study. Four of seven coatings were
transparent, one semi-transparent and two opaques. Transparent coatings are frequently
considered attractive solutions for customers since they maintain the natural texture of
wood. Though, from the practical implementation perspective, such coating solutions are

75



Coatings 2021, 11, 658

not recommended unless regular maintenance is accepted and regularly carried out [31].
Previous studies demonstrated that clear (transparent) coatings failed to give satisfactory
performance after just eight months of exposure [21,32]. A detailed overview of the clear
coatings’ performance applied on the wood surface was provided by Estrada [33]. It
was stated that unacceptable appearance is commenced in a relatively short period of
12 to 24 months, depending on the climatic conditions. The main disappointing issue
disqualifying clear coatings is associated with the unsatisfactory appeal and necessity for
excessive maintenance related to the removal of the old coating layers before re-coating.
Clear coatings contain binders that are usually susceptible to photodegradation and/or
hydrolysis. That leads to the failure not only to the coating layer but also to the degradation
of the underlying wood. It results in discolouration (yellowing) of the surface outlook,
loss of glossiness and alteration of the mechanical and physical properties of the coating
film [21]. An effective method for improvement of the coating performance is dimension
stabilization of the substrate material. The swelling and shrinkage of wood due to changes
in its moisture content leads to the generation of checks and cracks within the coating
film. Several methods successfully implemented to stabilize the wood and improve the
performance of clear coatings were identified and tested experimentally [16,21]. Bulking
the wood cell wall with polyethylene glycol or pre-treatment with water repellents as
well as various wood modification and impregnation treatments are the best perform-
ing solutions. The chemical modification of wood by means of acetylation researched in
this study is an example of such an innovative technological approach. It leads to the
drastic reduction of native wood hygroscopicity and, consequently, minimizing its shrink-
age/swelling. Wood species used as a substrate, type of applied coating, architectural
detailing and exposure configuration are known to determine the mould growth on the
weathered surfaces [34,35]. No apparent mould presence was noticed in this experiment
for all coating systems investigated. Though, evident mould growth was detected after
nine months of exposure on the surfaces of uncoated wooden specimens. A similar natural
weathering testing campaign with acetylated radiata pine cladding samples was performed
in Rotorua (New Zealand) [36]. The first sign of mould presence, as well as slight surface
discoloration (lightening), were reported there after only eight weeks of exposure. Con-
versely, lightening of the acetylated wood surface is declared in the experiment presented
here as occurring after the initial three months of exposure. It is related to the methodologi-
cal approach adopted. Investigated samples were assessed here with scientific instruments
after the weathering test (post–factum) by using specimens collected at the three-month
interval. Nevertheless, high-resolution images of the same weathered materials exposed
on the stand were additionally taken with the frequency of one month [37]. The follow-
ing image analysis allowed the determination of the red/green/blue (RGB), as well as
hue/saturation/luminosity (HSL) colour descriptor variations. It was found that RGB
and HSL paraments measured on uncoated acetylated wood samples revealed noticeable
alterations after just one month of exposure. Similar research on the natural weathering
performance of five wood species coated with 12 diverse formulations was conducted
in Oregon (US) for a period of 18 months [38]. It was reported that most of the tested
coatings lost their protective effects within the first year of exposure due to combinations of
diverse biological and abiotic factors. No single coating system was identified as a superb
protective solution for the untreated wood substrate.

Changes in the surface roughness along the weathering progress are associated with
the vulnerability to accumulate dirt, moisture and pollution as well as enhancing the spore
attachment and germination [14]. Likewise, higher abrasion resistance and improved
ability to shed environmental residues deposited on the coating are limiting the ability
of fungi to grow on and into the coating [39]. The roughness of hybrid-modified wood
surfaces investigated in this research was constant along with the exposure duration. It
resulted in negligible appearance changes and minimal dirt/mould presence observed
on the coated surface. However, an increase in the surface roughness was observed in
uncoated wood specimens. Two from three parameters describing the surface topography

76



Coatings 2021, 11, 658

(Ssk and Sku) changed during weathering progress. It was associated with the removal
of the single fibres, leaching of photodegradation components and general erosion of the
wood surface. Similar observations were derived in other reports where the roughness of
uncoated samples gradually increased with the progress of the weathering process [1].

The change of the surface roughness directly affects the physical characteristics of the
light reflected from the surface. It is revealed as gloss changes associated with the abrasion
of wood surfaces and the accompanying erosion processes [40,41]. Loss of gloss is an
indicator of degradation at its early stage. It is caused by either non-chemical changes (e.g.,
cracking, checking) or by chemical changes occurring in the topmost portion of the coating
layer [42,43]. Therefore, observation of the gloss changes is highly useful for assessing
and evaluating coating systems. It was evidenced by Pánek et al. that gloss change is
more sensitive to coating degradation than total colour difference measured on the same
surface set [44]. Oberhofnerová et al. observed decreased gloss values during natural and
artificial weathering of eight transparent and pigmented coating systems [45]. The gloss
variation recorded in the hybrid-modified wood samples evaluated in this experiment were
minor. It indicates the high stability of the coating systems applied and their satisfactory
performance.

The contact angle (θ) measurement implies the wettability by water (or other liquids)
of the exposed material surface. The extent of θ changes is an important indicator of
weathering progress [46]. The kinetic and trends of contact angle changes observed in this
research for formamide were similar to those of water. Though, the nominal values were
higher when wetting the wood surface with water. It is explained by the strong hydrogen
bonding of formamide, which reduces the interfacial free energy at the liquid-solid interface
through the acid-base interactions [47]. Surface free energy can be calculated by using the
θ data when combing at least two wetting liquids of diverse physical characteristics. This
parameter can be utilized to better understand the interactions between solid and liquid. In
general, the weathering process of unprotected wood increases wettability. Leaching of the
extractives from the surface of weathered wood reduces water repellence, while the degra-
dation of lignin results in a more hydrophilic surface [48]. Different performance trends
regarding wettability were reported in relation to the coating transparency and composi-
tion [45]. Even if applying the hydrophobic layers significantly increase the hydrophobicity
of natural wood surfaces, it does not necessarily indicate long-term functionality during
the prospective service life [49].

Bulk and surface modification processes highly affect the suitability and functionality
of wood-derived components used in construction of the building façade. Conventional
wood modification systems use chemical treatments, impregnation or thermal modification,
resulting in various intrinsic properties achieved. Innovative modification approaches focus
on adding some extra functionalities, such as UV stabilisation, fire retardancy or enhanced
suitability for paints and coatings [50]. Although each modification process improves
certain material properties on its own, the positive effect can be multiplied by merging two
or more modification solutions. An example of successfully combined modifications is the
surface coating of acetylated or thermally treated wood. The synergic effect of the reduced
shrinkage/swelling of the bulk substrate and water protecting coating substantially reduces
stresses of the coating film, thus preventing it from cracking [51,52] and provides UV-
VIS light protection [53]. Such a “hybrid process” of wood modification seems to be an
optimal solution frequently implemented by biomaterials producers. Superior service
life performance with extended maintenance-free periods is reflected in environmental
impact analysis. A recent review of Hill et al. clearly demonstrates a positive impact on the
global warming potential (GWM) of wood modification combined with coatings [54]. It
is anticipated that a lifetime of unmodified wooden façade is 20 years, assuming coated
surface maintenance applied every five years. Conversely, a lifetime of 60 years is assumed
for the modified wood solution with the renovation of the coating applied every 10 years.
The potential environmental benefit to be realized when utilizing modified wood is evident,
especially when considering an extended time between re-coating [54]. It is expected that
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the maintenance frequency can be even lower than once per 10 years when implementing
the hybrid modification approach [55]. Such an alternative solution was investigated here,
where appropriately selected coating systems were applied on the acetylated wooden
elements. Consequently, the façade surface remains intact for a longer period by preserving
its original and attractive appearance.

5. Conclusions

Hybrid modification includes processes where the positive effect of a single treatment
can be multiplied by merging with additional modifications. All coated samples performed
satisfactorily, considering both, the overall appearance evaluated by the visual assessment
as well as deterioration determined with sensors. No sign of degradation was observed in
samples #D and #G that were coated with a white and non-transparent film. Dark brown
samples #B, #C and #H did not change noticeably. Samples #E and #F were coated with
a product of original yellow tonality. The colour of sample #E become lighter during the
initial weathering period to maintain the same appearance afterwards. Results of visual
evaluations correspond to tendencies observed in CIE L*, a* and b* alterations. Gloss values
measured along and perpendicular to fibres were relatively constant. Only a slight decrease
was observed for coated samples #C, #D and #H. On the contrary, the gloss value of #E
increased for about 10 units during the 15 months exposure. The high values of θ observed
for coated samples indicate low wettability, in contrary to uncoated wood (#A). Surface
free energy was highest for the uncoated wood samples and corresponded to ~70 mJ·m−2.
It varied between 15 and 40 mJ·m−2 for coated samples. An increased disperse component
γd combined with a lower surface free energy after coating application resulted in a stable
performance of the coated samples during weathering.

It was demonstrated that the hybrid solution of merging wood acetylation process
followed by the surface coating, as investigated here, amplified the advantages of both
treatments when applied separately. Acetylated wood samples without protective coating
altered their appearance noticeably after a relatively short period of exposure to the natural
weathering. It was evidenced as a considerable change of the colour, decrease of gloss and
increase of roughness. Even if possessing different colours and textures, all coated samples
preserved their functionality as a cladding material protecting the building envelope.
Limited shrinkage/swelling of the bulk substrate due to chemical treatment substantially
reduced stresses within the coating film, therefore no cracks developed in the coating
layer. Hybrid processes, compared to solely acetylated wood, assured superior visual
performance of the wood surface by preserving its original appearance during whole test
duration.
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Abstract: The service life performance of timber products exposed to natural weathering is a critical
factor limiting the broad use of wood as an external building element. The goal of this study was
to investigate the in-service characterization of an innovative biofinish coating system. It is a novel
surface finishing solution based on the bioinspired concept of living fungal cells designed for effective
wood protection. The performance of Scots pine (Pinus sylvestris L.) wood coated with biofinish was
compared with uncoated references. Samples were exposed to natural weathering for 12 months
under the climatic conditions of northern Italy. The visual appearance, colour, gloss, wettability, and
3D surface topography of the wood surface were examined. Results revealed that the total colour
changes (ΔE) of biofinish-coated wood were negligible. Untreated Scots pine wood revealed the
changes in colour after just three months of exposure. The gloss changes of both surface types were
small. The contact angle measured on biofinish-coated wood was higher compared to that of uncoated
Scots pine. Surface roughness increased in uncoated wood due to the erosion effect caused by the
weathering progress. Conversely, the surface roughness of biofinish-coated samples decreased along
the exposure time. This phenomenon was explained by two self-healing mechanisms: migration
of non-polymerized oil to the cracked surface, where it polymerizes and creates a closed layer, and
local regrowth to cover damaged spots by living fungal cells present in the coating. The obtained
results revealed the superior aesthetic performance of the biofinish surface treatment against natural
weathering. By considering the fully bio-based nature of the investigated coating, it was concluded
that this solution can be an attractive alternative for state-of-the-art wood protection technologies.

Keywords: natural weathering; bio-based coating; service life performance; aesthetics; living fungal
cells; bioinspired materials design

1. Introduction

Weathering is the general term used to describe the slow degradation processes that
occur when the material is exposed to the outdoor environment [1–3]. In that case, the
deterioration is caused primarily by environmental or abiotic factors and not due to mi-
croorganisms. However, the uncoated wood weathering is usually combined with biotic
attacks that together may alter the surface appearance. This leads to the creation of green
or grey-blue spots on the surface of weathered material which, in association with other
weathering effects, changes the colour of wood towards a grey tonality. Particularly, the

Coatings 2021, 11, 701. https://doi.org/10.3390/coatings11060701 https://www.mdpi.com/journal/coatings
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weathering processes of wood are triggered by the mutual action of solar radiation and
wind-driven rain in combination with several other environmental factors, such as tem-
perature changes, relative humidity (RH), wind, air pollutants, molecular oxygen (O2)
concentration, or human activities, among others. Surface discolorations, loose fibres,
raised grain, checks, cracks, or general roughening are the usual results of wood exposure
to natural weathering. Solar radiation is absorbed during weathering by the constitutive
woody polymers, including lignin, cellulose, and hemicellulose. Among these components,
lignin is recognized as the most sensitive to photodegradation due to its complex structure,
revealed to be a variety of functional groups and bonds [1,4]. The photolysis of lignin
caused by sunlight leads to the generation of free radicals, which can interact with oxygen
to produce hydroperoxides that are converted finally to new lignin chromophores [1,5].
The formation of such chromophores induces the initial yellowing of wood followed by
surface colour changes to a silver-grey shade when these chromophore groups are leached
out by rain or wind [6,7]. The depth of photodegradation increases with the irradiating
light wavelength. Blue light can penetrate wood to a greater extent than violet light. It
is capable of bleaching the wood, even if does not alter lignin. Violet light, however,
deepens the photodegradation toward wood bulk beyond the zone already affected by the
ultraviolet (UV) radiation. Short-wavelength UV radiation causes the photo-yellowing that
is directly correlated with the lignin degradation [8]. The detailed mechanisms of natural
weathering were the subject of several proceedings studies, including the thorough obser-
vation of the alterations at different scales, kinetics, or reactions as well as dose–response
models [9,10]. Similarly, diverse approaches were proposed for the characterization of the
weathering extent and the determination of the resulting material properties. The colour
space coordinates defined by the International Commission on Illumination CIE L*a*b* and
derived ΔE are frequently used to quantify colour alterations due to lignin degradation
and chromophores generation [11–14]. Spectroscopic techniques such as Fourier Transform
Infrared Spectroscopy (FTIR) [15,16], Fourier Transform Infrared Spectroscopy–Attenuated
Total Reflectance (FTIR-ATR) [17], and/or Fourier Transform Near Infrared Spectroscopy
(FT-NIR) [18–20] are often used to investigate changes in functional groups of wood chemi-
cal components. Other aspects frequently assessed while evaluating the weathering process
of materials include the determination of the surface roughness [21,22], wettability [23,24],
or glossiness [18,25,26].

Several surface treatment solutions have been developed to protect wood against
weathering-induced deterioration. The application of a coating is one of the most common
methods to prevent wood alteration due to its economic- and convenience-based advan-
tages [27]. A coating is defined here as a physical barrier layer that protects wood bulk
from environmental factors and microorganisms. The majority of coating solutions can
be classified into two categories, including film-forming and various impregnation ap-
proaches [2]. Paints and solid-body stains are classic examples of film-forming techniques.
Impregnation induces the saturation of the finished subsurface with chemical mixtures
containing hydrophobic substances that can penetrate the wood and cures. The most fre-
quently used impregnation products include waxes as well as oil- or resin-based solutions.
Although the application of coatings has been widely used for wood protection for a long
time, the degradation of the coating layer due to weathering can emerge in a variety of
deterioration processes. Some of the most relevant include the photofading of dyed and
pigmented polymers [27,28], a loss of gloss and an increase in surface roughness [29], the
yellowing of clear coating [30,31], crack formation and peeling [2], or aesthetical problems
caused by microorganisms [32–34], among many others. Moreover, an important drawback
of modern coating formulations is their composition. Many surface finishing products
contain toxic chemicals that might cause negative impacts on the environment and/or
can be harmful to living organisms, including humans [35]. Due to the increasing aware-
ness of environmental protection issues, the use of toxic substances allowed until now is
increasingly restricted by international legal regulations [36].
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Systems and solutions found in nature are a valuable source of inspiration for several
advanced applications. Scientists and researchers from different fields use concepts of
biomimicking and bioinspiration to solve the most complex challenges and technical tasks.
The possibility to benefit from solutions developed by nature recently became interesting for
use in cutting-edge materials science and sustainable architecture [37]. Biomimicry aims to
understand the fundamental principles of biological processes and adapt these concepts for
bio-inspired product applications [38]. New materials and methods for structural design,
thermal insulation, and waterproofing can be developed by mimicking the structural,
behavioural, functional, and morphological aspects of natural organisms [39]. The largest
area of biomimicry research is related to materials, accounting for around 50% of published
research [38]. Materials’ surface modification includes a wide range of changes related
to adjustments of the expected surface energy, appearance, adhesion, and/or inducing
unique properties, such as self-regeneration or self-healing. Bioinspired modification can be
related here to the generation of a particular surface topography, patterning, activation, or
functionalization. Most surfaces are exposed during service life to a diversity of damaging
threats, which reduce the surface functionality and require certain actions, such as cleaning,
reparation, or replacement. The self-repairing phenomena observed in several biological
systems is challenging for replication in traditional building materials since they are simply
not alive as biological organisms. However, the development of bio-concrete (where
limestone-producing bacteria are activated when a crack occurs) [40] as well as bio-coatings
(where living moulds are re-grooving on a wooden surface after damage) provides a
pioneering proof of concept for bioinspired solutions demonstrating the novel capacities of
building materials [41].

Biofinish technology represents such a bioinspired and environmentally friendly
wood treatment solution. The idea of using the functional biofilm produced by a black,
yeast-like fungus, Aureobasidium pullulans, for the protection of wood, was inspired by
the growth of microorganisms on leaves. In industrial applications, the substrate wood
was first impregnated with vegetable oil, which serves as a future nutrition source for
living A. pullulans. Afterwards, the wood’s surface was coated with a proprietary biofinish
emulsion containing a complete set of ingredients necessary for mould to establish a long-
lasting, self-sufficient living biofilm. The proposed solution increases the hydrophobicity
of wood substrate due to oil treatment which results in the enhanced dimensional stability
of the timber element [41]. The presence of A. pullulans living cells plays an important
role in protecting wood against other decay from fungi infestation. The colour-giving
melanin pigment produced by the fungus provides an aesthetically appealing dark surface
on wood, and at the same time, protects the substrate from UV radiation. One of the most
attractive aspects of using A. pullulans as a living coating system is an induced self-healing
ability of such a finished surface. Biofinish is solely composed of natural substances and
it is considered a fully sustainable wood treatment solution with minimal environmental
impact and low maintenance requirements [42]. Timber products are currently treated
at an industrial scale and the do-it-yourself (DIY) coating formulation is available on the
market [43]. A combined effect of wood species, oil types, and material climate conditions
on the formation of a uniform biofilm were studied previously [42,44,45]. Nevertheless,
several aspects regarding protection mechanisms and the durability of biofinish are still
poorly understood.

The goal of this study is, therefore, to investigate the in-service performance of biofin-
ish coating during a natural weathering test. A special focus was directed toward the
assessment of the alteration of appearance and aesthetical properties, to be evaluated
with an objective multi-sensor approach and confronted with a reference timber product
frequently used in a similar configuration.
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2. Materials and Methods

2.1. Experimental Samples and Natural Weathering

Thirty wooden blocks made of Scots pine (Pinus sylvestris L.) wood with dimensions
of 150 mm × 75 mm × 20 mm (length × width × thickness, respectively) were used as
experimental samples. Half of the sample set (15 blocks) was coated with biofilm (Biofinish,
Xyhlo B.V. Deventer, The Netherlands) following the industrial procedure of the coating
application (0.125 L·m−2). Two layers of coating were applied penetrating wood subsurface
to the depth of approximately 350 μm. The remaining set of fifteen Scots pine blocks was
left uncoated and served as a reference. Thirty samples were analysed in total, including
two finishing types, five natural weathering scenarios, and three replicas for each scenario.

Natural weathering tests were performed in San Michele, Italy (46◦11′15′ ′ N, 11◦08′00′ ′ E),
for a total period of 12 months, starting in March 2017. The objective of this test was to
collect a set of reference data regarding material performance in a function of the exposure
time. Samples were exposed on a vertical stand corresponding to a typical building façade
configuration. The stand was oriented to face the southern direction. The representative
meteorological data for the studied location are summarized in Table 1. Three replicas were
collected from the stand each third month to terminate the deterioration progress. Thus,
a collection of samples exposed for 0, 3, 6, 9, and 12 months was gathered as a result of
the experimental campaign. Each exposure period corresponds to a single experimental
scenario. Three replica samples allowed insight into the reliability and repeatability of
results. All samples were stored after collection from the stand in a climatic chamber (20 ◦C,
65% RH) to stabilize conditions before follow-up measurements.

Table 1. Weather data (average values) acquired during weathering progress.

Exposure Month 1 2 3 4 5 6 7 8 9 10 11 12

Mean Temp (◦C) 12 14 19 24 25 25 17 14 7 1 4 4
Days of Frost 0 0 0 0 0 0 0 8 5 24 16 10

Total Rain (mm) 32 108 50 36 27 17 6 1 28 3 1 7
RH (%) 49 45 51 51 50 52 68 62 69 74 82 55

Mean Wind Speed (km/h) 7 9 7 9 8 6 5 5 4 3 3 5

2.2. Colour Measurement

Experimental samples were scanned with the office scanner HP Scanjet G2710 (Palo Alto,
CA, USA). The colour changes were determined using portable MicroFlash 200D spec-
trophotometer (DataColor Int, Lawrenceville, NJ, USA). The selected illuminant was D65,
and the viewer angle was 10◦. The colour was measured at ten given spots that were
randomly selected over the surface of investigated wood specimens. Colour changes were
evaluated following the CIE L* a* b* colour space system where colour is expressed by three
parameters: L* (lightness), a* (red-green tone), and b* (yellow-blue tone). The total colour
change ΔE was calculated according to Equation (1):

ΔE =

√
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2, (1)

where ΔL, Δa, Δb correspond to differences between colour coordinate values measured at
the given time and referenced to the corresponding value of initial colour.

2.3. Gloss Measurement

The mode of light reflection from the evaluated surfaces was measured using a REFO
60 (Dr. Lange, Düsseldorf, Germany) portable gloss meter with incidence and reflectance
angles of 60◦. Ten measurements were performed on each wood sample in parallel and
perpendicular to the fibre directions. An average value was considered as a measure of the
gloss, with both minimum and maximum values, determining the observation range and
repeatability of the assessment.
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2.4. Wettability

Dynamic contact angle measurement when wetting the surface with distilled water
was performed with optical tensiometer Attension Theta Flex Auto 4 (Biolin Scientific,
Gothenburg, Sweden). Five measurements were performed on each specimen, imple-
menting the sessile drop measurement approach. The nominal volume of each drop was
4 μL. The volume was precisely controlled by both droplet dispenser and a digital image
analysis tool integrated with instrument software. The measurement of the drop contour
was initiated at the moment of the drop contact with the assessed sample surface. The
droplet image acquisition lasted for 20 s. Images were post-processed with the proprietary
software (OneAttension v.4.0.5) of the tensiometer. The contact angle was determined by
implementing the Laplace equation. The contact angle observed at the third second of the
test was assumed as a representative quantifier. Five replica measurement results were av-
eraged to reduce the scatter of results. The range of observed values (minimum–maximum)
was used to define the variability and reliability of the contact angle assessment.

2.5. Microscopic Observation and 3D Roughness Measurement

Keyence VHX-6000 digital microscope (Keyence, Osaka, Japan) was used for micro-
scopic observations and 3D surface topography assessment. Colour images were acquired
with magnifications of ×30 and ×1000. The light configuration and its intensity were
adjusted to assure an optimal image quality and elimination of the saturated pixels. High
magnification images were acquired in 3D depth reconstruction mode. It allowed post-
processing of data to extract representative surface profiles as well as computation of the
surface roughness indicators. An area of 20 mm × 20 mm was assessed by implement-
ing a stitching algorithm for acquired 3D images. The proprietary software (VHX-6000
v.3.2.0.121) of the Keyence microscope was used for the surface topography post-processing.
The error of form was initially removed by extracting an average plane. The resulting
3D topography map was filtered with a Gaussian band pass filter (2 μm < λ < 2.5 mm).
Arithmetical mean height (Sa), skewness (Ssk), and kurtosis (Skt) were computed as the
surface irregularity quantifiers.

3. Results and Discussions

3.1. Surface Visual Appeal

Appearance images of the investigated samples are presented in Figures 1 and 2 for
reference (uncoated) and biofinish-coated samples, respectively. Natural Scots pine wood
becomes darker after the initial three months of exposure, followed by a slight lightening
and converting to the grey tonality. The grey colour becomes dominant after weathering
for one year. Small surface cracks become visible to the naked eye from month 9. At the
same time, big cracks were present together with raised fibres and eroded surface marks.
The appearance of samples coated with biofinish does not change, including consistent
impressions of the colour, roughness and overall surface integrity.

Figure 1. Surface texture, CIE L*a*b* colour coordinates and glossiness parameters altered during weathering progress of
uncoated Scots pine samples.
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Figure 2. Surface texture, CIE L*a*b* colour coordinates and glossiness parameters altered during weathering progress of
biofinish-coated Scots pine samples.

3.2. Surface Colour

The progress of CIE L*a*b* changes over the duration of the natural weathering test
is shown in Figure 3. The average CIE L* of the uncoated Scots pine samples decreased
during the first three months of exposure, to become constant afterwards (Figure 3a). The
average CIE a* of the uncoated wood increased at the initial stage of exposure, but after
that, it steadily decreased until the end of the natural weathering process (Figure 3b). A
similar trend was noticed in the case of the CIE b* coordinate (Figure 3c). Both, CIE a* and
b* asymptotically followed the horizontal axis, confirming the overall tendency for greying
the weathered surface outlook. A very different trend of the CIE L*a*b* colour changes
was noticed for coated samples. All investigated colour indicators were constant along the
whole test duration. Correspondingly, the scatter of the CIE L*a*b* values within all replicas
was substantially smaller than the same scatter observed in the uncoated wood samples.
It was confirmed by the total colour changes (ΔE) analysis present in Figure 3d. The ΔE
of uncoated Scots pine rapidly increased during the initial three months of exposure. The
same quantifier steadily decreased afterwards until the end of the exposure period of
twelve months. Biofinish-coated specimens revealed much lower values of ΔE compared
to those noticed in uncoated Scots pine. ΔE was relatively constant with minor variations.
The nature of ΔE changes in the coated wood samples suggests the source of the analysed
discoloration to be related to the intrinsic variance of the colour within tested samples
rather than the weathering-induced alterations.

The decrease in CIE L* of uncoated Scots pine at the initial stage of exposure indicates
that the darkening of the wood surface is due to the accumulation of degradation products
of lignin [2] followed by the infestation of the wood surface by fungi [2,27]. The initial
increase in CIE b* is also associated with the degradation of lignin [46]. Consequently, the
follow-up decreases in yellowness (CIE b*) may be attributed to the leaching of decom-
posed lignin and its extractives by water [47]. The changes in CIE a* values are primarily
determined by the changes of the chromophore groups present in some wood extractive
components [48]. The formation of additional chromophoric systems was found to be
triggered by the solar radiation interaction with the wood chemical components [2,49]. The
overall mechanism of wood discolouration induced by the weathering processes follows
three overlapping phases. An initial darkening, yellowing or browning of wood is observed
as a result of the quinone formation and accumulation of degradation products of lignin.
The greyish tendency of weathered wood after a long-term exposure period is associated
with the leaching out of extractives and cleavage products of lignin photodegradation.
Finally, the dark-grey colour of the long-term weathered wood surface is a result of surface
infestation by fungal hyphae, spores and derived pigments [49,50].
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Figure 3. CIE L*a*b* colour coordinates of uncoated Scots pine and wood coated with biofinish as a function of exposure
time. Note: Error bars correspond to the range (minimum–maximum) of results observed: (a) CIE L*, (b) CIE a*, (c) CIE b*,
(d) CIE ΔE.

Presence of moulds depends on the intrinsic properties of the specific wood substrate.
Heartwood is considered to be less susceptible to decay fungi than sapwood. In the case
of Scots pine heartwood, it is due to the presence of extractive components possessing
fungicide capacity, which can suppress fungal growth [51]. The relative humidity and
temperature of the ambient air are two factors regulating the moisture content of wood.
Wood moisture is known as a critical factor determining the ability of microorganisms
for initial surface colonization and further growth. The threshold limit for mould growth
is usually at the level of wood moisture content of 20% and corresponding air relative
humidity of 75–80%. However, the actual fungal infestation risk highly depends on the
exposure time to the elevated moisture, ambient air temperature, inherent susceptibility
of the exposed surface to moulds, and presence of specific mould species in the ambient
air [52].

Negligible variations of the CIE L*a*b* colour coordinates of wood coated with biofin-
ish can be explained by the presence of colour-giving melanin pigment produced by A.
pullulans. Melanin, in addition to colour determination, functions as a barrier layer protect-
ing the wood surface against alien microorganisms. Melanin production by the fungi does
not affect their growth or development but enhances survival under environmental stresses.
These include protection against UV irradiation, the accumulation of pollutants (such as
heavy metals), tolerance to extreme temperatures, desiccation or high salts concentrations,
as well as resistance to the cell wall-degrading enzymes and other pathogens [53–56]. Sev-
eral studies confirm the stimuli effect of UV radiation on the enhanced melanin production
by the A. pullulans [57–59].

3.3. Gloss Evaluation

The gloss measured parallel and perpendicular to fibres on uncoated and biofinish-
coated Scots pine specimens was constant along the natural weathering process (Figure 4).
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The average gloss value measured in parallel to fibres of uncoated Scots pine oscillated
around 6, while those measured perpendicularly was approximately 5. Gloss values were
smaller for samples coated with biofinish and corresponded to 1 in both measurement
directions. The spread of data defined as the difference between the minimum and maxi-
mum recorded values was higher for gloss measured parallel to the fibres in the case of
both surface finish configurations.

Figure 4. Gloss changes of uncoated Scots pine and wood coated with biofinish as a function of
exposure time. Note: Error bars correspond to the range (minimum–maximum) of the results
observed: (a) gloss parallel, (b) gloss perpendicular.

Several studies are reporting a decrease in wood glossiness associated with exposure to
natural weathering [18,20,60,61]. It was not directly confirmed by the present experimental
results that are related to the relatively short period of the test as well as the initial surface
configuration that was intended to be moderately rough. The reduction in the wood surface
glossiness is associated with the abrasion of wood surfaces and the accompanying surface
erosion process. The wood surface usually becomes rougher as a result of the weathering
which enhances the diffuse (Lambertian) light reflectance component. Consequently, the
scatter of light on the surface become higher, which is recorded as a glossiness value
reduction [49].

3.4. Wettability

The change of average wettability values expressed as a contact angle θ induced by
the natural weathering process are shown in Figure 5. The contact angle of biofinish-
coated wood was twice as high (~120◦) as that measured on uncoated Scots pine surface
(~60◦). The contact angle of both types of specimens decreased during the initial three
months of exposure. However, the drop was very apparent in the case of uncoated wood,
resulting in θ < 20◦, which was stable until the end of the weathering test. It is associated
with chemical changes of the weathered wood surface at the initial period of exposure,
as well as the leaching of extractives possessing hydrophobic nature. Such a small θ
corresponds to the instant surface wetting and spill out of the water droplet after contact
with the measured surface. The contact angle measured on the surface of biofinish-coated
wood was steadily decreasing along the natural weathering test duration. This leads to
the conclusion that wood hydrophobicity decreased along the exposure time, even if the
surface coating substantially reduced the kinetic of such changes. Similar observations
were reported by other researchers for Scots pine [62] and other wood species [62–64]. The
increased wettability of the weathered wood surface even further accelerates the subsurface
deterioration. This eases the leaching of extractives and other degradation products of
lignin. Elevated surface moisture content triggers the loosening of the cellulose fibres that
trigger micro-cracks presence and an increase in the roughness [65].

88



Coatings 2021, 11, 701

Figure 5. Changes in the contact angle of uncoated Scots pine and biofinish-coated wood as a
function of exposure time. Note: Error bars correspond to the range (minimum–maximum) of
results observed.

3.5. Surface Topography

Changes in surface topography for uncoated and biofinish-coated samples are pre-
sented in Figures 6 and 7, respectively. An increase in the surface roughness was mostly
observed in uncoated pine wood specimens, where all surface topography descriptors
(Sa, Ssk and Skt) changed during weathering progress (Figure 6). The overall curvature
changes of the surface topography profiles were related to the wood deformations induced
by the moisture content variations and consequently to wood shrinkage/swelling. The
biofilm coating layer affected the thermodynamic properties of the wood subsurface lim-
iting the absorption and diffusion of moisture. An increase in the roughness was related
to the natural weathering processes and resultant photolysis and/or hydrolysis of the
constitutive wood polymers, particularly lignin. As a result, single fibres were removed
from the wood matrix and degradation components are leached out after rain events. This
leads to the wood surface erosion revealed as an increase in the surface roughness [66].

 
(a) 

 
(b) 

Figure 6. 3D surface topography map, typical surface profiles and high magnification images of the
Scots pine wood exposed to natural weathering for 12 months, (a) high magnification images and 3D
surface topography map, (b) typical surface profiles.
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(a) 

(b) 

Figure 7. 3D surface topography map, typical surface profiles and high magnification images of
the Scots pine wood coated with biofinish exposed to natural weathering for 12 months, (a) high
magnification images and 3D surface topography map, (b) typical surface profiles.

Opposite trends of surface roughness alteration were observed for wooden samples
coated with biofinish. The arithmetical mean surface height (Sa) decreased with the
weathering progress, indicating that the surface became smoother than at the initial stage
(Figure 7). Such flattening of the wood surface can be explained by the gradual secretion of
linseed oil that was used for sample impregnation before coating application. It should be
mentioned that the preferred surface for the application of the biofinish product is rough.
The presence of surface irregularities eases adhesion to the coating emulsion as well as fungi
spores. Furthermore, living cells of A. pullulans are capable of regenerating and regrowing
on the wooden surface after the initial application of the coating. This leads to the apparent
roughness reduction by filling surface micro-voids and other irregularities caused by the
fungal maturation and development. This is confirmed by the visual analysis of surface
topography profiles. While an evident roughening of the surface outline is noticeable for
uncoated wood, the excessive initial waviness disappears on the biofinish-coated profiles.

Low values of skewness, Ssk ≈ 0, as observed for the uncoated pine samples, indicates
a normal distribution of the irregularity deviation. However, a shift in the skewness toward
the higher side of the topography map is typical of porous materials, such as softwoods.
The decrease in skewness observed for the uncoated wood can be associated with the loss
of fibres and the general progress of the weathered wood surface erosion. Kurtosis (Skt) is
a measure of the topography histogram profile sharpness. Values of Skt of uncoated pine
wood gradually decreased from platykurtic (Skt ≈ 12) to leptokurtic (Skt ≈ 2). The kurtosis
of the coated wood surface was continuously elevated, indicating its strong platykurtic
nature. The coated surface possessed a balanced distribution of peaks (loose fibres) and
valleys (surface cracks).
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3.6. Microscopic Observations

Microscopic images of investigated samples are shown in Figure 8. The development
of mould fungi with dark-coloured hyphae and spores is a very common phenomenon
observed on coated and uncoated wooden façades. Moulds and blue stain fungi are
considered to be undesirable elements, especially on light-coloured wooden façades [21].
Consequently, the presence of such microorganisms may substantially reduce the aestheti-
cal service life of the whole building. Moreover, the wood decay process can be initiated by
the presence of fungal spores or mycelia fragments on wood substrate. Spores, as indicated
by arrows in Figure 8, will germinate under favourable conditions to produce fine hair-like
structures known as fungal hyphae. Hyphal fragments landing on the wood surface can in
many cases initiate fungal growth, leading to a broader colonization. Ascomycetes fungi,
including the A. pullulans studied in this research, belong to soft rot species. These present a
mixture of the white and brown rot characteristics digesting both carbohydrates (cellulose
and hemicellulose) as well as lignin. It was found that the structural damage caused by the
A. pullulans fungus is constrained to the external few millimetres of the exposed wooden
element outline [67]. A. pullulans possesses nutritional versatility, which is associated with
its wide enzymatic profile [68]. Therefore, the potential damage of a wooden surface can
be eliminated by providing a preferable nutrition source that is different from the substrate
wood. Linseed oil was used in the case study. It should also be mentioned that A. pullulans
is known to possess antagonistic properties towards other yeasts and fungi. The biofilm
developed by this fungus may inhibit the growth of non-desired microorganisms, assuring
supplementary protection against biotic factors [69].

 
Figure 8. Chlamydospores of A. pullulans on the surface of uncoated Scots pine after 9 months of
exposure (a) and a biofinish-coated reference sample not exposed to natural weathering (b), observed
under microscope with ×1000 magnification.

4. Conclusions

A majority of the common surface treatments, coating products, or finishing tech-
niques rely on mineral oil binders and diverse ingredients that may not be considered
environmentally friendly. This study focused on the assessment of the in-service perfor-
mance of the innovative coating system based on a bioinspired concept. The performance
of Scots pine (Pinus sylvestris L.) wood coated with biofinish was confronted with uncoated
reference wood following a 12-month natural weathering trial. Experimental samples
were objectively characterized following a multi-sensor approach, with a special focus
on aesthetical deterioration aspects. Performance of the wood treated with biofinish was
superior when compared to the uncoated reference regarding all examined aspects. An
interesting phenomenon related to the dual self-healing mechanism was observed as the
surface texture consistency and proved by an evidenced decrease in the surface roughness
along with the weathering progress. Such a trend is contrary to the majority of materials
exposed to weathering that are gradually deteriorating and eroding. An entirely bio-based
composition of the biofinish coating solution is a great advantage assuring unique sustain-
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ability and compatibility to the natural environments. It can be considered, therefore, as an
attractive alternative for state-of-the-art wood surface protection solutions.

5. Patents

Ecologically protected material EP1704028 B1 & US7951363 B2.
PCT patent application 2020: PCT/NL2020/050585.
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Abstract: Cross-laminated timber (CLT) market demand is on the rise in the United States. Adequate
protective measures have not been extensively studied. The objective of this study was to investigate
the weathering performance of exterior wood coatings. We evaluated coated CLT sample surfaces
based on visual appearance, color change (CIE*L*a*b), gloss changes, and water intrusion. From the
five exterior wood coatings evaluated, only two showed adequate performance after twelve months
field exposure. Based on visual ratings following the ASTM procedures, coating failure occurs more
quickly in Mississippi than in Wisconsin, due to its greater decay zone. Both location and coating
type impacted the aging of the samples. Artificial weathering results were consistent with natural
weathering indicating the two adequate coatings were the most resistant to failure, color, and gloss
change. For future studies, new coatings designed for the protection of end-grain in CLT panels
should be a target of research and development.

Keywords: mass-timber; surface protection; outdoor exposure; wood degradation; cross-laminated timber

1. Introduction

The use of cross-laminated timber (CLT) in construction has expanded across inter-
national markets because of its structural performance, seismic behavior, and sustainabil-
ity [1–3]. CLT was introduced in North America in the early 2000 s, and since then research
have been developed to expand its use across the building construction sector. In spite
of recent advances, limited methods and technologies are readily available to prolong
the durability of buildings composed of such material. Due to aesthetics, exterior CLT
structural materials have been left unprotected, where they are either semi- or fully exposed
to weathering [4]. In such conditions, surface degradation of uncoated CLT is very likely.

Although wood can be used exteriorly and interiorly, when uncoated and exposed to
weather, wood surfaces deteriorate over time [5]. The natural properties and appearance
of wood are compromised due to water and sun exposure. Repetitive cycles of wetting
and drying cause alteration of chemical bonds and oxidation [6,7]. In addition to wetting,
sun exposure can seriously damage the surface of wood materials since surface photo-
oxidation is catalyzed by ultraviolet radiation [8,9]. The combined effects of moisture
and solar exposure are primarily responsible for checking, splitting, surface erosion, and
degradation caused by microorganisms [10].

The occurrence and development of mold, decay, and stains by fungi are related
to climate conditions, such temperature and moisture [11]. In the Southern US, where
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temperature and humidity are high compared to other regions in the country, the color and
appearance of wood are rapidly modified by weathering, mold, and stain fungi [12]. A
study comparing climate index for decay in wood structures in three different states (MS,
OR, and WI) showed that highest decay susceptibility was found in Mississippi [13].

Outdoor performance of CLT is still unknown in many parts of the US. However, the
literature reports that its abundant storage capacity may lead to biodeterioration [14,15]. To
expand the use of CLT in mid- and high-rise construction markets, more research is needed
to implement proper codes for managing moisture and weathering degradation [16].
Currently, there is a lack of studies on surface protection of mass timber exposed to
outdoor environments. One of the reasons is that CLT was not primarily designed to
be exteriorly exposed [16]. However, as its use increases throughout the country, more
projects are designed with either full or partial external exposure. This study was designed
to investigate the potential of readily available coatings in North America to protect CLT
against weathering degradation.

Surface protection is generally used to maintain and prolong the aesthetics and service
life of materials that may be affected by weathering factors during any stage from manu-
facturing to its end use. Paints, varnishes, stains, or water repellent coatings are commonly
used to prevent weathering degradation [17]. They limit the passage of water in and out
of wood, which may cause rapid dimensional changes [12]. In exterior applications, the
use of penetrating semitransparent stains is recommended, since they do not crack or
peel during exposure and are less influenced by dimensional changes caused by water
differentials [18]. Proven hydrophobic coatings are recommended to be used without direct
rainwater contact [19]. Consequently, the effectiveness of a finish is directly influenced by
when and or where it is exposed. In a previous work, we investigated the use of ANN
to predict color change based on visual grading on coated CLT naturally weathered in
Mississippi [20]. In this study, our objective is to compare the performance of coated CLT
exposed in Mississippi with the ones exposed in Madison. We also improve upon [20] by
investigating gloss change and water uptake, which are properties that critically influence
the correct deployment, preservation and maintenance of CLT.

2. Materials and Methods

2.1. Sample Preparation and Coating Systems

CLT blocks of hemlock-fir (Tsuga sp. and Abies sp.) were prepared from three-ply
panels (SmartLam LLC; Whitefish, MT, USA) measuring 15 cm × 14 cm × 11 cm. In a
previous study, 12 coatings were investigated (including paints, stains and water relents
named from A to L) [21], and based on a series of preliminary tests on their water-repellency
and anti-swelling efficiency, the five best-performing coatings were selected for a second
study, reported here (Table 1).

Table 1. Coating treatment specifications.

Treatment
Coating or Surface

Description
Resin Type No. of Coats No. of Reps

A (Alk/Acr, W1)
Transparent penetrating

wood finish Alkyd/Acrylic 2 6

C (Alk/Acr, W) Transparent, UV resistant Alkyd/Acrylic 3 6

F (Acr, W) Semi-transparent, water and
UV resistant Acrylic 2 6

I (Alk, S2)
Transparent, mildew and

water resistant Alkyd 2 6

J (Alk, S) Semitransparent and water
repellent Alkyd 1 6

Control Uncoated sample None None 6

W1 = water-based; S2 = Solvent-based.
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Coatings were applied on unprimed CLT samples with foam brush on the top surface
and sides in accordance with manufacturer recommendation.

2.2. Natural and Artificial Weathering

CLT samples were exposed for 12 months (June 2019−June 2020) in Madison, Wiscon-
sin (AWPA hazard zone 2) and in Starkville, Mississippi (AWPA hazard zone 4). Normally,
exterior wood coatings exposed to natural weathering are tested on vertical positions with
minimum length dimension of 152 mm [22]. Since the CLT samples were thicker, the
samples contained different dimensions, and racks were designed to horizontally expose
the samples. In Madison, the exposure site was located at the Forest Products Laboratory
(FPL, Madison, WI, USA) Valley View field site. The CLT samples were atop racks that
were constructed with garden mesh to avoid water trapping underneath the test samples.
An overview of the climatic conditions during one year of natural weathering exposure is
displayed in Table 2. One sample per treatment was left unexposed in an environmental
chamber at 25 ◦C and 66% RH for each set of samples for further comparison.

Table 2. Weather conditions in Mississippi and Wisconsin during natural outdoor exposure of coated and uncoated CLT
samples, adapted from [23,24].

Mississippi *

2019/2020 Weather Conditions

Months
Mean Temperature

(◦C)
Total Precipitation

(mm)
Mean Radiation

(kW-h/m2)
Total Snow (mm)

Jun (0) 26 211.6 6.3 -
Jul (1) 27.5 271.3 6.5 -

Aug (2) 27.5 140.5 6.4 -
Sept (3) 27.5 1 6.1 -
Oct (4) 19.2 278.4 4.5 -
Nov (5) 9.3 93.7 3.3 -
Dec (6) 9.9 172.5 2.7 -
Jan (7) 9.4 261.1 2.9 -
Feb (8) 9.3 373.4 3.7 -
Mar (9) 16.8 180.8 4.9 -
Apr (10) 16.1 287.3 6.1 -
May (11) 20.5 46.2 6.5
Jun (12) 25.7 137.2 6.5 -

Wisconsin

Jun (0) 19.2 131.1 6.8 -
Jul (1) 24 146.6 6.7 -

Aug (2) 20.3 72.4 6 -
Sept (3) 18.9 172.7 4.9 -
Oct (4) 9.2 140.7 3.4 205.7
Nov (5) −0.5 66.8 2.1 193.0
Dec (6) −1.1 38.6 1.6 73.7
Jan (7) −3.2 1.7 1.9 464.82
Feb (8) −4.9 0.9 2.9 337.8
Mar (9) 3.6 88.1 4.1 71.2
Apr (10) 7.2 52.1 5.2 5.1
May (11) 13.5 137.7 6.2 -
Jun (12) 21.2 129.5 6.8 -

* Data from Mississippi were previously published [20].

The artificial weathering test was conducted in a weathering apparatus that consisted
of a stainless-steel cabinet equipped with water spray, UV lamps, and temperature con-
trolled forced air heating elements that simulated exterior conditions by alternating each
cycle of irradiation and water. The unit was equipped with UV-A lamps (600 W·m−2

at 340 nm), maintaining an average temperature of 26 ◦C. The samples were exposed

97



Coatings 2021, 11, 252

to weathering cycles of 12 h of UV-light irradiation and 12 h of water spray (0.36 Lpm)
for an accelerated 15 days (360 h) and a longer term of 75 days (1800 h). The test panels
were placed at a 45◦ angle and assignment of board location was randomized to eliminate
potential position bias.

2.3. Surface Appearance Analysis

At the end of each month, superficial damage was evaluated according to the Ameri-
can Standard and Testing Materials [25–31]. Cracking, flaking, mildew growth and erosion
were visually distinguishable after three months of exposure; Figure 1 shows the most
common defects found on samples surface.

 

(a) (b) (c) (d) (e) 

Figure 1. Types of coating failure after natural weathering exposure. (a) Several types of micro-checks and micro-cracks;
(b) irregular micro-checks; (c) long line checks; (d) combination of checks, cracks, flaking, and erosion; (e) advanced
coating erosion.

Stain and paint failures were evaluated by comparison with photographic standards.
Degrees of cracking, flaking, and erosion range from 0 (complete failure) to 10 (no visible
defect). Each procedure describes one type of failure. For example, cracking is manifested
as breaking of paint or stain only where underlying surface is visible. Flaking is classified
as detachment of coating from its substrate. Erosion describes paint removal that displays
bare wood surface. Mold growth ratings followed the similar principle, where 0 described
full coverage and 10 no visual growth (Figure 2).

 
(a) (b) (c) 

Figure 2. Mildew growth: (a) slight; (b) moderate, and; (c) severe mold pictures. First row corre-
sponds to reference pictures [26], second row contains the mildew growing on CLT samples surface.

2.4. Color and Gloss Measurements

The color parameters of the tested blocks were measured using a hand-held spec-
trophotometer (CM-2300d, Konica Minolta, Osaka, Japan). Both natural and artificially
weathered samples were evaluated, and five measurements were taken at the same location
of each specimen following the Commission International de l’Eclairage [32] colorimetry
method using color parameters (L*a*b*). Where L* represents lightness from 0 (black) to
100 (white), a* chromaticity coordinates red (+) or green (-), and b* chromaticity coordinates
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yellow (+) or blue (-). The color changes (ΔL*, Δa*, Δb*) between the exposed period and
initial state were determined. Color differences were calculated using Equation (1).

ΔE∗ =
√

ΔL∗2 + Δa∗2 + Δb∗2 (1)

The surface luster of samples was measured using a glossmeter ETB-0686 following
ISO 2813 [33]. Three measurements were made on each sample at a 60◦. Alterations of the
surface luster of coated and uncoated samples were assessed at the end of each month or
at the end of the artificial weathering cycle. Results were based on a specular gloss value of
96 gloss units (GU), related to the perfect condition under identical illumination and view
conditions of highly polished plain black glass surface. Color and gloss measurements
were recorded at 0, 6, and 12 months after exposure.

2.5. Moisture Content during Exposure

During the manufacturing process, CLT is often only glued between layers and not
on the sides. For this reason, all exposed surfaces contained an edge joint. At the end of
each month for 6 months, and then after 12 months, all exposed samples were weighed to
determine the mass. The initial weight was taken when the samples were already coated
and at equilibrium moisture content (EMC = 12%) after 45 days in environmental chamber
at 25 ◦C and 66% RH. Moisture content (MC) was calculated as displayed in Equation (2):

MC =
W2 − W1

W1
× 100 (2)

where:
MC = moisture content after exposure in %,
W2 = final weight gain in g,
W1 = initial weight gain in g.

2.6. Statistical Analysis

Statistical Analysis of Variance (ANOVA) were performed for artificial weathering
test variables. Color and gloss changes were analyzed as completely randomized design
based on coating effect. Tests were performed at α = 0.05, when the sources of variations
were detected as significant by the Fisher-test (p ≤ 0.05). Analyses were performed using
Statistical Analysis System (SAS) software version 9.4 [34].

3. Results and Discussion

3.1. Natural Weathering
3.1.1. Visual Assessments

The types of failure present on coatings were mainly fungal growth, cracking, flaking,
and erosion, consequently the samples were evaluated according to those characteristics
(Table 3). Location had a great impact on coating degradation. For instance, after 3 months,
all samples displayed mildew growth in Mississippi.

In Wisconsin, coating F Acr protected the samples against mildew until three months
of exposure; however, after six months, mildew growth was visible. Coating C Alk/Acr as
well did not show any mildew growth even after 6 months of exposure. Figure 3 shows
surface degradation over time for all coatings tested in comparison to uncoated controls.
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Table 3. Average visual rating for coatings after 3, 6 and 12 months of outdoor exposure in Mississippi
and Wisconsin, reported as mean and standard deviation in parenthesis.

Coatings Mississippi 1 Wisconsin

Mildew Growth

3 6 12 3 6 12

A.
Alk/Acr 4 (1.0) 3 (1.4) 7 (0.8) 7 (1.1) 5 (0.7) 5 (1.0)

C. AlkAcr 9 (0.5) 7 (1.1) 7 (1.1) 10 (0.5) 10 (0.9) 8 (0.8)
F. Acr 7 (1.1) 5 (0.8) 5 (0.0) 10 (0.4) 8 (0.5) 9 (0.5)
I. Alk 7 (1.3) 4 (0.9) 9 (0.5) 7 (0.8) 6 (1.3) 5 (0.9)
J. Alk 1 (0.6) 1 (0.0) 5 (1.6) 6 (0.5) 3 (0.4) 4 (0.4)

Control 5 (1.2) 5 (1.1) 9 (0.7) 7 (0.5) 7 (0.0) 9 (0.5)

Checking

3 6 12 3 6 12

A.
Alk/Acr 6 (0.9) 4 (2.3) 0 (1.1) 6 (1.4) 4 (0.9) 0 (0.0)

C.
Alk/Acr 10 (0.0) 8 (1.8) 8 (2.2) 10 (0.0) 8 (1.1) 8 (1.7)

F. Acr 10 (0.9) 10 (0.9) 8 (1.9) 8 (0.9) 8 (0.0) 8 (0.0)
I. Alk 8 (1.1) 6 (1.1) 2 (3.6) 10 (0.0) 8 (0.0) 4 (1.1)
J. Alk 6 (1.7) 2 (1.1) 2 (1.7) 6 (1.7) 8 (1.1) 2 (0.0)

Flaking

3 6 12 3 6 12

A.
Alk/Acr 8 (1.4) 6 (1.1) 2 (1.1) 10 (0.0) 6 (1.7) 0 (0.0)

C.
Alk/Acr 10 (0.0) 10 (0.0) 8 (2.2) 10 (0.0) 10 (0.0) 4 (1.1)

F. Acr 10 (0.0) 10 (0.0) 10 (0.0) 10 (0.0) 10 (0.0) 10 (0.0)
I. Alk 10 (1.8) 8 (0.9) 6 (1.7) 8 (0.0) 6 (1.1) 4 (1.1)
J. Alk 6 (1.1) 4 (0.9) 4 (2.3) 8 (1.1) 8 (1.1) 4 (0.0)

Erosion

3 6 12 3 6 12

A.
Alk/Acr 10 (0.0) 8 (1.1) 4 (1.1) 6 (1.7) 4 (0.0) 0 (0.0)

C.
Alk/Acr 10 (0.0) 10 (0.0) 10 (0.0) 10 (0.0) 10 (0.0) 8 (0.9)

F. Acr 10 (0.0) 10 (0.0) 10 (0.0) 10 (0.0) 10 (0.0) 10 (1.1)
I. Alk 10 (0.9) 10 (0.9) 6 (2.0) 8 (0.0) 8 (1.1) 8 (0.9)
J. Alk 8 (1.4) 8 (1.1) 6 (1.7) 6 (2.3) 6 (0.0) 8 (0.0)

1 Not applicable for uncoated samples. Mississippi results previously published [20].

In Wisconsin, mildew growth increased over time on the sample surfaces, except
for the coating J Alk and the control. In Mississippi, a similar trend occurred after 3 and
6 months of exposure, yet after 12 months, mildew decreased. Coatings A and J had
noticeably worse performance in Mississippi, most likely due to climate conditions such
as higher temperature and humidity (see Table 1). In fact, the essential condition for
mildew growth is a sporadic supply of free water. Coatings A Acr/Alk and J Alk were
fairly eroded over time, and thus did not promote enough protection. Stirling [35] pointed
out that semitransparent wood coatings (e.g., coating J Alk) frequently present signs of
early discoloration caused by “black stain” fungi. Coatings C Acr/Alk and F Acr had
better performance against mildew because of anti-microbial ingredients present in their
composition. For instance, coating C Acr/Alk is composed of two antimicrobial agents (n-n
diethylethanamine, DMEA and 3-iodo-2 propynyl butyl carbamate, IPBC), while coating F
Acr only contains IPBC. As temperature increases, IPBC may degrade or evaporate [36].
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(a) (b) 

Figure 3. Visual changes of uncoated and coated CLT samples after twelve months of natural weathering in (a) Mississippi
and (b) Wisconsin.

On coating degradation, we observed that most samples surfaces had more than one
type of failure after twelve months of exposure; however, the most frequent were checking,
flaking, and surface erosion. Most coating performance varied due to site location and
time. However, checking assessments had low variations due to location. Overall, coating
F Acr had the lowest degree of checking and flaking. Coatings I Alk presented checking
earlier (three months of exposure) in Mississippi; yet in Wisconsin, checks were visible
only after six months. Coating A Alk/Acr had the worst performance, with a high degree
of degradation expressed with flaking and checking at both locations after 12 months of
exposure. These failures advanced to surface erosion and a complete removal of the coating.
Based on the manufacturer’s information, coatings A Alk/Acr and J Alk are penetrating
stains that, according to Roux et al. [37], are more likely to fail after a short period of
outdoor exposure. Coating F Acr showed no visible sign of erosion in either location. CLT
defects on the exposed surface influenced coatings efficiency. The minimum visual grade
of longitudinal CLT layers is No. 2 [38], characterized by having knots and wane. Most
samples had few defects on the exposed layer but when they did, coating failure was
seen earlier.

CLT samples with higher proportions of latewood had early coating deterioration. For
the purpose of coating, a high proportion of earlywood is desirable; however, in structural
wood products such as CLT, it may result in tangential shrinkage and low stability [39].
As softwood life-cycles are becoming shorter, it is more common to find lumber with a
high percentage of earlywood. According to [5], some species that have wide bands of
earlywood and latewood do not absorb paint and coatings well. This variation creates
stresses such as breaking adhesion between coating and wood resulting in checks and
cracks. Penetrating coatings such as A Alk/Acr and J Alk were visually eroded after three
months of exposure, whereas film forming coatings were not. Penetrating coatings perform
better on porous surfaces. In our study, we exposed the tangential surface, and therefore
coatings could not penetrate into the cells.

3.1.2. Color and Gloss Change

The color parameters (L*, a*, and b*) were evaluated based on type of coating, site
location, and duration of exposure (0, 3, 6, and 12 months of weathering). Coatings
provided a degree of protection against ultraviolet degradation. However, they (except F
Acr) expressed some type of discoloration as observed in changes in lightness (brightness)
and color after irradiation in either location (Figure 4).
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Figure 4. Describes CIELAB color parameters measured during 12 months of exposure. Graphs (a),
(b), and (c) respectively display L* lightness, a* red to green, b* yellow to blue variations in Wisconsin,
and (d), (e), (f) respectively: L*, a*, and b* variations in Mississippi. Error bars represent standard
deviation at 95% of confidence interval.

One year of weathering exposure in Mississippi and Wisconsin showed that different
climate conditions impact performance of both coatings and wood. Samples exposed in
Mississippi decreased in lightness and color as time progressed. In Wisconsin, there was no
specific trend in color discoloration of samples, and alterations in lightness and color were
expressed only in first three months and after one year. Rapid discoloration of surfaces
can be associated with higher temperatures and UV light between the initiation of the
experiment and the first data collection (June and September).

Overall, coatings F Acr and C Alk/Acr were less susceptible to color degradation over
time. Even though literature reports low photo-degradation resistance of clear coatings,
coating C Alk/Acr was the second most stable color. Coating J Alk was the most susceptible
to both darkening and color change. As mentioned in Section 3.1.1, the surface of the J Alk
samples was completely covered with mold. Fungal growth is the major cause of surface
graying when moisture is present [40]. They usually produce dark colored spores and
mycelia that may grow on either raw or coated wood surfaces that gives the weathered
wood on color change overtime. Coating J Alk also degraded faster than the other finishes.

Initial gloss of samples before installation varied between was initially very low
ranging between 2−10 GU (except for coating C Alk/Acr around 20 GU), due to both
wood surface variation and coating type. Overall, the outdoor exposure did not affect the
gloss of coatings A Alk/Acr, F Acr, and J Alk or the uncoated control samples (Figure 5).
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Figure 5. Gloss variation (GU) of tested coatings exposed to natural weathering in (a) Mississippi
and (b) Wisconsin.

Coatings I Alk and C Alk/Acr were the least resistant to gloss change. Loss of
gloss is an indicator of initial degradation and is caused by either non-chemical changes
(e.g., cracking, checking) or by chemical changes located in the topmost portion of the
coating [41]. Since some coatings had very low gloss values before exposure due to their
opaque nature (e.g., coating J), alterations to their surface luster were not detected.

3.1.3. Moisture Content during Exposure

The differences in moisture content of samples exposed in Mississippi compared to
Wisconsin were closely related to weathering factors such as temperature, precipitation,
and radiation. Moisture content increase in samples exposed in Wisconsin was higher. Low
temperatures were reported at the site, along with snow and ice (Figure 6).

Figure 6. Moisture content of uncoated and coated samples exposed to 12 months of natural
weathering in (a) Wisconsin and (b) Mississippi.
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Even though the precipitation in Mississippi was higher, the intense solar radiation
and high temperatures resulted in lower moisture content. Differences in temperature
cause stress to any material due to gradients of thermal expansion [42]. Shrinking and
swelling can result in coating and adhesive failure. In Mississippi, for example, three
samples had adhesive failure because of dimensional changes resulted from differential in
moisture and temperature (Figure 7).

Figure 7. Delamination of coated CLT (I Alk) after 12 months of outdoor exposure.

Another factor that may have impacted increase in moisture content is the end joint
present in each sample. Many CLT panels manufactured in North America are not edge
glued, i.e., they are only glued between each layer, and not on the sides. These spaces
may trap water and weaken the bond between wood and adhesive. Water absorption in
CLT during service raises concerns with respect to the dimensional stability and durabil-
ity of wood. Polyurethanes are the most common adhesive in CLT production because
of its considerable resistance to water and fire [43]. However, combinations of liquid
water, shrinking, and swelling tend to break chemical bonds between wood and adhe-
sive resulting in CLT delamination. High moisture content also contributes to mold and
decay development [15].

3.2. Artificial Weathering
3.2.1. Visual Analysis

The transparent and semi-transparent coatings had different performance during
artificial exposure. The coatings A Acr/Alk, J Alk, and I Alk presented some type of
chalking that occasionally could result in surface erosion. It is important to mention that
some studies describe degradation of clear coating as cracking or flaking. The type of
degradation found for the opaque coatings used in this study (A Acr/Alk and J Alk) were
best described as chalking due to their powdery appearance (Figure 8).

Although the short-term exposure resulted in no major visual change on most of the
treatments, coating I exhibited decrease in brightness with some degree of bleaching. Simi-
lar results were found on commercial coatings after 1000 h of accelerated weathering [43].
The long exposure of 1800 h resulted in slight chalking of coatings A and J and moderate
chalking of coating I.
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Figure 8. Surface change of selected tested samples. First and second rows correspond to before and
after exposure, respectively. (a) After 360 h of exposure; and (b) after 1800 h of exposure.

3.2.2. Color and Gloss Changes

The color changes of coated and uncoated CLT samples exposed for 360 h and 1800 h
are summarized in Table 4. Although short-term exposure (360 h) showed discrete changes,
there was statistical difference between treatments (α = 0.05). Overall, coating did not
express great lightness degradation (ΔL*) in the first accelerated weathering test except
for coating J (−4.8 units). The lowest value of ΔL* was reported for untreated samples
(−10.4 units) that became darker after the test. This result was expected because wood
chemical components, such as extractives, rapidly degrade with photo-radiation exposure
leaving them darker [41].

Table 4. Color change values of artificial weathered CLT samples. Mean and (standard deviation).

360 h 1800 h

Coating
CIE Lab Coordinates

ΔL* Δa* Δb* ΔE* ΔL* Δa* Δb* ΔE*

A.
Alk/Acr

−2.6 −0.9 0.2 2.9 −12.9 3.2 −1.3 13.4
(1.3) (0.5) (0.7) (1.1) (1.4) (0.7) (0.8) (1.5)

C.
Alk/Acr

−1.2 0.0 −1.1 1.8 −7.6 3.0 −3.4 8.9
(0.2) (0.6) (0.7) (0.7) (1.1) (0.4) (0.2) (1.0)

F. Acr
1.5 −0.2 −0.3 1.7 −1.7 −1.3 −1.6 2.9

(2.2) (0.2) (0.3) (2.1) (0.4) (1.3) (0.3) (0.8)

I. Alk
−1.6 0.3 −3.5 4.2 −11 −0.6 −12.6 16.9
(1.7) (1.3) (2.7) (2.9) (2.2) (1.0) (3.9) (4.2)

J. Alk
−4.8 −0.4 −2.4 5.5 −12 0.7 −6.7 13.9
(0.5) (1.0) (0.4) (0.4) (0.6) (1.7) (1.9) (0.4)

Control
−10.4 2.0 7.3 12.6 −11.3 −0.8 −5.5 13
(0.8) (1.0) (1.8) (1.8) (0.2) (0.6) (1.9) (0.9)

Color of samples were not degraded during short-term exposure. The highest change
for coated wood was found on coating I Alk (Δb* = −3.5 units) and uncoated samples
(Δb = 7.3).

Samples coated with either coating I or J were less stable (ΔE*). The acrylic water-
based coatings C Alk/Acr and F Acr had better performance at the beginning of the test.
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The overall ranking associated with resistance to color change was: C Alk/Acr > F Acr > A
Alk/Acr > I Alk > J Alk > Control.

The color changes after 1800 h of artificial weathering were statistically different among
treatments (α = 0.05). Long-term exposure resulted in low resistance to darkening of coated
and uncoated samples. The coatings A Alk/Acr, J Alk, and I Alk showed high sensitivity
to light degradation (−12.9, −12.0, 11.0 respectively). This finding corroborates [44], which
found effects of aging much earlier in alkyd coatings.

Overall, coatings did not show instability to changes in the Δa* spectrum. The highest
values were found for coatings A Alk/Acr and C (3.23 and 3.00, respectively). The major
change in Δb* was measured for coating I Alk (−12.6 units) followed by coating J Alk
and control samples (−6.7 and 5.5 respectively). The higher color change after 1800 h of
accelerated weathering may be related to the degradation of the protective coatings and the
leaching of wood surface components (extractives and lignin). Coating F Acr was the most
stable color treatment, which is consistent with the results of other research [44–46] that
reported pigmented coatings to be more resistant to photo-degradation than clear coatings.

The gloss of coated and uncoated CLT significantly changed after artificial weathering
exposure. Based on the initial surface luster of the samples, the oil-based coatings were
affected more after exposure than water-based coatings for either exposure time (Table 5).
Oil and alkyd finishes are less permeable and are more likely to decompose as time
progresses [45,46]. If the coating is transparent, it is even more susceptible and sensitive to
UV-degradation.

Table 5. Gloss change (ΔG) of coated and uncoated CLT after 360 h and 1800 h of artificial weathering
(Standard deviation).

Treatment ΔG360 ΔG1800

A. Alk/Acr
−0.5 −0.7
(0.4) (0.1)

C. Alk/Acr
0.2 4.2

(0.4) (0.9)

F. Acr
−0.3 −0.2
(0.2) (0.4)

I. Alk
−0.9 −0.9
(0.7) (0.8)

J. Alk
−0.9 −1.2
(0.7) (0.2)

Control
−0.8 1.0
(0.3) (0.5)

Similar results were found by [45], who reported gloss degradation on an oil-based
coating after three weeks of artificial weathering exposure. The loss of gloss indicates that
degradation is occurring due to non-chemical changes (surface wrinkling) or chemical
changes located in the topmost portion of the coating [41].

4. Conclusions

Visual rankings and degrees of color change reported for samples exposed to outdoor
weathering were highly consistent. In both site locations, coatings C Alk/Acr and F Acr
were the most resistant. A reason for their superior performance is likely the inclusion
of anti-microbial ingredients in their composition. Coatings A Alk/Acr and J Alk failing
to protect the CLT surface coincided with increased mold growth, chalking, erosion, and
color change over other treated samples. Gloss changed over time, specifically for coatings
I Alk and C Alk/Acr, while other variations were not reported due to low values during
initial exposure. Water uptake is influenced by substrate variations (defects, type of grain,
earlywood/latewood, and end-joint) and climatic conditions. For these reasons, the effect
of coatings on moisture content during exposure was not significant. Combinations of
water, temperature, and solar radiation impacted coating performance. Even when the
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wood surface is protected, variations in the CLT panels such as end-joint, cracks, and checks
can facilitate water uptake that eventually will result in coating failure, delamination, and
fungal attack.

Artificial weathering results were similar to the natural weathering. Coatings A
Alk/Acr, I Alk, and J Alk had slight to moderate chalking after long-term exposure. These
same coatings were the most sensitive to changes in lightness, color, and gloss. Therefore,
an artificial weathering test of 1800 h or greater may screen potential durable coatings for
CLT. However, it is important to consider that in artificial weathering, biological agents
such as fungi and bacteria are not present. Once biological factors are added, the service
life of coatings will be diminished.
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Abstract: A big challenge in the composites industry is the availability of cheap raw lignocellulosic
materials, potential candidates to replace slow growing trees, in order to minimize the production cost.
Therefore, a variety of plants were studied and tested worldwide in composites manufacturing. The
objective of this study was to investigate the technical feasibility of manufacturing particleboards from
seaweed leaves (Possidonia oceanica—PO). The use of such a material may benefit both socioeconomic
and environmental development since these leaves settle on seashores and decay. The results showed
that an incorporation of up to 10% PO leaves did not significantly affect the mechanical properties of
the board. Internal bond strength was more severely affected than the other mechanical properties.
The incorporation of PO leaves up to 25% did not significantly improve the dimensional stability of
the boards. Markedly, boards made from 50% wood particles and 50% PO leaves showed the best
thickness swelling values. It is suggested that higher resin dosage and an alternative resin system,
such as isocyanates, may improve the panel properties.

Keywords: seaweeds; Posidonia oceanica; lignocellulosic materials; wood composite panels

1. Introduction

Seaweeds or marine macroalgae are plant-like organisms which are in general live
attached to rocks or other substrata in coastal territories. This aquatic flowering plant
grows at the bottom of the sea and consists of about 60 species. A total of 42 countries
worldwide are involved in the commercialization of seaweeds and it is reported that the
entire area coverage of this plant approaches a value of about 177,000 km2 [1]. Indonesia
produces 800,000 tons/year dried seaweed, which corresponds to almost the half of the
world’s production, and approximately the 85% of that figure is exported [2]. Seaweed is
widely used for industrial purposes such as in cosmetics, medicine, food and beverages,
ink and paper [3,4]. Seaweed can also be manufactured artificially with different levels of
viscosity and can be used as industrial adhesives, known as hydrocolloids [5]. Seaweeds
are important habitats for various microorganisms living in the sea, however, they are
considered to be a waste material, since many leaves break away after their growing season,
settle on the sea shores and decay; furthermore, their appearance becomes an eyesore. It is
reported that a moderately wide belt of Possidonia oceanica seagrass may deliver more than
125 kg of dry material per square meter of the coastline annually [6,7].

Possidonia oceanica is a lignocellulosic material that can be found on the shores of the
Mediterranean Sea, covering approximately 40,000 km2 of the seabed, and can be found
in the form of seagrass balls and leaves [8]. The former has a fibrous form and comes
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from the rhizome of the plant and the latter comes from the living leaves. Seagrass has
been investigated mainly because it was considered as a potential insulation material for
buildings [6,7]. In addition, seagrass balls have been incorporated as a reinforcing agent
in the manufacture of polyethylene composites [9,10]. Bettaieb et al. [11,12] examined the
chemical and morphological characteristics of Possidonia oceanica leaves and concluded
that they exhibited encouraging perspectives as nano-fillers for polymer matrices. Gar-
cia et al. [13] studied the physical and mechanical properties of fiberboards made from
Possidonia oceanica fibers and concluded that can be considered as an alternative to the
conventional fiberboards. Similar observations were reported by Alamsjah et al. [14].

Although there is intense research into Possidonia oceanica fibers, the leaves have re-
ceived far less attention. Saval et al. [15] manufactured cement-bonded particleboards from
Possidonia oceanica leaves and outlined the possibility of their application in construction.
Liew et al. [16] studied the physico-mechanical properties of particleboard made from
seaweed adhesive and tapioca starch flour. They found that increasing the amount of
tapioca starch flour in the seaweed adhesive resulted in improved mechanical properties.
Kuqo et al. [17] made particleboards from Possidonia oceanica leaves and used isocyanate
resin as a binder. They reported that seagrass leaves are propitious for application in
construction and furniture industries.

A big challenge in composites industry is the availability of cheap raw lignocellulosic
materials, potential candidates to replace slow growing trees, in order to minimize the
production cost. A variety of plants were studied and tested worldwide in composites
manufacturing, including vine stalks [18], topinambur stalks [19], cotton stalks [20,21],
bamboo chips [22], canola straws [23], reed stem [24], date palms [25], oil palms and poppy
husks [26], rice and wheat straw [27,28], stalks from cotton [29], camelthorn [30], and even
chicken feathers [31,32]. This laboratory has extensive experience in the utilization of
various lignocellulosic materials for composites manufacture, including vine prunings [33],
castor stalks [34], bamboo and coconut chips [35,36], flax and banana chips [37,38] and
cotton stalks [39]. As a consequence, the objective of this paper was to investigate the
technical feasibility of manufacturing particleboards from seaweed leaves (Possidonia
oceanica). The use of such materials may benefit both socioeconomic and environmental
development since these leaves settle on the seashores and decay.

2. Materials and Methods

2.1. Raw Material

Possidonia oceanica (PO) leaves were collected from the coastline of Volos, central
Greece. Their size varied from 8 to 10 mm in width and 50 to 150 mm in length. The
leaves were washed and rinsed with distilled water in order to eliminate sand and other
contaminations. After that, they were dried at room temperature for about two months.
In their dried form, they have a brown appearance (Figure 1). Their moisture content,
absolute density and pH were 118%, 0.35 kg/m3 and 8.2, respectively. The leaves were
dried at 105 ◦C to 6.5–7% moisture content. Industrially produced wood chips comprising
of predominantly mixed softwoods were supplied by a local plant. The wood chips were
first screened through a mesh with 5 mm apertures to remove oversized particles, and they
were then put through a mesh with 1 mm apertures to remove undersized (dust) particles.

After screening, the chips were dried to 6.5–7% moisture content. The boards were
manufactured from particles dried to this moisture content.

2.2. Board Manufacture and Testing

A urea-formaldehyde resin (UF) (200–400 cP in viscosity, 47 s of gel time, and
1.277 kg/m3 in density), 7% as a percentage of the oven dry weight of raw material,
was applied for single layer board manufacture. Mattresses (50 × 50 cm2) were hot pressed
at 180 ◦C for 6 min. The specific pressure of the plates was 24 kg/cm2 (with 200 kgf as the
total nominal pressure). The target board thickness was 16 mm and the target density was
0.55 kg/m3. A 2% aqueous solution of ammonium chloride (20% solids content), based on
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resin solids, was added to the UF as a hardener before spraying. No water-repelling agent
was used in this study. Four types of panel were made, consisting of varying mixtures
of wood chips and PO leaves (the percentages of wood to PO leaves were 90:10, 75:25
and 50:50, respectively) and control boards with no PO content were made. Three repli-
cates were made for each board type. The flow diagram of the experimental procedure is
depicted in Figure 2.

Figure 1. Possidonia oceanica (PO) leaves as collected (a) and after drying (b).

Figure 2. The flow diagram of the experimental procedure.

2.3. Board Testing

The boards were conditioned at 20 ◦C and 65% relative humidity prior to testing me-
chanical properties—internal bond strength (IBS), modulus of rupture (MOR) and modulus
of elasticity (MOE), resistance to axial withdrawal of screws and physical properties—

113



Coatings 2021, 11, 69

thickness swelling after 24 h immersion in water [40–43]. In addition, thickness swelling
was also determined after 48 h immersion in water.

2.3.1. Internal Bond Strength

The wide faces of the 50 by 50 mm samples were glued to slotted aluminum blocks that
were then pulled apart on a universal Zwick-Roell Z020 universal testing machine (Zwick-
Roell, Kennesaw, GA, USA) and the load required to achieve separation was recorded.

2.3.2. Flexural Tests

The 50 by 350 mm long beams were tested in third-point loading at a span of 320 mm
at a loading rate of 3 mm per minute. The load and deflection were continuously recorded,
and the resulting data were used to calculate modulus of rupture (MOR) and modulus of
elasticity (MOE).

2.3.3. Screw Withdrawal Test

The screw withdrawal tests were performed on the faces and edges of 75 mm square
sections using 4.25 mm diameter MDF screws at a withdrawal speed of 2.5 mm/min. The
tests were conducted with a 10 kN capacity INSTRON-4486 test machine. A 2 mm pilot
hole was drilled prior to inserting the screws to a depth of 17 mm in the panels, leaving
1 mm of the screw above the panel surface for testing. Six replicate specimens were tested
for each panel type.

2.3.4. Thickness Swelling

Samples of 50 by 50 mm were weighed and their dimensions were measured with dig-
ital calipers (to the nearest 0.01 mm) before being immersed in distilled water. Differences
in dimensions were measured after 24 and 48 h of immersion and changes were used to
calculate % thickness swell.

2.4. Statistical Analysis

Statistical analysis was conducted using SPSS software program, version 24.0 (IBM, Ar-
monk, NY, USA, 2018). One-way ANOVA was performed to identify significant differences
at the 95% level of confidence, with Duncan’s multiple range test grouping.

3. Results and Discussion

The mechanical properties of the single layer particleboards made from various
wood/PO leaves combinations are shown in Table 1. It can be seen that using higher levels
of PO leaves resulted in inferior board properties. An incorporation of up to 10% PO
leaves did not significantly affect the mechanical properties of the board. In this regard,
cluster analysis based on mechanical properties demonstrated close clustering of boards
with only 10% PO with the control boards (that is, boards with no PO content) (Figure 3A).
Internal bond strength (IBS) was more severely affected in comparison to the bending
properties and the screw withdrawal resistance. Similar observations were also made by
Grigoriou [44] with straw-based panels, by Papadopoulos and Hague [37] with flax-based
panels, and by Hague et al. [45]. The significant reduction in IBS, especially in boards
that contained 50% PO leaves, can be attributed to the fact that PO leaf chips are mainly
comprised of relatively thin, short walled and weak cells [5]. Consequently, PO leaves are
relatively weak and vulnerable to critical defects inside the panel structure, and therefore a
rapid decrease in the IBS of the panel is observed as the PO leaves content increases. In
addition, it must be pointed out that in boards made with 50% PO leaves, visible checks
and cracks (internal blows) occurred in the core section of the mat, as clearly highlighted in
Figure 4.

114



Coatings 2021, 11, 69

Table 1. The mechanical properties of various board types. Standard deviations are given in parentheses. The different
letters show which values are statistically different at the 5% level.

Board Type
(Wood Particles:

PO Leaves)

Density
(Kg/m3)

IBS
(N/mm2)

MOR
(N/mm2)

MOE
(N/mm2)

Screw Withdrawal Resistance * (N)

⊥ //

100:0 0.5 A
(0.03)

0.12 A
(0.04)

3.35 A
(0.50)

648.11 A
(70.35)

1652.25 A
(267.27)

768.62 A
(113.71)

90:10 0.55 A
(0.05)

0.12 A
(0.04)

2.83 A
(0.29)

583.29 A
(167.50)

1488.88 A
(181.22)

669.57 A
(69.58)

75:25 0.53 A
(0.03)

0.07 B
(0.04)

2.17 B
(0.45)

461.37 B
(105)

1148.01 B
(187.68)

508.20 B
(61.78)

50:50 0.53 A
(0.03)

0.03 B
(0.01)

1.26 C
(0.29)

279.23 B
(60.27)

802.49 C
(68.11)

198.42 C
(42.52)

*, ⊥ vertical to the surface, // parallel to the surface.

Figure 3. Cluster analyses of the four board types based on the mechanical properties (A), and based
on all physical and mechanical properties (B).

Figure 4. Cracks (blows) in the core layer of boards made with 50% PO leaves, (a) after hot pressing; (b) after trimming.

Cluster analysis based on mechanical properties also illustrated distinct difference
clustering of boards with higher PO contents (25% and 50%) with those containing lower
PO contents (0% and 10%) (Figure 3A). The contour and surface plots demonstrated a close
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relationship between the mechanical properties, showing the nearly uniform effect of the
increase in PO content on all properties studied here (Figure 5A,B).

Figure 5. Contour (A) and surface (B) plots, based on mechanical properties of the four board types.

The thickness swell values after 24 h immersion in water are summarised in Table 2.
The results showed that the incorporation of PO leaves up to 25% did not significantly
affect the dimensional stability of the boards. It is to be mentioned that no water-repelling
agent was used in this study. What can be deducted from the data presented in Table 2 is
that boards made from 50% wood particles and 50% PO leaves showed the best thickness
swelling values. In fact, this value is significantly different from the corresponding value
of boards made from pure wood chips. This tendency remained the same after 48 h
immersion in water. Cluster analysis clearly demonstrated distinct different clustering
of boards containing 50% PO with the other three board types, indicating the significant
effect of the increase in PO content on the overall properties of the boards (Figure 3B). Two
possible explanations can be offered for this behaviour; firstly, the great resistance to water
that PO leaves have as an aquatic plant contributed in a decrease in thickness swelling,
and secondly, their flat shape served as a coating layer, which in turn protected the internal
part of the board.
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Table 2. The physical properties of various board types. Standard deviations are given in parentheses.
The different letters show which values are statistically different at the 5% level.

Board Type
(Wood Particles:

PO Leaves)

Moisture Content (%)
Thickness Swelling (%)

24 h 48 h

100:0 9.90 A
(0.21)

63.31 A
(5.75)

66.77 A
(7.80)

90:10 9.93 A
(0.31)

64.99 A
(6.25)

66.70 A
(7.01)

75:25 10.31 A
(0.11)

66.44 A
(6.67)

69.21 A
(5.68)

50:50 11.41 A
(0.20)

56.07 B
(9.45)

57.42 B
(9.44)

4. Conclusions

This study made an approach to investigate the technical feasibility of manufacturing
particleboards from seaweed leaves (Possidonia oceanica—PO). The use of such a material
may benefit both socioeconomic and environmental development since these leaves settle
on seashores and decay, and therefore they are generally considered to be a waste material
of no industrial value. An incorporation of up to 10% PO leaves did not significantly affect
the mechanical properties of the board. Internal bond strength was more severely affected
than the other mechanical properties. The results showed that the incorporation of PO
leaves up to 25% did not significantly improve the dimensional stability of the boards.
Markedly, boards made from 50% wood particles and 50% PO leaves showed the best
thickness swelling values. It is suggested that a higher resin dosage and an alternative
resin system, such as isocyanates, may improve the panel’s properties and could allow
a higher content of PO leaves to be incorporated in the panel. Such strategies have been
successfully employed in the commercial manufacture of panels from cereal straws.
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Abstract: Wood durability researchers have long described fungal decay of timber using the starkly
simple terms of white, brown and soft rot, along with the less destructive mold and stain fungi.
These terms have taken on an almost iconic meaning but are only based upon the outward appearance
of the damaged timber. Long-term deterioration studies, as well as the emerging genetic tools, are
showing the fallacy of simplifying the decay process into such broad groups. This paper briefly reviews
the fundamentals of fungal decay, staining and mold processes, then uses these fundamentals as the
basis for a discussion of fungal attack of wood in light of current knowledge about these processes.
Biotechnological applications of decay fungi are reviewed, and an overview is presented on how
fungi surmount the protective barriers that coatings provide on surfaces. Advances in biochemical
analyses have, in some cases, radically altered our perceptions of how wood is degraded, and
even the relationships between fungal species, while other new findings have reinforced traditional
perspectives. Suggestions for future research needs in the coatings field relative to enhanced fungal
and environmental protection are presented.

Keywords: wood degradation; brown rot; white rot; soft rot; mechanisms of decay; coating
performance; bioproducts; bio-coatings

1. Introduction

Wood is among the most durable cellulosic materials, but it can be degraded by a number of biotic
and abiotic agents. These agents often act simultaneously making it difficult to completely separate
causal agents. This review will concentrate on the role of fungi in degradation but will also discuss
other agents as they relate to the overall process. Our discussion will focus on those fungi capable of
degrading the primary cell wall polymers of cellulose, hemicellulose and lignin, but will also touch on
the many mold and stain fungi that not only cause aesthetic concerns and disfigure coatings but can
digest the stored compounds in the parenchyma cells and the pit membranes while promoting more
limited damage to the structural elements of wood.

Wood poses a major challenge to organisms seeking to extract the energy from its polymeric
structure. While the stored compounds in parenchyma cells are digestible by many organisms,
accessing the more complex polymers is a key challenge. The chemistry and arrangement of the
cellulose and lignin polymers in the wood cell wall sharply reduces the number of agents capable
of causing damage. Many fungi are cellulolytic but are unable to unlock the chemistry of the lignin
polymer that both enrobes and is interspersed with the cellulosic components of the lignocellulosic
matrix. Only those fungi that have developed strategies to surmount the recalcitrance of lignin are
able to fully extract the embodied energy of the lignocellulose cell wall.
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2. Wood as a Polymeric Material

Cellulose represents 40–44% of most wood and endows wood with many of its unique material
properties [1]. At the nanoscale, cellulose is arranged in discrete units known as elementary fibrils,
with the inner core of those fibrils being a tightly packed crystalline material and the outer layers being
more loosely packed amorphous cellulose. The crystalline nature of the inner core of the elementary
cellulose fibrils gives wood its exceptional tensile strength—comparable to steel and aramid (Kevlar)
at the nanoscale [2]. Crystallinity also renders the inner portion of the cellulose elementary fibril more
resistant to degradation than the other more amorphous carbohydrate polymers also present in the
wood cell wall.

Lignin represents 18 to 35% of the wood cell wall and is a heteropolymer consisting of repeating
units of phenyl propane with a diverse array of bonds between three variations of the monomer
form. This diversity in bonding pattern makes lignin extremely resistant to degradation and few
microorganisms other than select wood degrading fungi have been able to unravel this system.
Furthermore, the higher levels of lignin in wood compared to other plant materials, and manner in
which lignin is intimately integrated with the holocellulose components, are major reasons for wood’s
resistance to degradation.

Hemicellulose is a branching heteropolymer of pentose and hexose sugar monomers representing
15–32% of the wood cell wall. Hemicellulose is a more amorphous polymer compared to cellulose, and
it is considered to be the link between cellulose and lignin that allows the three polymers to behave
as an integrated matrix. Hemicellulose is also more susceptible to degradation and the many forms
of the hemicellulose polymer can be degraded by excessive heat such as that occurring in thermal
modification processes used in industrial wood protection [3,4], or by relatively dilute acids, as was
observed with significant mechanical property losses following treatment by some early-industrial
acidic fire-retardant and preservative formulations [5]. These forms of degradation are discussed more
completely in the section on Abiotic Degradation below. Important relative to this chapter are several
types of fungi that attack hemicellulose in early stages of decay leading to mechanical property loss [6].
Although hemicellulose is an integral part of the wood structure, it is often viewed as the weak link in
the armor of wood as a material, since its degradation profoundly affects the ability of lignocellulose to
behave as a rigid structural system. Hemicellulose is often the first major component of wood to be
attacked and deconstructed by fungi [7,8].

In addition to the cell wall polymers, other components including proteins, fatty acids, pectin,
starch and other polysaccharides and sugars are also present at levels ranging from 2 to 15% (Average
~6%) of the wood mass [1]. While these materials can have dramatic effects on resistance to microbial
attack, this review will concentrate on the roles of the three primary cell wall polymers in relation to
fungal attack.

3. The Importance of the Wood–Water Relationship

Water is an important constituent of wood materials and biomass in the natural environment
and can affect wood properties both directly and indirectly. The uptake of water is an integral factor
associated with wood’s ability to be attacked by fungi and to decay, but moisture also impacts wood
by moving into the cellular structure to associate with the cellulose, causing dimensional changes.
Even though water is held in wood primarily by hydrogen bonding at the molecular level, the collective
force of the hydrogen bonds formed is sufficient to swell the wood to the extent that, at a practical
level, is capable of splitting rocks, tearing thin metal plates or forcing structural walls apart. Shrinkage
and swelling of wood with changes of humidity in the environment creates substantial challenges for
coatings. Polymeric coatings typically are unable to prevent moisture vapor from diffusing in and out
of wood as humidity changes. This results in repeated swelling and shrinkage of wood, particularly in
exterior environments. Few polymeric coatings can withstand the recurring cycles of expansion and
contraction that wood surfaces undergo with significant humidity changes.
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The stress on wood coatings due to moisture changes, combined with other factors such as
mechanical action and abrasion, creates an environment where coatings are subject to rupture at the
microscopic level. Wood surfaces are subjected to a continual dusting of fungal propagules that, once
moisture levels and environmental conditions are correct, can germinate and exploit the micro-cracks
that can develop in coatings. This will be addressed in the section on future research needs for
bio-based coatings.

4. Abiotic Degradation

Non-living agents can cause different types of wood degradation that are often confused with
fungal degradation. For this reason, it is important to review some of the most important abiotic
(non-biological) degradation agents which are often confused with fungal attack of wood.

Wood weathering is the most common type of non-biological degradation occurring in exterior-use
wood [9]. The low energy levels in sunlight can be quite disruptive to the polymeric components of
wood at the molecular level. During UV (sunlight) exposure, the primary energetic components which
can attack lignocellulose are reactive oxygen species (ROS or oxygen radicals) that randomly attack
the cell wall polymers, especially lignin. This energy transforms lignin into a variety of radical forms
that transfer the energy to hemicellulose and cellulose which are then readily depolymerized [10,11].
This process begins almost immediately after timber is exposed to sunlight, but the effect on the
timber is shallow until the outer layers of UV-degraded wood are sloughed off. Weathering related
to UV exposure is typically slow but can have substantial effects on adhesion of coatings as well as
declines in appearance leading to premature replacement. For example, a preweathering exterior
exposure of Western redcedar siding in direct sunlight for 1, 2, 4, 8 or 16 weeks prior to being painted
reduced paint adhesion by up to 50% [12,13]. Increased preweathered was associated with shorter
paint service life: paint on panels preweathered for 16 weeks began to flake and peel after 4 to 5 years;
preweathering for 8, 4, 2 or 1 weeks resulted in paint failures after 7 to 8 years, 9 to 10 years, 10 to
11 years or 13 years, respectively. Coatings on non-preweathered controls were still in almost perfect
condition after 17 years of exposure.

Another common abiotic source of wood degradation that can be confused with fungal attack is
heat- or thermal degradation. Wood has a well-known propensity to burn, but it also experiences more
subtle changes upon extended exposure to temperatures between 65 ◦C and the ignition point [5,14].
Heating affects each polymer differently, with hemicelluloses being the most susceptible, followed
by cellulose and finally, lignin [15]. Thermal-related modification can have negative effects on wood,
particular if the wood has been modified with other treatments such as some types of fire-retardant
treatment. In the 1980s, most of the fire retardants used in North America were acidic. During that
period, issues gradually emerged where fire-retardant treated wood in structures began experiencing
extensive degradation [5,16]. Subsequent investigations showed that the acidic formulations tended
to react with, and degrade, wood maintained at temperatures typically found in attics and enclosed
roof spaces during the summer. Further study revealed that hemicelluloses were the first polymers
affected, again illustrating the critical role played by these polymers in lignocellulose performance [14].
Disruption of the biological degradation process by thermally modifying hemicellulose has been
studied since the 1930s [17]. This research was initially directed at modifying colors to render lighter,
less valuable woods darker, but it was also shown to affect wood/moisture relationships. The process
was never fully exploited, but was revisited in the 1980s as European researchers sought non-biocidal
methods for improving timber durability [4]. Extensive subsequent research has shown that thermal
modification alters the hemicelluloses, thereby reducing moisture uptake which in turn reduces, but
does not completely eliminate, the risk of decay.

5. Biotic Deterioration—Wood Decay and Requirements for Fungal Attack

Wood decay is largely caused by fungi that fall into categories depending on the appearance of the
degraded wood which is, in turn, related to polymeric materials that are degraded. Brown rot decay is
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an informal name for the most common type of decay occurring in timber products. Fungi that cause
brown rot depolymerize cellulose and hemicellulose (holocellulose) for digestion, while lignin is also
depolymerized and modified before being rapidly repolymerized. The general categories of white rot
fungi and soft rot fungi are the other major types of decay, and these are covered later in this review, as
these fungal decays can be quite important in certain environments. Fungi are Eukaryotic organisms
that are in the same Domain in the Tree of Life as plants and animals [18]. Species within other
Domains in the tree of life comprising the Bacteria and Archaea can also live in wood. Some species
of Bacteria have been shown to cause limited wood deterioration over long periods of time (several
centuries), resulting in mechanical property loss in wood. Because of their minor importance in
deterioration of structures, these microorganisms will not be considered further in this chapter, although
we recognize that they are almost always present and have been suggested to play supporting roles in
the degradation process including pre-conditioning of wood, and extractives detoxification. Bacteria
are also active in long-term degradation of submerged wooden foundation piling, which typically
occurs over many centuries [19]. Insects and some types of marine boring animals also can cause
significant biodeterioration of wood under some circumstances, but deterioration by these animals is
reviewed elsewhere [20].

For all fungi, spores (microscopic seeds) or other small fragments of the fungi must be produced
and be transported either in the air, water or on other organisms (such as insects) to other pieces of
wood where a new fungal colonization can initiate. Several requirements must be met for colonization
to occur. In addition to the wood substrate itself, these include:

5.1. Water and Air

Typically, wood must be at or near the point where the wood cell wall is saturated with “bound”
water, known as the fiber saturation point (FSP) for the fungal spores or fragments to germinate and
initiate new fungal colonies. There is considerable debate about the minimum moisture level required
for fungi to colonize and decay wood exposed out of soil contact [21]; however, because the filamentous
strands of fungi (hyphae-see Fungal Physiology/Anatomy below) are required to be surrounded by a
watery extracellular polysaccharide matrix (ECM) when wood is being attacked, some level of free
moisture in the wood cell lumen is required to support fungal growth. In most cases, fungal decay
can begin at approximately 30% moisture content (oven dry basis), reaching an optimum between
40 and 80%, then declining with increasing moisture levels above 100% as cell lumens begin filling
with water and oxygen becomes limiting. Water is often the most important limiting factor in decay,
and some paradigm-shifting current literature [22] focuses on the critical moisture content that allows
fungal metabolites responsible for depolymerization of the wood polymers to diffuse within the wood
cell wall. However, fungi require liquid water to initiate the secretion of metabolites required for
decay, even in the absence of wood or other suitable substrates. Because the biosynthesis of these
metabolites is a prerequisite for their diffusion within the cell wall, it is important for wood to first
attain a moisture content where fungi can synthesize metabolites as well as one that supports robust
ECM production surrounding and attaching the fungal cells to the wood cell wall to allow compounds
to diffuse between fungus and the wood cell wall. In this regard, appropriate moisture conditions
for fungal activity are required even before diffusional aspects of metabolites within the wood can be
considered, and inhibition of fungal ECM production represents a fruitful area for future research in
controlling fungal growth.

Wood in contact with the ground is frequently above the FSP and, in addition to having a fully
saturated cell wall, contains liquid water in the lumens of the fibers. For fungal growth to occur in
wood, the moisture content of wood must also not be too high to preclude adequate oxygen levels.
Although fungi do not require as much oxygen as humans, they are aerobic organisms and wood
decay fungi typically will not grow on wood that is completely saturated or submerged. Oxygen is
rarely limiting for fungal attack, although complete saturation of logs by “ponding” (submersion in
natural or artificial bodies of water) has been used to limit decay for periods of several months prior
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to processing in mills. In some cases, logs that sank during freshwater storage have been retrieved
decades and sometimes even centuries later and processed with little deterioration noted. Many of
these logs remain on the bottom of fresh water bodies and are in pristine condition because of the lack
of oxygen, and also because relatively cold temperatures limited anaerobic bacterial deterioration.

5.2. Temperature

Temperature is critical for most physiologic reactions. Fungi may continue to grow as temperatures
decline to levels near freezing [23], but reaction rates involved in both fungal metabolism and in the
chemistry/biochemistry of wood depolymerization decline, and the decay process ultimately stops
at freezing temperatures. Metabolic reactions increase with increasing temperature with most fungi
having growth optima between 24 and 32 ◦C [20]. This is well within the temperature range inside most
inhabited structures but specialized fungi can grow well outside this range. As a result, temperature
is generally not a limiting factor in decay. For most decay fungi, fungal metabolism becomes more
constrained as temperatures exceed 39–40 ◦C; however, some thermophilic fungi survive and have
been observed to be active at temperatures exceeding 50 ◦C in specialized environments such as pulp
chip piles [24,25]. Exposure to temperatures about 56 ◦C results in permanent denaturing of proteins
and DNA, effectively killing most non-thermophilic organisms.

5.3. Other Essential Components for Fungal Growth and Decay Potential

As noted above, a primary requirement for decay is a nutrient source which is typically the timber
itself. This wood or surrounding supporting materials/soils must also contain various micronutrients
and microelements, including nitrogen, that are essential to fungal growth and the decay process.
There are vast volumes written about the relationships between decay and wood properties, e.g., [26].
Relatively few fungi have evolved the ability to degrade and utilize the three primary cell wall
polymers, and the mechanisms by which they accomplish this task will be the subject of the remainder
of this paper.

6. The Decay Environment

Many microorganisms are ubiquitous and will colonize almost any substrate meeting the basic
requirements for growth of oxygen, food, moisture & temperature. However, the nature of the wood
substrate affects the types of wood degrading fungi that attack it, the colonization patterns, and the rates
at which wood is utilized. For this discussion, we will ignore aquatic environments and concentrate
on the terrestrial decay process. Decay can be categorized as either in ground or above ground,
recognizing that these are arbitrary terms that overlap at their margins. In-ground or ground-contact
decay is typically more rapid, reflecting the presence of adequate moisture along with an abundance
of organisms with differing wood-attacking or wood-inhabiting capacities that are always present
and in competition with each other. The above-ground environment is more challenging with fewer
organisms present, and a greater potential for drying that can slow the decay process. There is also
more limited potential for the transfer of moisture and exogenous nutrient resources into the wood
and into the fungal thallus. These differences result in dramatic differences in the rates of degradation
as well as substantial changes in the organisms involved.

7. Basics of Fungal Anatomy/Physiology and Evolution

7.1. Biology and Evolution

Within the Eukarya, the Kingdom of Fungi are classified into Subkingdoms and further into
Orders/Divisions. The subkingdom of Dikarya, which are fungi that largely produce filamentous
cells known as hyphae, are of particular interest with regard to coatings [27], and are described in
more detail below. Two Orders are encompassed by Dikarya, the Basidiomycota and the Ascomycota,
and both can play significant roles in wood and/or coating degradation. Ongoing research suggests
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that both Basidiomycota and Ascomycota evolved from earlier progenitor fungi between 400 and
500 million years ago [28–31], with species of white rot fungi that had the ability to decay lignocellulose
evolving only perhaps 280 million years ago within a Class of fungi known as the Agaricomycetes [31].
Present day Agaricomycetes include many well-known mushroom-producing species, but many of
the Agaricomycetes are rather nondescript in their macroscopic features, yet they have the ability to
aggressively attack wood and disrupt any overlying coating materials.

It is interesting to note that plants initially evolved the ability to produce the cellulosic components
of their cell walls long before they evolved the ability to produce lignin, which only later started to
appear as a cell wall component in some types of woody plants [32]. Lignin “stiffened” the cellulose
into a rigid polymer-matrix composite, allowing the precursors of modern-day trees to grow much taller
than the grasses and sedges which existed prior to the Devonian period. The first lignin-producing
plants evolved about 420 million years ago [33], long before fungi evolved enzymes and non-enzymatic
systems with the capacity to depolymerize and further degrade lignin. Precursors to white- and brown
rot fungi evolved lignin-degrading enzymes only about 295 million years ago [32], meaning that
woody biomass was unable to be efficiently degraded by fungi for approximately 125 million years,
and it has been proposed that inability to decay wood over this period of time led to the formation
of coal seams in many areas of the world. However, some geology experts [33] examining fossilized
woody tissue from the Carboniferous period dispute this premise and report that fungi were present
in the fossilized wood cells showing “evidence of decay that is pervasive”, suggesting that the fungi
of that period were still somehow capable of decaying the woody tissues. However, the authors do
not show convincing evidence of fungal attack of wood cell walls, and the images of fossilized fungal
hyphae they present for interpretation are larger in diameter, and more consistent with non-decay
Ascomycota species rather than Basidiomycota decay fungi. This suggests that there is still much more
to be learned about the how wood decay fungi arose on earth, and their impacts, including the impact
they have in decaying current day wood products and disrupting the coatings on those products.

7.2. Growth and Infection of Wood

Wood decay fungi primarily initiate as fungal spores or mycelial fragments. If conditions are
favorable, spores germinate to produce fine hair-like structures known as fungal hyphae, which are
elongated cells of the fungus which grow end-to-end. Hyphal fragments landing on wood can also
in many cases initiate growth leading to broader colonization of the wood. Single-celled fungal
growth is not common in wood degrading fungi except during spore formation. As the fungal hyphae
grow along the surface of materials, some species can form a mat consisting of multiple layers of
interwoven hyphae known as mycelium or a mycelial mat. The tips of the fungal hyphae initially
seek out relatively simple pathways through the microstructure of wood, exploiting interconnecting
cell wall pits (interconnecting channels between wood cells) to extend from one fiber to the next, and
ramifying through the wood in this manner. During this initial growth phase, all wood-inhabiting
fungi seek out stored products in the parenchyma as a ready nutrient source for energy for the fungus,
and also to build up fungal biomass within or on the surface of the wood structure. This initial stage
of growth of decay and some stain fungi results in activation of biochemical “machinery” within the
hyphae resulting in secretion of a diverse suite of extracellular metabolites and enzymes that can
depolymerize and digest select polymeric components of wood. One of the most common ways to
measure wood degradation in laboratory studies is to monitor mass loss as decay progresses and
wood cell wall components are converted to CO2 by the fungus. Although mass loss is not always an
adequate indicator of structural strength loss, it is a straight-forward means for assessing some types
of fungal degradation. Fungi have diverse suites of metabolites and enzymes that effect deterioration,
and the discussion below provides information on how these fungi can be differentiated and how they
may degrade wood in different ways.

Decay types: brown rot white rot, soft rot and their effects on wood chemistry: The fungi that
degrade the cell wall polymers have long been segregated on the basis of the appearance of the
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damaged wood into brown, white and soft rot fungi. These separations are arbitrary and we now
recognize that the decay types are more of a continuum [34], but the categories are helpful in generally
classifying these fungal degradative agents, and for discussion.

7.3. Brown Rot Fungi

After the initial colonization stages, brown rot fungi primarily utilize the carbohydrate polymers
of the wood cell wall, although they affect all three polymers. Brown rot fungi are considered to be more
commercially important from a structural damage perspective because they tend to attack softwoods
which represent the bulk of timber used in North American and European construction. However, they
can also attack hardwoods and will readily do so in some environments [35]. The resulting decayed
wood has a brownish, fractured appearance (Figure 1). The most important aspect of brown rot decay
is the tendency for these fungi to produce degradation far in advance of the point of hyphal growth
at the cellular level, and to depolymerize the carbohydrates much faster than they can be utilized.
This results in very dramatic changes in many timber properties even when the macroscopic visual
appearance of the wood is little changed. The result is very rapid losses in properties such as tension
or bending at very low mass losses [26,36].

 
Figure 1. Classic advanced brown rot fungal decay in a softwood. Note the checks (cracks) which cut
across the grain of the wood giving the wood a cubical appearance. In early stages of brown rot decay,
the wood can appear unchanged from undecayed wood, yet significant mechanical property loss may
be sustained even in early brown rot decay stages.

Brown rot fungi have a more limited suite of enzymes involved in the depolymerization and
deconstruction of cellulose compared to white rot fungi, and they possess no peroxidase enzymes for
lignin depolymerization. However, brown rot fungi rapidly attack and degrade cellulose while also
using a non-enzymatic mechanism to depolymerize lignin to allow access to the cellulosic components.
The lignin then rapidly repolymerizes, leaving a modified lignin that long led researchers to conclude
that brown rot fungi had little effect on this polymer. This unique oxygen radical-based chemistry
known as the “chelator-mediated Fenton” (CMF) system functions in advance of enzymatic action
to deconstruct wood polymers [37]. CMF chemistry is more complex than conventional Fenton
chemistry and allows brown rot fungi to generate powerful hydroxyl radicals within the wood cell
wall rather than next to the fungal hyphae (which would kill the fungus). CMF chemistry causes
lignin to depolymerize and then repolymerize as small, discrete irregular masses, separate from the
cellulose [38,39], thereby opening the wood cell wall to further deconstruction. This type of chemistry
is being studied as an efficient mechanism for lignin processing in future biorefineries. This later aspect
may be of importance for modifying lignin for use in polymeric coatings and is reviewed further in the
section on biotechnological applications.
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7.4. White Rot Fungi

White rot fungi can depolymerize all three cell wall polymers using enzymes secreted by the
hyphae, often leaving a whitened mass of fibers at the advanced stages of decay (Figure 2). White
rot fungi metabolize all three cell wall polymers and can cause weight losses approaching 97% of
the original wood. Most white rot fungi are known as “simultaneous” white rots and tend to digest
and utilize the wood polymeric components as they are depolymerized. However, some “selective”
white rot fungi can preferentially digest the hemicellulose and lignin components leaving much of the
crystalline cellulose relatively undegraded. In either type of white rot, structural losses occur more
slowly than in brown rots, and cell wall depolymerization is more directly linked to enzymatic erosion
of the cell wall layers and also to the metabolic processes of the fungus. This coupling of degradation
with utilization results in declines in properties such as tension or bending that parallel mass losses
caused by decay. White rot fungi tend to attack hardwoods, but can also attack softwoods [35].
Carbohydrate active enzymes (CAZymes) and lignin degrading enzymes from white rot fungi have
been previously explored for use in pulp and paper processing, and other industrial processes to free
lignin from wood fiber with reduced use of harsher chemicals.

 
Figure 2. Advanced stage of white rot simultaneous decay. The wood in this advanced state of decay
can be quite spongy and lightweight when dried. However, when decay is active, the wood will be
moist and stands of wood can often be peeled from the surface along the grain. The flecks of white in
the image are mycelial mats of the fungus.

Enzymes of specific importance in lignin degradation by white rot fungi are primarily oxidative
and include: laccase, lignin peroxidase, manganese peroxidase, versatile peroxidase and the
dye-decolorizing peroxidases [39]. Many of these enzymes are unique to white rot fungi with
only a relatively few dye-decolorizing peroxidases, for example, found in select lignin-degrading
bacteria. Relative to CAZymes, white rot fungi have a much more complete suite of glycoside
hydrolases and also lytic polysaccharide monooxygenase enzymes that can attack cellulose both from
the ends of the long-chain polymer (exo-glucanases) as well as centrally along the polymer chain
(endo-glucanases). This dual action, combined with a suite of enzymes that can act on oligosaccharide
depolymerization products, allows white rots to deconstruct a variety of holocellulose polymers.

7.5. Further Evolution of Brown rot Fungi from the Precursors of White Rot Species

Brown rot fungi evolved relatively recently from white rot fungi starting about 280 million years ago
in the Permian period [31]. Only 20 years ago, brown rot fungi were looked upon by most mycologists as
less evolutionarily advanced because many of the CAZymes and all of the lignin-degrading peroxidase
enzymes in the precursor white rot fungi were lost as the brown rot fungi evolved. The brown rot fungi
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now dominate wood decay in the coniferous forests of the northern hemisphere, and there are chemical
wood-processing efficiencies that can be learned from studying their evolutionary divergence from the
white rots. Enzymes from both white and brown rot fungi are too large to penetrate the intact wood
cell wall, and some form of chemical “pretreatment” is typically needed before enzymes can function
efficiently in deconstructing the wood cell wall. The evolution of the bio-catalytic CMF mechanism
by brown rot fungi is generally considered a key step that allowed these fungi to more efficiently
deconstruct wood without the production of nutritionally costly enzymes. The CMF mechanism has
considerable promise for use in the bioprocessing of lignocellulosic materials [39]. Enzymatic systems
in industrial processes are widely used for a variety of applications to reduce energy inputs required
for catalysis but enzymes can be fragile and often require highly specific reaction conditions including
specific temperatures and buffering systems. Mimicking bio-catalytic processes without the use of
enzymes may be a fruitful pathway for industrial processing for bio-based coatings.

7.6. Soft Rot Fungi

Although soft rot damage of wood was first observed in the 1860s, soft rot fungi were not classified
as a decay type until the 1950s [40]. Most soft rot fungi are Ascomycota species. There are two types of
soft rot attack. Type 1 soft rot involves formation of diamond-shaped cavities aligned with the cellulose
microfibril angle within the S-2 cell wall layer, while Type 2 is a more generalized erosion of the S-2 cell
wall layer from the lumen outward [20]. Type 2 attack is more prevalent, but some species can produce
both types of damage depending on the timber as well as environmental conditions [41]. Soft rot fungi
are often found in more extreme, and wetter conditions that are less suitable for traditional white
and brown rot fungi [39]. Their damage tends to be confined to the external few mm of wood that is
exposed to the environment, possibly because oxygen levels are too low in interior wood below ground
to support more aggressive Basidiomycota fungal species. However, particularly in Scandinavian
reports, soft rot has been observed to extend more deeply in some products such as utility poles.
Soft rot damage presents an interesting mixture of white and brown rot characteristics in that these
fungi utilize both cellulose and hemicellulose, but they can clearly degrade lignin as evidenced by
the cavities and erosion they cause. Several soft rot fungi are known to produce laccase which is also
involved in lignin degradation by white rot fungi [39].

Soft rot fungi tend to have very large, but localized effects on wood properties and these effects
are magnified because the damage tends to be on the exterior of the timber where flexural properties
for products such as utility poles become more important. In other products, such as boards that will
be used for paneling, soft rot fungi can impart an appearance that some people consider as desirable
for rustic interiors, and because only the surface wood is degraded, these fungi can sometimes be
considered as enhancing the properties of certain wood products.

8. Specific Fungal Chemistries that Impact Polymeric Coatings and How These Can Be Harnessed
for Biotechnological Applications

The characteristic ability of all three decay types to attack the three primary wood polymers
highlights the effect of wood cell wall chemistry on convergence of fungal strategies for accessing
these resources, but differences in processes creates potential opportunities for the using these
fungi in industrial biomodification processes. The most heavily researched applications have been
delignification for pulping and biodetoxification of xenobiotic pollutants, but fungi could also be used
to modify various polymeric materials including those used for wood coatings.

8.1. White Rot Fungi

White rot fungi have been used in biotechnological and bio-processing applications for more than
40 years [42–44]. White rot fungi have been studied since the 1970s to free cellulose from lignin and
release individual fibers in bio-based pulping systems. Wood composites have also developed by using
isolated lignin from pulp liquors, or lignin residues that migrate to the surface of wood fibers during
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pulping. In both cases the lignin is modified to produce a “sticky” lignin radical by white rot fungal
enzyme systems including peroxidase and laccase-mediator systems [45,46]. Similarly, laccases have
also been used to create bioactive polymer coatings using soft plasma jet processing [47]. The ability
of white rot fungi to depolymerize lignin has also been extensively explored for bioremediation of
structurally similar pollutants and xenobiotics but the applications have been limited because many
sites are anaerobic [48,49]

The emerging bio-economy, the development of biorefineries and the production of
cellulose-derived sugars for fermentation and direct conversion to biofuels and platform chemicals
have all created renewed interest in application of white rot fungi [50,51]. A number of white rot
species, including Pycnoporus cinnarbarinus, Phlebia subserialis, Dichomitus squalens and Ceriporiopsis
subvermispora, have been assessed for use in the bioprocessing of wood to make bio-based products and
energy, but there is considerable opportunity to expand the suite of organisms to take advantage of the
range of enzymatic capabilities [52]. Early researchers who explored bio-based deconstruction of wood
for pulp fiber focused primarily on complete lignin removal, but subsequent studies showed that some
white rot fungi had more subtle effects that resulted in reduced energy requirements in mechanical
pulp production while improving other paper properties. Bio-bleaching of pulp using Phanerochaete
crassa, P. chrysosporium, and Pleurotus pulmonarius previously has been studied for replacement of
chlorine in conventional pulp bleaching processes [53,54], but bio-bleaching using these organisms has
not been commercialized, illustrating the difficulty in scaling up laboratory results.

The need for oxygen and the filamentous nature of white rot fungi has largely limited most
applications, but several of the CAZymes as well as the lignin degrading enzymes have been cloned
into yeast and bacterial vectors for use in biorefinery applications. Many peroxidases have broad
capabilities to oxidize phenolic substrates and could be used to activate phenolic-based coatings.
Additional research in this area using enzyme cocktails, including the use of relatively newly discovered
lytic polysaccharide monooxygenase (LPMO) enzymes, is needed to enhance platform chemical yield
from biomass [55].

The desire for more sustainable processes for producing polymers and coatings using fungal
peroxidases should encourage a re-evaluation of previous biomass conversion research, which was often
discarded because the economics could not compete with less sustainable processes [56]. Fungal derived
peroxidases could be used to provide platform chemicals for further synthesis. While lignin remains a
puzzling and complex polymer that has largely defied technological advances geared to utilization,
development of bio-processes that depolymerize lignin and utilize the broad array of monomeric
lignin breakdown products created during industrial pulping could create an array of feedstocks
similar to those derived from petroleum sources. Adapting microbial systems to utilize raw lignin,
while producing platform chemicals useful for polymer development, is an important step in this
process [57].

8.2. Brown Rot Fungi

Brown rot fungi have received less study for biotechnological applications, primarily because
their ability to rapidly depolymerize the carbohydrate fraction of the wood was viewed as having
little practical application. However, more recent studies indicate that some CAZymes, such as lytic
polysaccharide monooxygenases (LMPOs), have the ability to work synergistically with peroxidases to
promote depolymerization and solubilization of aromatic monomers from lignin [37,58]. These results
suggest that cellulase enzymes from either white or brown rot fungi could play a greater role in lignin
depolymerization for use as a chemical feedstock. CAZymes from brown rot fungi have not been
explored to a great extent largely because they are less common compared to white rot fungi. LPMO
enzymes from brown rot fungi have only been isolated within the last five years, and have not been
fully explored for use in industrial applications. Preliminary reports suggest that an LMPO from
the brown rot fungus Gloeophyllum spp. cloned into yeast has significant potential for biorefinery
applications [37,59]. Studies have tended to look for one or a few mechanisms of action, but it may be
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necessary to change the paradigm by combining enzymatic and non-enzymatic mechanisms under
controlled conditions to either modify fibers or create platform chemicals [38].

The non-enzymatic activity of brown rot fungi has previously been shown to activate lignin for
production of laminated wood [60] and composite panels [61]. Brown rotted lignin modified with a
sodium borohydride treatment was previously used to produce a formaldehyde-free adhesive resin
with properties close to that of phenolic resins [62]. The CMF mechanism from fungal systems has
been used to activate lignin on fiber surfaces for the producing fiber-based products at an experimental
level and has been shown to have potential industrial applications [63–66]. Lignin has also been
modified using a CMF system to produce water-soluble polymers that have potential applications as a
high-value dispersant comparable to poly(acrylic) acid [67].

Brown rot fungi have also been explored for bioremediation, especially for removal of copper
and other heavy metals. Serpula spp. has been shown to remove copper from preservative-treated
wood [68]. CMF chemistry also has effectively degraded pollutants like 2,4-dichlorophenol [69],
dichloro-diphenyl-trichloroethane (DDT) [70] and pentachlorophenol [71] as well as decolorizing
recalcitrant dyes [72,73]. An improved understanding of brown rot mechanisms over the past 20 years
has encouraged a re-examination of using these fungi in bioremediation.

Brown rot fungi have also successfully been used to pretreat bagasse, wood and other lignocellulose
substrates to promote cellulose and hemicellulose depolymerization for biorefinery applications [74].
The Mycologix LTD company [75] successfully pretreated biomass in a commercial application, but
dramatic decreases in the cost of competing fossil hydrocarbons led the company to declare corporate
insolvency. The initial success of this process suggests that similar efforts will emerge as the economies
of the process improve and hydrocarbon prices rise. While the need for biofuels may be somewhat
mitigated by the emergence of other renewable energy sources, liquid fuels will continue to be required
in many industries. The use of brown rot systems for biomass preparation in biorefineries will likely
increase, and markets for the lignin residues produced in these processes will be needed, creating
opportunities for developing lignin-based coatings as well as polymeric resins.

9. Relationship between Understanding Fungal Decay and Developing More Rational Wood
Protection Methods

Humans have long labored to limit the risk of decay and prolong the useful life of timber. Initially,
they did so without even knowing that fungi were the causal agents, but emerging knowledge led to
the development of a range of biocides that could protect timber from decay. Interestingly, many of
these advances, such as the development of creosote preceded that understanding. As a result, wood
protection largely remains a combination of effective designs that limit moisture, coupled with the use
of naturally durable timbers or impregnation with biocides where moisture control is not possible.
However, the types of biocides being used, and their method of application, is changing as concerns
emerge about the use of all chemicals in the environment. These concerns have created opportunities
to develop more rationale methods for protecting timber based upon our understanding of wood
science and fungal physiology.

Current efforts to protect wood without biocides have focused methods such as thermal
modification and chemical wood modification with techniques such as acetylation. Both techniques
were explored in the middle of the 20th Century but were dropped at that time because they were not
considered economical, but their use is now being resurrected. Thermal modification and acetylation
function to limit water uptake by wood, but there may be more subtle approaches to wood protection
under in some environments. For example, our improved understanding of the roles of free radicals
in the degradation process has also been exploited experimentally through the use of anti-oxidants
to protect wood [76]. The use of many plant-based extracts follows a similar path but uses a less
specific approach since these treatments are often mixtures of compounds. While still not commercially
used, they illustrate the potential for using our knowledge of microbial decomposition mechanisms to
identify more rationale prevention strategies.
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10. Coatings for Bio-Based Materials and the Need for Better Protection against Fungi

While coatings have long been successfully used to impede and in some cases prevent fungal
degradation while also limiting UV degradation, it is critical to understand both their function and
limitations. The long-term effectiveness of any coating is dependent on its ability to prevent water
penetration leading to coating failure and subsequent penetration by fungal hyphae or their enzymes
and low-molecular weight metabolites through, around or behind the coating and into the wood.
Coating efficacy is achieved via barrier technology and/or enhanced moisture exclusion. Loss of coating
efficacy is often associated with increased moisture retention that can promote decay.

The general issues relating to coating failures for wood materials have been well summarized
previously [77]. Decades of research at the U.S. Forest Products Laboratory showed that most
paint coatings usually cracked at the wood joints or knots due to differential dimensional stability.
Water enters the wood through these cracks and is trapped. Wood moisture content can then quickly
reach the range suitable for fungal attack. Oil-based or alkyd-based paints contain oils that cure by
reacting with oxygen to form cross-linked polymeric films. The more cross-linked the polymer, the
more resistant it is to either liquid or vapor water. Latex paints form a film by coalescence of small
spherical polymeric particles dispersed in water. These polymers are more flexible and not as highly
cross-linked as cured oil-based paints, and generally remain more flexible with age. As a result, they
provide less of a barrier to water ingress. Oil-based paint films generally provide superior initial water
resistance; however, they become brittle over time.

As noted in the introduction to this chapter, moisture content changes with wood shrinkage and
swelling are an issue which must be considered relative to the development of advanced coatings for
wood products. Coatings must be designed to flex to accommodate changes in wood dimensions with
wetting and drying. However, even under the best of circumstances, most coatings will fatigue and
develop fine micro-fractures after thousands of shrinkage/swelling cycles. These fine micro-fractures
are exploited by fungi that then penetrate into the wood beneath. This is particularly true in exterior
environments where UV exposure weakens the coating thereby enhancing dimensional change stresses
and promoting fractures (Figure 3). This can occur in seemingly impermeable barriers. For example,
1–2 mm thick polyurea coatings were penetrated by decay fungi over a four-year exposure in Hilo,
Hawaii [78].

  
b

Figure 3. Scanning electron micrographs showing (a) fungal spores and hyphae growing on the
surface of a new coating surface and (b) fungal spores and hyphae growing on an aged coating surface
containing microcracks that can be exploited by fungal hyphae (Goodell images).

While we have previously discussed the decay process, hyphae of some decay and stain fungi
also have the ability to directly penetrate wood cell walls using combinations of enzymatic/catalytic
dissolution and mechanical/physical force. The mechanical forces generated by fungal hyphae can
drive a fungal peg through a metal foil [79], even in the absence of enzymatic or catalytic action. This
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force is certainly great enough to allow fungi to penetrate many types and thicknesses of polymeric
coatings, and the presence of surface micro-cracks undoubtedly aids in this process. Minimizing
surface defects, slowing micro-crack development and even limiting hyphal growth on the coating
surface (via the presence of biocides) can all contribute to limiting fungi compromising the coating
barrier. A more difficult goal will be the development of clear coatings for exterior applications.
Consumers generally prefer clear finishes so that they can see the wood; however, these coatings
tend to be more susceptible to UV damage that leads to coating failures and, ultimately premature
replacement of the timber [10,80].

Coated surfaces are bombarded with fungal spores along with dust, pollen, plant sap and a host
of other potential nutrient sources for a fungus. Many paint film fungi utilize these nutrients to begin
growth (Figure 3) and eventually exploit coating defects to penetrate into the wood beneath (Figure 4).
Once inside, they preferentially colonize the layer between the coating and the wood, leading to further
coating failure (Figure 5). The extent of this problem in both clear and opaque coatings highlights the
need for coating formulations that contain long-lasting fungal biocides or other protection systems
that can prevent fungi from causing this type of failure. It may also be useful to explore self-cleaning
systems [81]. For example, developing superhydrophobic surfaces that mimic natural phenomena
such as the self-cleaning capacity of lotus leaves would reduce accumulation of surface debris that
supports fungal growth.

 
Figure 4. An example of fungal growth that has developed underneath a coating film (on the wood
strip below hand) by penetrating the coating surface. This type of fungal attack occurs with opaque
coatings as well, but it is readily observed when clear-polymer coatings are attacked. Clear coatings
typically lack adequate UV resistance leading to development of micro-cracks in the coatings that fungi
can exploit. (Goodell photo).
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Figure 5. Example of a delaminated clear polymeric coating on wood being peeled from the surface
after three years of exposure in a damp exterior environment. In this example, the finish was originally
clear, similar to that seen in Figure 4. Fungi were involved in darkening of the finish and also, once they
penetrated the coating film, in the delamination of the coating from the wood surface. In this example,
the manufacturer’s use of iron in the coating formulation also promoted the extreme darkening of the
coating as, in this wet environment, wood extractives were driven to the surface, and these extractives
reacted with the iron in the coating to produce the intense dark coloration (Goodell photo).

11. Future Needs and Opportunities

There is a critical need for an expanded understanding of how fungi attack and exploit current
wood coatings to enable development of strategies to prevent premature damage to both the coating and
the substrates they are intended to protect. Integrated technologies are needed to reduce fungal attack
and enhance coating performance against physical and environmental factors. For example, enhanced
UV protection coupled with better matching of long-term coating elasticity with expansion/contraction
characteristics of the wood will limit the development of coating defects that fungi are known to exploit.
Enhanced abrasion resistance and improved ability to shed environmental residues deposited on the
coating will limit the ability of fungi to grow on and into the coating. Enhanced water repellency helps
coatings shed water and reduces the time that a surface remains wet enough to permit fungal growth.

Biocides such as 3-iodo-2propynyl butyl carbamate and chlorothalonil have long been a component
in many coating systems both for protecting the system against microbial attack prior to application
as well as limiting fungal discoloration afterwards. While biocides ranging from tin and copper
compounds to thiabendazoles are effective, they are not compatible with all polymeric systems. Novel
approaches such as non-biocidal treatments that discourage attack by preventing fungal attachment
to surfaces and preventing the development of biofilms have shown promise in the laboratory [82],
but utilization of these coatings will likely remain limited to medical applications. While agricultural
applications for this type of technology are proposed, it remains to be seen if cost-effective products
can be developed that meet consumer needs for long-lasting surface protection under extreme
UV exposures.

At present, a majority of coatings research remains proprietary, making it difficult to accurately
assess the state of the science. However, market observations suggest that better coatings systems are
still needed, and that fungal and UV resistance of coating systems has not dramatically improved in
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many consumer-available coatings in the past 20 years. The lack of long-lasting UV and moisture
resistant coatings leads to premature replacement of functional structures, especially decking and
this, in turn sharply reduces the normally positive life cycle attributes of timber. Developing a better
understanding the mechanisms underlying fungal degradation of substrates, and the mechanisms
involved in new biocidal and non-biocidal coating treatments will be essential for creating integrated
coatings systems capable of limiting fungal attack while providing long term protection against
environmental factors.
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Abstract: The function of altering weathering factors and degradation mechanisms are essential for
understanding the weathering process of materials. The goal of this work was to develop a method
for the acceleration of natural weathering and to investigate the molecular, microstructure and
macrostructure degradation of wood caused by the process. Tests were performed in the whole month
of July, which, according to previous research, is considered as the most severe for weathering of
wood micro-sections. Sample appearance was evaluated by colour measurement. Scanning electron
microscopy was used for evaluation of the structural integrity and changes in the microstructure
of wood morphological components. Changes on the molecular level were assessed by means of
FT-IR spectroscopy. Observation of the effects of weathering allowed a better understanding of the
degradation process. Typical structural damage, such as cracks on bordered pits and cross-field
pits, and, as a consequence, their erosion, revealed the sequence of the degradation process. It was
confirmed that earlywood was more susceptible to damage than latewood. Even if the weathering test
was conducted for a relatively short time (28 days) the ultra-thin wood samples changed noticeably.
The progress of alteration was similar as usually noticed for wood surfaces, but occurred at shorter
exposure times. The estimated acceleration factor was ×3, compare to the natural weathering kinetics
of wood. The research methodology presented can be used for the determination of the weather
dose-response models essential to estimate the future service life performance of timber elements.

Keywords: photodegradation; wood weathering; SEM imaging; FT-IR spectroscopy; thin samples;
accelerated natural weathering

1. Introduction

Wood as a building material has traditionally been used for different types of load-
bearing structures, decking, façades cladding, doors and windows. Wood, due to its
versatile character, is often used in both rustic and modern buildings, as well as frequently
applied as a material for retrofitting of existing structures. The trend for raising sustainable
buildings, in addition to increasing environmental awareness observed nowadays, leads to
the reactivation of bio-architecture as an alternative to other construction techniques [1,2].
However, the major limitation for choosing natural wood for external use is the lack
of confidence that many architects, designers and customers have towards this material,
mostly due to aesthetic preferences. The speed and pattern of the colour change are difficult
to predict and are rarely taken into consideration at the early phases of building design [3].

Today’s bio-based building materials, even if well characterized from the technical
point of view, are often lacking reliable models describing their performance during
service life and the operational durability is still a limiting factor in many applications
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and environments. Wooden elements often suffer due to mechanical, environmental or
biological alterations during their use phase. The most susceptible parts are unprotected
surfaces since they are primarily exposed to ageing, weathering or decay.

Weathering is the general term used to define the slow degradation of materials
exposed to weather condition [4]. The intensity of weathering depends on timber species,
design solution, function of product and finishing technology applied for wood protection
and on the specific local conditions. The corrosion rate of wood is low: approximately
6mm per century in the case of European softwood species [4]. In general, the process of
wood weathering leads to a slow breaking down of surface fibers, their removal and, in
consequence, a roughening of the surface and reduction of the glossiness. Formation of
discontinuities on the surface simplify moisture penetration and allow access of wood-
decaying biological agents into the material structure. As a result, mechanical performance
of the load-bearing members might decrease.

A critical limitation of the state-of-the-art natural weathering procedures is a fact
that the test is very long lasting. Diverse approaches for its acceleration were proposed,
including amplification of the absorbed radiation by implementing additional solar light
focusing optics, scheduled water spraying, temperature control of the sample, or automatic
systems for exposing samples that continuously follow the Sun’s position. An example
of that sophisticated instruments is Equatorial Mount with Mirrors for Acceleration with
Water (EMMAQUA) that is commercially available for testing diverse materials [5]. Even
though, the amplification of the weathering process is limited, not to mention elevated costs
for such complicated equipment and demanding procedure for the test itself. An alternative
approach for accelerating the natural weathering of bio-based materials is reported here.
The solution is based on the fact that the most affected part of the sample during natural
weathering is the sample surface (subsurface) of few hundreds of micrometre thickness.
A pilot experiment was designed to prepare wood micro-sections (ultra-thin samples)
and to confront the mechanism of changes to the wood due to the action of atmospheric
agents occurring in short term. Similar approach had already been used successfully for
investigating the resistance of wood against biological corrosion [6], chemical corrosion [7]
as well as atmospheric corrosion [8,9]. Use of extra thin samples permits direct investigation
of the surface layer and its disintegration due to photochemical or mechanical degradation.

An artificial weathering is an established alternative for testing a material’s resistance
to deterioration due to climate related factors. The European standard EN 927-6 [10]
describes such a method that is frequently used to assess wood coatings. It uses a specially
designed device equipped with temperature control, light radiation by means of fluorescent
ultraviolet range A (UVA) lamps, water spray and water condensation units. Another,
equally common methodology relays on testing weathering resistance by simulating the
Sunlight irradiance by means of xenon lamps [11]. Podgorski et al. reported relatively
good agreement for the development of cracking when compared to results from natural
weathering of coated wood, with the estimated acceleration factor of ×5 [12]. Even a higher
acceleration factor of ×10 was identified there for a loss of surface glossiness. Development
of cracking was faster in artificial weathering tests due to higher doses of degrading factors
provided in shorter cycles but with precisely controlled exposure conditions. Most artificial
weathering methods lack biological impacts as well as the influence of dirt that are present
in typical exterior exposure environments [13]. Özgenç noticed significant differences in
the colour alteration as well as in compression strength along fibres for samples subjected
to the natural and artificial weathering conditions [14]. It was demonstrated that the reason
for such differences laid in the lack of several minor factors that are not included in the
artificial weathering protocols. These factors include air pollution, biological pests, and
snow, as well as difference in the spectral composition of light irradiation, nature of the
rain-driven wetting, and humidity variations occurring under natural conditions. Similar
observations were reported by Ruther and Jelle, where solar radiation and wind-driven
rain were identified as the main factor inducing colour changes [15]. However, the surface
greying typically observed for the natural wood exposed to exterior conditions is caused
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by mould growth and is hardly replicated in up-to-date artificial weathering tests. Outdoor
exposed samples become usually darker at the first stage of weathering, to turn in to lighter
tones afterward. This is supported by both visual assessment of inspectors as well as by
objective spectra/colour measurements. On the contrary, samples exposed to laboratory
weathering cycles turn darker to varying extend and do not exhibit initial increase in
International Commission on Illumination (CIE) a* (green–red) and CIE b* (blue–yellow)
values, typical to samples exposed outdoors. In addition, it was found that samples
exposed over a longer period to artificial weathering show a form of unnatural bleaching,
not present in wood samples exposed to natural weathering [15]. The overall conclusion is,
therefore, that even if several advantages of artificial weathering make this an interesting
testing methodology, the results from laboratory weathering can hardly be compared to
the real outdoor weathering. The reason lays in different mechanisms and kinetics of the
material deterioration, which are especially diverse in complex biological composites such
as wood.

Several attempts to understand and model wood weathering have been conducted by
various researchers. A review published by Brischke and Thelandersson [16] presents an
overview on modelling methodologies used for outdoor performance prediction of wood
products. According to the authors, dose-response models seem to be most frequently
applied, where the changes in any material property are related to the dosage of the
relevant environmental causes. In general, solar radiation and wind-driven rain are the
two main driving factors influencing wood surface appearance [17]. They entail further
internal stresses of bulk material imposed by cyclic wetting and temperature changes.
Methodology for determining the weather dose of the building façade was also reported
by Thiis et al. [18]. The authors stated that the surface temperature can be very different
than the ambient air temperature, especially when the building elevation is exposed to
direct sunlight. Therefore, variation of the exterior microclimate is also important for
deterioration extent. Access to an extensive data set generated by different types of sensors
is indispensable for the development of high-quality numerical models. The attempt for
defining an original algorithm for calculation of “the weathering indicator”, by merging
the multi-sensor data and linking these to the surface performance indicators, was also
presented by the authors [19,20].

New knowledge regarding the role of matrix polymers and their interaction on a
molecular level permit discovering of complex biological structures [21]. In particular, mi-
croscopic and spectroscopic techniques allow better understanding of the ultrastructure of
wood, which is a composite of diverse cell types and chemical components acting together
to serve the needs of a plant [22]. Tracheids are the major component of softwood. Their
cell wall is composed of several layers: middle lamella, primary wall and secondary walls
(S1–S3) [23]. The thickness, chemical composition and structure (microfibril orientations)
of those layers vary due to their role. Both primary and secondary walls contain pectin,
cellulose, and hemicellulose, although in different proportions. The function of the middle
lamella is adhesion of adjacent cells. The primary wall consists of a rigid skeleton of
cellulose microfibrils. A layered secondary cell wall, composed of lignin, cellulose, and
hemicellulose, provides strong mechanical strength [24].

Microstructure analyses of wood investigated by scanning electron microscopy (SEM)
were conducted by several researchers. Hamed et al. [25] and Jingran et al. [26] used SEM
for monitoring changes in archaeological wood. Nicole et al. [27] and Popescu et al. [28]
investigated decayed wood. Singh et al. [29] used light and scanning electron microscopy
for visualization of wood impregnation and imaging of the wood–matrix polymer interface
in bio-composites [30]. Microscopic structural analyses of weathered wood were conducted
by several researchers [31–33]. Ganne-Chédeville et al. [34] used SEM images for the
evaluation of wood façade elements after cleaning treatments. SEM is an essential tool
allowing observation of the structural changes in degraded wood tissues at the level of
cell wall [25]. Even if the obtained information refers mostly morphological and structural
changes of the wood, it might also indicate changes in its chemical structure. Spectroscopy
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allows even more detailed investigation of chemical composition by revealing molecular
structure of wood and functional groups of its constituents [35]. Specific utilization of
spectroscopy for the assessment and monitoring of timber members has been proposed
by several researchers and an overview was previously presented by the authors [36].
Two-dimensional correlation spectroscopy (2D-COS) used for the analysis of spectral data
allowed the identification of small and weak peaks that are masked in one-dimensional
spectrum by highlighting spectral changes caused by external disturbances (exposure time).
The method was previously used for the evaluation of the degradation stage of wood [37],
evaluation of heat-treated wood [38] or wood species discrimination [39].

The goal of this research was to investigate the feasibility of the novel approach for
accelerated natural weathering of wood. An extent of the microstructure degradation
and other alterations on the molecular, microscopic, and macroscopic levels recorded in
ultra-thin wood samples were confronted with thick references. As a result, an acceleration
factor relating weathering kinetics of ultra-thin samples with references was estimated. An
additional objective was to develop a novel testing protocol resulting in at least compa-
rable or even more detailed characterization with simplified sample preparation, but still
assuring significant shortening of the natural weathering procedure.

2. Materials and Methods

2.1. Experimental Samples

Experimental samples were prepared from Norway spruce wood (Picea abies L. Karst.)
originated from Italian Dolomite mountains (Trentino Region, Italy). A single log 0.5 m
long, extracted from the bottom part of the trunk was spitted to assure radial surface open-
ing. A board 30 mm × 50 mm × 500 mm (radial × tangential × longitudinal directions
respectively) was cut out from the sapwood assuring defect free and uniform yearly ring
structure. The average yearly ring width was 1.9 mm and latewood width 0.8 mm. No
drying process was used to minimize wood properties alteration due to elevated tempera-
ture. Wet board was finally processed on the slicing planner (Super MECA-S, Marunaka
Tekkonsho Inc., Shizuoka, Japan) to prepare ultra-thin experimental samples. This method
allowed the preparation of a high number of defect-free specimens from a limited source
of material, minimizing natural heterogeneity of biological material. Moreover, samples
prepared in this way might be immediately characterized after weathering (e.g., direct SEM
observation or spectroscopic measurement in transmission mode) without supplementary
interference (e.g., microtome sectioning), which might affect their original state [40]. The
thickness of samples was ~100 μm and the efficient surface exposed to weathering was
30 mm × 30 mm (width × length).

An additional set of reference (thick) samples was prepared from the same log as
ultra-thin samples to assure minimal variance of the tested wood properties. Twelve
wooden blocks of dimensions 30 mm × 10 mm × 50 mm were extracted and used for
natural weathering.

2.2. Weathering Test

Sets of both ultra-thin and thick samples (Figure 1b) were placed for natural exposure
at 45◦ to the horizon, facing four cardinal directions: north, west, east and south in
San Michele, Italy (46◦11’15” N, 11◦08’00” E, 206 m above sea level). The sample stand
(Figure 1a) was installed on the roof of the building assuring no shadowing of surrounding
structures and vegetation. The test was carried out from July 2014 to June 2015. Ultra-thin
samples were collected before exposition (0) and after 1, 2, 4, 7, 9, 11, 14, 17, 21, 24 and
28 days of natural weathering. Thick samples were collected once per month for a duration
of one year. The weather data observed during the test are summarized in Table 1. In
addition, the early climate data for exposure location are provided in Table 2. Experimental
samples together with non-weathered references were conditioned after collection in the
dark climatic chamber (20 ◦C, 60% Relative Humidity (RH)) to the equilibrium moisture
content of ~12%.
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(a) (b) 

Figure 1. Experimental stand (a) and set of ultra-thin and thick wood samples (b) exposed to natural weathering in San
Michele All’Adige (Italy).

Table 1. Weather data acquired during weathering progress of ultra-thin samples.

Day of Exposure 0 1 2 4 7 9 11 14 17 21 24 28

Mean temp (◦C) – 18 20 22 17 18 20 22 24 20 21 19
∑ radiation (MJ/m2) – 30 60 105 162 202 251 324 407 469 527 581

∑ insolation (h) – 14 26 46 70 90 108 139 173 202 229 255
total rain (mm) – 11 0 2 43 0 2 0 0 0 0 13

RH (%) – 84 59 73 93 68 68 68 60 80 70 89
mean wind speed

(m/s) – 0.8 1.9 0.5 0.5 0.9 1.2 0.9 1.0 0.1 0.8 0.5

Table 2. Weather data acquired during weathering progress of reference (thick) samples.

Month July August September October November December January February March April May June

Mean temp (◦C) 19 17 10 6 4 1 −4 −2 0 6 8 13
RH (%) 68 69 77 83 71 76 84 84 79 76 76 78

Wind speed (m/s) 0.6 0.5 0.4 0.3 1.0 1.0 0.9 0.4 0.4 0.7 0.3 0.6
Wind direction (◦) 199 165 159 62 333 338 317 337 1 187 168 185
∑ rainfall (kg/m2) 99 176 147 192 4 2 26 61 21 115 237 312

∑ snowfall (kg/m2) 0 1 8 24 11 1 25 102 81 29 16 8
∑ irradiation (kWh/m2) 195 175 126 87 68 54 55 70 134 157 179 171

2.3. Macroscopic Observation: Colour Measurement

Sample colour was measured by using ultraviolet-visible-near infrared (UV–VIS–NIR)
spectrometer Maya2000pro, produced by Ocean Optics (Largo, FL, USA). Equipment calibra-
tion was carried out using white and black standards provided by the manufacturer. Changes
in colour were also assessed by a colorimeter following the CIE L*a*b* system where colour is
expressed as three coordinates: L* (lightness), a* (red-green tone) and b* (yellow-blue tone).
CIE L*a*b* colours were measured using MicroFlash 200D spectrophotometer (DataColor Int,
Lawrenceville, NJ, USA). The selected illuminant was D65 and viewer angle was 10◦. All
specimens were measured on three different spots over the weathered surface. Digital images
of sample surfaces were also captured on an G2710 (Hewlett-Packard, Palo Alto, CA, USA)
office scanner, in parallel to the colour measurements.

2.4. Microscopic Observation: Scanning Electron Microscopy

Small pieces of investigated samples were cut out and glued with carbon tape sticker
to the sample holder. The samples were placed in SC7620 (Quorum Technologies, Laughton,
UK) Mini Sputter Coater/Glow Discharge System device and then plasma coated for 90 s
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with 10 nm gold/palladium (Au/Pd) layer. Prepared samples were investigated by using
TM 3030 (Hitachi, Tokyo, Japan) Scanning Electron Microscope (SEM). An acceleration
voltage of 15 kV was used for imaging of samples. Images were acquired with a dedicated
software provided by the equipment producer.

2.5. Molecular Observation: Fourier Transform–Infra Red Measurement

All experimental samples were measured with an Alpha Fourier transform infrared
(FT-IR) spectrometer produced by Bruker Optics GmbH (Ettlingen, Germany) equipped
with universal sampling module allowing measurement in transmission. The spectral range
measured was between 4000 and 600 cm−1. The spectral resolution of the spectropho-
tometer was 4 cm−1; each spectrum has been computed as an average of 32 successive
measurements in order to minimize the measurement error. Three measurements were
performed on each sample. Opus 6.5 (Bruker, Ettlingen, Germany), PLS_Toolbox (Eigen-
vector Inc, Manson, IA, USA), available as an extension of the Matlab package (Mathworks
Inc, Natick, MA, USA) and LabView 2019 (National Instruments Inc, Austin, TX, USA)
software packages were used for spectral pre-processing and data mining. IR spectra
before interpretation were corrected by extended multiplicative scatter correction (EMSC).
EMSC was applied to minimize an effect of nonuniform optical density for measured wood
specimens and related differences in the measured amplitude and baseline deviation [41].
Three replicate measurements on each sample were averaged and the resulting spectrum
was baseline-corrected. A lot of research efforts have been directed toward systematizing
the infrared peaks interpretations that resulted in several scientific publications [42–47].
These papers were an inspiration to review the available know-how and adopt it for the
specific needs of this research (wood weathering). The complete list of peaks observed in
investigated experimental specimens is summarized in Table 3.

Table 3. Band assignment for FT-IR transmittance spectra of Norway spruce [42–47].

Number Peak Position Band Assignment

1 985 CO valence vibrations
2 1024 CO stretching in cellulose and non-cellulose polysaccharides
3 1060 C–O + C–C stretch of cellulose
4 1110 Aromatic skeletal; C–C stretch
5 1160 CO stretching in ester groups in lignin
6 1201 untreated cellulose (ρ OH; δ CH)
7 1226 syringil ring; C–O stretching lignin and xylan
8 1265 guaiacyl ring vibrations and CO stretching lignin
9 1315 C–H vibration in cellulose; C–O in syringil derivatives
10 1334 vibration in CH and stretching in CO related to syringil ring
11 1370 CH bending in cellulose and non-cellulosic polysaccharides
12 1425 vibration of aromatic structures in lignin
13 1452 aromatic skeletal vibrations of lignin and CH2 vibration in cellulose
14 1508 aromatic skeletal vibrations of lignin and C=O stretching
15 1598 aromatic skeletal vibrations of lignin and C=O stretching
16 1652 stretching vibrations of conjugated C=O
17 1732 C=O–OH stretching in glucuronic acid in xylan
18 2902 symmetric CH2 valence vibrations
19 2940 asymmetric stretching vibrations of CH related to methyl and methylene in lignin, cellulose and hemicellulose
20 3149 –OH stretching in cellulose
21 3280 C–H stretching in methyl and methylene groups
22 3375 –O(3)H O(5) intramolecular hydrogen bonds in cellulose
23 3496 moderately H-bonded water
24 3565 valence vibration of H bonded OH groups
25 3602 weakly H-bonded water

Standard spectra interpretation was aided by two-dimensional spectra correlation
(2DCOS), which permits direct deconvolution and determination of correlations between
bands in the spectra; 2D-IR spectroscopy allows new information to be obtained, which
cannot be acquired by using conventional IR and its derivative spectra. The algorithm
proposed by Noda [48] was implemented for the needs of this research. All spectra were
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interpolated before analysis in order to compensate uneven exposure time, considered here
as the 2DCOS disturbance factor.

3. Results

3.1. Macroscopic Level

The appearance of investigated samples after natural weathering in diverse exposure
times is presented in Figure 2. The changes in colour are observed in parallel with samples
disintegration evident from day 17. Samples become yellowish with the progress of
degradation. It is noticed that weathering caused removal of wood fibers, presence of
cracks and increase in brittleness of samples.

Figure 2. Appearance changes of ultra-thin (a) and reference thick (b) wood samples exposed to
natural weathering in San Michele All’Adige (Italy). Note: arrow indicate weathering-induced
damages to wood cells.

Visible range reflectance spectra of the test samples in this study shows that spruce tends
to darken with weathering time, as shown by a decrease of the reflectance value (Figure 3).
The reflectance value dropped after one day of exposure. Further changes, as observed
after day 7 until the end of the experiment, were more consistent and resulted in a nearly
constant VIS spectrum after three weeks of weathering. Analogous results were obtained by
measurement of colour with colorimeter. The CIE L*a*b* colour coordinates system is widely
used to represent colours in three-dimensional space. According to the CIE Lab definition, L*
represents lightness (varying from 100-white, to 0-black). Similarly, a* and b* are chromaticity
coordinates, where +a*/−a* corresponds to red/green, and +b*/−b* to yellow/blue tonality.
A decrease of L* was observed for all exposure directions (Figure 4). The value of a* increased
in the first days of exposure and from day 4 seems to be stable. The noticeable increase in b*

147



Coatings 2021, 11, 126

value, visible as yellowing of wood, is also observed for all exposure directions; however, it is
followed by b* values drop after one week of exposure.

Figure 3. Reflectance VIS spectra of the wood exposed to natural weathering.

Figure 4. Change of CIE L*a*b* colour coordinates in ultra-thin wood samples exposed to natural weathering.

3.2. Cellular Level

The first sign of deterioration visible on the SEM images was openings of bordered pits
membranes (torus) in radial walls of earlywood tracheids (Figure 5a). In the successive step,
the membrane covering the piths was broken (Figure 5b) and presence of small diagonally
oriented micro-checks was observed (Figure 5c). With the progress of degradation, an
enlargement of the pith crack was noticed as a result of contraction of the cell wall caused
by moisture variation (Figure 5d).
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Figure 5. SEM images of earlywood exposed to the south for 2 days (a), 7 days (b), 9 days (c) and
21 days (d). Note: arrow indicate weathering-induced damages to wood cells.

Evidence of fungal infection (not visible by naked eye) was found after 17 days of
natural exposure, indicating that the growth of microorganisms begins by deposit of their
spores into the micro-cracks. Evaluation of the earlywood zones of samples exposed
to four directions after 9 days proved that the degradation kinetics vary according to
exposure direction. The experimental samples images at the final stage (day 28) are shown
in Figure 6, which presents SEM images of latewood zone. Cracks propagate through
the cell wall along the progress of decomposition. Pits are completely eroded, and the
degradation products are continuously removed with rain. However, the northern samples
seem to be relatively less affected by the weathering process (Figure 6c). The time-related
progress of morphological changes of the investigated samples is systematically presented
in Figure 7.

Figure 6. Cont.
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Figure 6. SEM images of latewood exposed to different exposure sites: south (a), west (b), north (c)
and east (d). Note: arrows indicate weathering-induced damage to wood cells.

 

Figure 7. Microscopic observation for samples exposed to natural weathering for the south direction.

3.3. Molecular Level

FT-IR spectra measured in transmission mode on samples at various stages of degra-
dation clearly show the progress of changes related to functional groups of wood polymers
(Figure 8). The band assignment (Table 1) allowed the identification of 25 peaks that might
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be observed and interpreted. The most evident are changes in spectra intensity of bands #7,
#8, #14 assigned to aromatic skeletal vibrations of lignin. In all the above-mentioned peaks,
the intensity diminishes with weathering progress, consequently, the peaks disappear,
indicating decomposition of corresponding chemical component (or functional group). The
region 3900–2700 cm−1 reflects essentially the amounts and structure of hydroxyl groups
in various types of hydrogen bonding of wood components [44]. Even if bands assigned to
hydroxyl groups in IR spectrum are better resolved after deconvolution, changes noticed in
#24 and #25 reflect reduction in hygroscopic properties of wood exposed to the weathering
process [43].

 
Figure 8. Changes to FT-IR transmittance spectra of Norway spruce wood due to southern exposure to natural weathering.

Peak #14, assigned to aromatic skeletal vibrations of lignin and C=O stretching, was
selected to illustrate changes of its intensity due to weathering progress in different cardinal
directions (Figure 9). In general, similar progress of intensity changes can be observed;
however, the deviations are slightly less intense in the case of samples exposure to north
compared with other directions. It is especially evident in the last week of exposure, where
intensity of degradation is apparently lower than in the other three cardinal directions.
For southern exposure, the highest changes are observed at the initial stage (up to first
two weeks), followed by less intense variation in the second part of the experiment. East-
ern exposure seems to follow the southern; however, after 14 days, the intensity is less
pronounced. Western exposure is less affected up to three weeks. After that period, both
(western and eastern) exposures reach the same degradation level as south.

 
Figure 9. Changes to FT-IR lignin peak (1508 cm−1) along the natural weathering test duration in
samples exposed to diverse cardinal directions.

Two-dimensional correlation spectroscopy (2D-COS) was developed by Noda and
involved a series of spectra being recorded from one or more samples during or following
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perturbation [48]. The resulting spectral data matrix allowed identification of compositional
differences within and between samples. Changes in data are visualized in 2D spectral
maps. Correlations between measured variables is included in the synchronous matrix.
The asynchronous matrix represents sequential variations occurring in the data. The peaks
might be located on the diagonal or off the diagonal space. Peaks located on the diagonal
(autopeaks) show regions of the spectrum that are changing with respect to the average
spectrum of the series. Peaks off the diagonal (cross peaks) show the correlation intensity
(positive or negative) of different bands [48].

Figure 10 presents homospectral correlation, where two identical assemblies of data
(spectra) are used. The synchronous 2D IR correlation spectrum shows strong positive
autopeak at #14. The magnitude of autopeak corresponds to the overall extent of spectral
intensity variation observed for specific wavenumber. Presence of other regions assigned
to functional groups in lignin (#12, #13 and #15) indicated changes in intensity during
weathering progress, meaning that they are susceptible to external perturbation. In fact,
the changes in intensity of peak #14 as observed on Figure 8 are very evident. Positive
peaks are highlighted by red colour, in contrast to negative peaks marked in violet. The
positive peak on the synchronous spectrum indicates that spectral bands corresponding to
coordinates of that peak change continuously in the way that direction of changes (increase
or decrease) is identical for both wavelengths. Conversely, the negative peak appears
when one wavelength increases, while the second wavelength decreases. The sign of
asynchronous spectrum allows identification the sequence of changes occurring at both
confronted wavelengths [49]. Crosspeak at coordinates 17–14 represent negative intensity.
It indicates that changes of the intensity of both bands are substantially different (aromatic
skeletal vibrations of lignin and C=O stretching versus C=O–OH stretching in glucuronic
acid in xylan).

 

Figure 10. 2D spectral correlation of the FT-IR spectra of Norway spruce wood exposed to south
direction in San Michele All’Adige (Italy): (a) synchronous spectrum; (b) asynchronous spectrum

4. Discussion

According to Raczkowski [9], changes in wood structure, caused by natural weath-
ering and expressed by the reduction in tensile strength, are more intensive during the
summer months in comparison with autumn and winter; therefore, our tests were carried
out in July. During the weathering experiment, the mean temperature oscillated around
20 ◦C, while relative humidity was slightly above 70%. Table 1 contains meteorological
data captured during sample exposure. Three major rain events and an additional two
days with small (2 mm) precipitation were observed. The total hours of insolation were 255,
accounting for 581 MJ/m2. The test duration was limited to 28 days; however, according
to Evans [50], the weathering conditions in 45◦ south exposure are accelerated relative
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to vertically installed elements. The configuration of experimental samples (~100 μm
thickness of strips) allowed their non-destructive and direct analysis with several methods,
such as IR spectroscopy in transmission mode or SEM observation without microtome
sectioning. Changes in surface texture, colour and chemical composition being an overall
result of exposure to various environmental conditions such as moisture, heat and solar
radiation were assessed at different levels providing a wide range information regarding
degradation process.

The relatively short exposure time affected appearance of investigated wood. Yel-
lowing of the wood is caused by the formation of chromophoric groups of secondary
origin [51,52]. When the chromophoric groups leach from the wood, the wood colour
changes further, eventually converting to grey shades. Due to limitation of experiment to
one month, this phenomenon was not observed within this research. Analogous results
regarding colour changes of wood due to weathering was reported previously by authors
while performing artificial weathering test according to EN 927-6 [53]. The changes in
colour were already evident after 28 h of artificial weathering. Specific shape of curves
representing colour coordinates (CIE b* measured for all cardinal direction and CIE a* mea-
sured for north) disqualify their use for modelling general trends in the appearance change
(Figure 4). In fact, wood might have similar colour values after receiving different weather-
ing doses (e.g., CIE b* of samples exposed for one and four weeks). The pattern of initial
increase of CIE b*, followed by its decrease, was also reported by other authors [51,54,55].
It was explained by lignin degradation and photooxidation of –CH2 and –CH(OH) groups,
with the formation of secondary chromophoric structures (quinones).

Microscopic methods provide detailed information about surface morphology. Scan-
ning electron microscopy is considered a valuable tool for the examination of the morpho-
logical characteristics of degraded wood at the level of cell wall, evaluating their damage
and detecting eventual presence of decay [25]. As stated by Turkulin [56], observation
of the effects caused by photo degradation may provide information about structural
integrity of wood surface and help understanding the weathering process. The process
of thin wood section destruction due to natural weathering was previously investigated
by Raczkowski [9]. He stated that the degradation penetrates relatively deep and ob-
served that the decrease of mechanical strength properties is very significant. According to
Turkulin et al. [31], a weathered wood surface shows damage to several anatomical ele-
ments: development of cracks of bordered pits, presence of cracks and loss of membranes
of the ray pits, and expansion of cracks that can be seen on the lumen surfaces, originating
at single pits (Figure 5). Thinning of the cell walls is due to breakdown of lignin in the S2
layer of the cell wall [56]. Progress of weathering (UV degradation, leaching effect of water
and mechanical damages caused by wind blow) leads to extensive destruction of the pit
membrane and further crack propagation (Figure 5d). Pit openings are then enlarged and,
in consequence, the whole pit erodes away. According to Sandberg [57], the orientation
of these cracks suggests that these follow the fibril orientation in the S2-layer of the cell
wall. Pandley and Pitman [58] reported that specific ridges on the S3 wall layer, wall
checking, pit degradation and middle lamella breakdown are typical microscopic features
characteristic for natural wood exposed to weathering.

Fungal infestation of investigated samples was noticed after the third week of expo-
sure. Turkulin [56] observed first spores after only 4 days of exposure; however, more
intense fungal growth was noticed by him after 41 days. In general, fungal development
is constrained on the surfaces exposed to high sun radiation; therefore, intense UV ab-
sorbance slows down speed of colonization by fungi. However, summer 2014 was rainy
and relatively cooler than usual. Consequently, it promoted growth of the fungi, even on
samples with southern exposure. Owen et al. [59] observed that degradation caused by the
combined weathering stimuli, including both UV light and precipitation, is considerably
more intensive and rapid than exposure to each parameter separately. UV radiation leads
to lignin decomposition (photolysis) and, in consequence, to delamination of surface fibres.
In particular, the chromophoric groups of lignin are strong UV absorbers and responsible
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for yellowing of the surface [51]. The other apparent result of the intensive delignification
process is brittleness of the samples. Degradation of lignin was also observed while analyz-
ing IR spectra. The most pronounced reduction of intensity was evident for band #14 and
is related to degradation of lignin caused by UV radiation. Similar statements were derived
by other researchers [51,60], who observed a decrease of peaks assigned to the lignin along
the irradiation time in laboratory experiments. Lignin and extractives are considered as
absorbers of UV radiation; therefore, these components suffer major degradation. When
the sample system is under an external perturbation, various chemical constituents of the
system are selectively excited, and the degrees and orders of the excitations are differ-
ent [61]. In our case, weathering progress being external perturbation in the system affects
molecular structure of investigated material. 2DCOS reveals characteristic behaviours of
individual molecular constituents, in particular lignin susceptible to weathering process.
Since the intensity of peaks on the autocorrelation spectrum is directly proportional to
the relative importance of the intensity change in the original spectra, it can be stated that
aromatic skeletal vibrations of lignin are the most vulnerable functional groups.

The observation of weathering process on three different scales, macroscopic, micro-
scopic and molecular, allowed comparison of mechanisms occurring on various levels. It
was assumed that the southern location might cause slightly more degradation of wooden
surfaces, even in a relatively short time. It was related to longer exposure of UV radiation
and, in consequence, more rapid changes of surface moisture. Northern location seems to
be less susceptible to degradation, especially at the beginning of weathering. It corresponds
to changes of integrated cumulative solar radiation (SR) calculated according to the method
proposed by Grossman [62]. It can be clearly seen that the value of cumulative SR of
southern exposure is double than northern (80 and 40 kW·m−2, respectively) [63]. This
phenomenon might explain variation in weathering intensity between exposure sites.

The use of ultra-thin wood samples for investigation of material resistance to natural
weathering as reported here reveals that mechanism of degradation as well as sequence of
material deterioration follows directly state-of-the-art understanding of wood weathering
processes. Investigation of the effect of natural weathering on the microstructure of radiata
pine by means of SEM shows analogous deterioration sequence. Degradation of the pit
membranes was followed by the gradual enlargement of the pit aperture to the approximate
limit of the pit chamber, development of microchecks in the pit borders and to ultimate
destruction of pit borders in earlywood tracheids in about 6 months [64].

The particular sample geometry (ultra-thin thickness) determined elevated kinetics of
such changes and shortened response time of the material for the weather dose. Analogous
approach was proposed by Wang et al. for other types of materials [65]. Their study was
related to the thickness-dependent accelerated ageing method that leaded to the more
severe ageing degree of the thinner specimens. The phenomenon was explained by the
ratio of aged area to the total area. It was reported that in the thinner specimens the ratio
was larger than in the thicker specimens. It is always a challenge to determine a specific
quantifier of the weathering acceleration factor (AF). Jelle proposed calculation of AF by
comparing natural and artificial weathering [66]. He assumed that the higher UV intensity
(W/m2) and total energy (kWh/m2) in the weathering apparatus is proportional to the
aging process. However, the natural weathering process is more complex, as includes
several other than UV irradiation factors influencing the degradation rate [67]. This might
be a reason to the wide array of reported AF values, ranging between 5 to 250, while
comparing the laboratory results with outdoor tests in natural climate.

For the needs of this research a direct comparison approach was implemented by
confronting above presented results with corresponding characterizations for thick wood
samples (10 mm thickness) made of the same wood piece. A set of such thick samples was
exposed during the natural weathering test in vicinity of thin samples. In that case, weath-
ered samples were collected from the stand for duration of one year, one sample each lunar
month. “Thick” samples were assessed with same analytical techniques as ultra-thin strips,
by applying necessary amendments (such as Attenuated Total Reflectance (ATR) instead of
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transmission mode of infrared spectrometer, or reflectance instead of transflectance when
measuring colour spectrum). The trends of material changes can be then directly compared
between thin and thick wood samples to understand the weathering process acceleration.
Assuming that the sole difference between both sample types is kinetics of deterioration, it
become possible to identify an acceleration factor. This factor was determined empirically
by adjusting the time scale for diverse deterioration kinetics curves measured on ultra-thin
and thick samples to assure an overlap of both trends. An example of such analysis is
presented in Figure 11 where acceleration factor of ×3 was applied for the CIE L and CIE a
colour curves in combination with the lignin deterioration trends at peak #14 (1507 cm−1).
The numerical factor (determined through visual observations) can be therefore used to
quantify the time relation between both confronted natural weathering configurations. It
is clear that such an approach introduces certain over-simplification as nature of scanned
parameters is different, as well as the weather dose distribution is very different during
periods of one month (thin samples) and one year (thick samples). In any case, it provides
a scientific basis for a statement that the use of ultra-thin samples for natural weathering
may lead to shorten the test duration still preserving the complex physical and chemical
mechanism of the material, particularly surface, deterioration when exposed to natural
weather conditions.

 
Figure 11. Confrontation of (a) CIE L, (b) CIE a and (c) lignin peak #14 of IR spectrum deterioration kinetics curves for
experimental data acquired from thin and thick wood samples exposed to natural weathering, assuming acceleration factor
AF = 3.

An important limitation of using ultra-thin samples for natural weathering testing is a
fact of losing a complex interaction of different layers within material bulk. It implicates
a dramatic change to the diffusion of moisture and heat within bulk material. However,
in the context of the wood weathering it is clear that the most relevant changes occur
in the subsurface of the material. The majority of extensive chemical–physical reactions
(photolysis, hydrolysis, etc.), deposition of biological and abiotic agents, as well as moisture
induced deformations take place on the surface of sample and progress into bulk interior
only after erosion of the external layers. The electromagnetic radiation in the range of
photodegrading UV light penetrates wood to the extent of 50–100 μm, that corresponds
to the thickness of samples used in this research. Other important missing aspect in the
proposed “accelerated natural weathering” approach is a fact that an ultra-thin sample
is missing the mechanical support of the bulk. The support constrains moisture-induced
deformations and serves as a physical barrier (or buffer) slowing down the moisture and
heat transfer. It affects also the number and extend of microcracks formation. Despite
the above limitations, using ultra-thin wood samples is a correct approach for assuring
replication of the real mechanisms of the weathering occurring in “thick samples”. That
cannot be assured in alternative up-to-date artificial weathering methods.
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5. Conclusions

Understanding the mechanisms of weathering and the role of altering factors is
fundamental to assess the actual conditions of timber structures. It is also essential for future
performance, and, possibly, to ensure long-term preservation and maintenance. Even if it
is impossible to fully integrate results obtained by assessment of thin wood samples with
standard wooden samples, the presented approach allowed rapid and reliable assessment
of the complex chemical and structural changes occurring within the surface layers.

With the progress of degradation, samples become yellowish. Weathering also caused
removal of wood fibers, presence of cracks and, an increase in brittleness of samples.
Spectroscopic analysis provided information regarding susceptibility of functional groups
to natural weathering. Gradual changes in absorbance intensity of CH deformation of
aromatic skeletal vibration of lignin confirmed the vulnerability of this component to
photodegradation. Scanning electron microscopy (SEM) was used here for examination
of the morphological characteristics of naturally weathered thin wooden samples. The
structural degradation was initiated from openings of bordered pits membranes in radial
walls of earlywood tracheids. In the following steps, the membrane covering the piths was
broken and diagonally oriented micro-checks were observed. The progress of weathering
led to entire destruction of the pit membrane and whole pit erosion.

It was confirmed that earlywood was more susceptible to damage than latewood,
which was explained by the fact that cells in earlywood have thinner and weaker walls and,
in consequence, lower density. It was also observed that western and northern exposure
sites are slightly less affected by weathering. First signs of fungal infestation, not visible by
naked eye, were observed in the third week of natural weathering.

Even if the weathering test was conducted for a relatively short time (28 days), the
progress of ultra-thin wood sample alteration was similar as usually noticed for thick
wood surfaces. However, such an extent of changes occurred at shorter exposure times.
The estimated acceleration factor was ×3. The research methodology presented here can
be directly used for determining the weather dose-response models essential to predict
the future service life performance of timber elements. It may also serve as a screening
technique for a rapid estimate of the material’s resistance to deterioration. In that case,
all the natural weathering factors are fully considered, in contrast to artificial weathering
procedures limiting the real exposure conditions.

Author Contributions: Conceptualization: A.S., J.S., M.N., and A.D.; methodology: A.S., J.S., M.N.,
and A.D.; software: J.S.; validation: A.S., J.S., and M.N.; formal analysis: A.S.; investigation: A.S., J.S.,
M.N., and A.D.; resources: A.S. and J.S.; data curation: J.S. and A.S.; visualization: J.S.; supervision:
J.S. and A.S.; project administration: A.S.; funding acquisition: A.S., J.S., M.N., and A.D. All authors
have read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge the European Commission for funding the InnoRenew
project (Grant agreement #739574 under the Horizon2020 Widespread-Teaming program) and the
Republic of Slovenia (investment funding of the Republic of Slovenia and the European Union
European Regional Development Fund) and infrastructural ARRS program IO-0035. Part of this
work was conducted during project Archi-BIO (BI/US-20-054) funded by ARRS and CLICK DESIGN
“Delivering fingertip knowledge to enable service life performance specification of wood”–(No.
773324) supported under the umbrella of ERA-NET Cofund ForestValue by the Ministry of Education,
Science and Sport of the Republic of Slovenia. ForestValue has received funding from the European
Union’s Horizon 2020 research and innovation programme.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The experimental samples were prepared and weathered during Round Robin
test of COST FP1006. The support of COST FP1303 for funding Short Term Scientific Mission of Anna

156



Coatings 2021, 11, 126

Sandak is highly acknowledged. Authors would also like to thank Thomas Volkmer for inspiring
discussion.

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

References
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60. Timar, M.C.; Varodi, A.M.; Gurǎu, L. Comparative study of photodegradation of six wood species after short-time UV exposure.

Wood Sci. Technol. 2016, 50, 135–163.
61. Noda, I. Advances in two-dimensional correlation spectroscopy (2DCOS). In Frontiers and Advances in Molecular Spectroscopy,

1st ed.; Laane, J., Ed.; Elsevier Science Publishing Co Inc.: Cambridge, MA, USA, 2017; pp. 47–75.
62. Grossman, D.M. Errors caused by using Joules to time laboratory and outdoor exposure tests. In Accelerated and Outdoor Durability

Testing of Organic Materials; Grossman, D., Ketola, W., Eds.; ASTM International: West Conshohocken, PA, USA, 1994; pp. 68–87.

158



Coatings 2021, 11, 126

63. Burud, I.; Sandak, A.; Sandak, J.; Flö, A.; Thiis, T.; Gobakken, R.L.; Smeland, K.A.; Kvaal, K. Weather degradation of thin wood
samples assessed with NIR hypersepctral imaging in transmission mode. In Proceedings of the 17th International Conference on
Near Infrared Spectroscopy, Foz do Iguassu, Brazil, 18–23 October 2015; pp. 23–25.

64. Groves, K.W.; Banana, A.Y. Weathering characteristics of Australian grown radiata pine. J. Inst. Wood Sci. 1986, 10, 210–213.
65. Wang, Y.; Zhu, W.; Zhang, X.; Cai, G.; Wan, B. Influence of thickness on water absorption and tensile strength of BFRP Laminates

in water or alkaline solution and a thickness-dependent accelerated ageing method for BFRP laminates. Appl. Sci. 2020, 10, 3618.
[CrossRef]

66. Jelle, B.P. Accelerated climate ageing of building materials, components and structures in the laboratory. J. Mater. Sci. 2012, 47,
6475–6496.

67. Jankowska, A.; Rybak, K.; Nowacka, M.; Boruszewski, P. Insight of weathering processes based on monitoring surface character-
istic of tropical wood species. Coatings 2020, 10, 877. [CrossRef]

159





coatings

Article

Characterization of Arctic Driftwood as Naturally Modified
Material. Part 1: Machinability

Daniel Chuchala 1,*, Anna Sandak 2,3, Kazimierz A. Orlowski 1, Jakub Sandak 2,4, Olafur Eggertsson 5

and Michal Landowski 1

��������	
�������

Citation: Chuchala, D.; Sandak, A.;

Orlowski, K.A.; Sandak, J.;

Eggertsson, O.; Landowski, M.

Characterization of Arctic Driftwood

as Naturally Modified Material. Part

1: Machinability. Coatings 2021, 11,

278. https://doi.org/10.3390/

coatings11030278

Academic Editor: Mariaenrica Frigione

Received: 2 February 2021

Accepted: 22 February 2021

Published: 26 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

1 Faculty of Mechanical Engineering and Ship Technology, Gdańsk University of Technology,
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Abstract: Arctic driftwood has reached the coast of Iceland for centuries. This material was used
by the inhabitants of the island as a building material for houses, boats, churches and pasture
fences. Nowadays, the driftwood is used in the furniture industry, for the finishing of internal
and external walls of buildings and also by artists. The properties of driftwood differ to that of
original resource due the long-term effects of exposure to Arctic Sea water and ice. This process
can be considered as a natural modification, even if its effect on various wood properties and the
potential use of driftwood are not yet fully understand. This research is focused on the comparison
of cutting forces measured for Siberian larch (Larix sibirica L.) from Siberia provenance and driftwood
found on the coast of Iceland. The cutting forces were determined directly from the cutting power
signal that was recorded during the frame sawing process. A new procedure for compensation
of the late/early wood ratio variation within annual rings is proposed to homogenize mechanical
properties of wood. It allows a direct comparison of machinability for both types of larch wood
investigated (driftwood and natural). Noticeable differences of normalized cutting force values were
noticed for both wood types, which were statistically significant for two set values of feed per tooth.
These results provide a new understanding of the effect of the drifting process in the Arctic Sea
(natural modification) on mechanical and physical properties of wood. Such a natural modification
may influence transformation processes of driftwood as well as performance of the coating systems
applied on its surface.

Keywords: Arctic driftwood; natural modification; cutting forces; larch wood; sawing process

1. Introduction

Arctic driftwood has reached the coast of Iceland for centuries. In the early Middle
Ages, 40% of the island area was covered by birch forests [1]. However, the low durability
of birch combined with weak mechanical properties and small sizes of trees limited its use
in construction. For that reason, driftwood was the main resource used by locals to build
houses, boats, churches or bridges [1–4]. The majority of wood types reaching the coast
of Iceland are softwood species, especially pine (Pinus sp.), spruce (Picea sp.) and larch
(Larix sp.) [5]. These species possess weaker mechanical properties than birch wood from
inland Europe [6,7] but are still widely used for construction elsewhere. Historical sources
reveal that driftwood was an appreciated building material due to its high suitability for
use as structural members as well as superior durability [1,3]. Eggertsson [5] discovered
that driftwood arrives to the coasts of Iceland with sea ice and surface currents from
the north. By applying the method of dendrochronology on the driftwood, the main
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origin was revealed to be mostly from the boreal forests of northern Europe and from
the Russian part of Asia (Figure 1a). Alternatively, some logs originate from Alaska and
Northern Canada [8]. Hellmann et al. [8–11] reported that in the majority of cases, pine,
spruce and larch logs were identified on the northern coast of Iceland. The same studies
revealed that larch wood found on the northern beaches in Iceland originates from Central
and Eastern Siberia. The majority of logs harvested in Siberian forests are transported
using rivers to ports located on the coast of the Arctic Sea [10]. Some of these logs are
not captured at the final location and cruise farther to the open seas. In addition, whole
trees felled due to natural forest processes are taken by rivers each year, especially during
intensive snow melting periods and ice breakup on rivers in spring. Similar events occur
in North American forests, supplying logs identified as a second major source of Arctic
driftwood [12].

Figure 1. The arctic driftwood on the Icelandic coasts: (a) general view of surface water currents around Iceland [5] and
sampling location (A) of the investigated driftwood log collection; (b) the Arctic driftwood on the North Icelandic coast
(photo by Chuchala).

Driftwood is defined here as remains of trees that flow into the ocean as a consequence
of river bank erosion and flooding, storms, winds or other natural occurrences as well as a
side effect of logging. These trees are carried by rivers and sea currents for distances of
hundreds or thousands of kilometers. Drifting logs can repeatedly be covered by Arctic
ice along the drift, which may result in a substantial extension of the exposure time to
sea water. Observations of the drifted wood have been used to analyze the dynamics of
Arctic Sea ice cover [13]. Dalaiden et al. [14] have created a model that predicts trails of
runoff wood from different locations. Arctic driftwood is exposed to sea water and Arctic
ice for a few months to several years before it reaches the coasts of Iceland, Greenland or
other drylands. It is estimated that the average distance the driftwood travels following
sea currents corresponds to 400–1000 km (250–620 miles) per year [15]. Therefore, it is
estimated that it takes at least 4 to 5 years for a log from Siberia to reach the coast of Iceland.
Such harsh conditions have a major impact on the properties of the wood. A study carried
out by Komorowicz et al. [16] showed differences in the physical and mechanical properties
of pine driftwood compared to the reference material. A reduced compressive strength
along the grain, lower calorific value and increased equilibrium moisture content were
observed for driftwood. Reported lower compressive strength along the fibers of Arctic
driftwood may be caused by the presence of fungi on the drifting logs, which develop
during the wood’s journey in the sea [17–20].
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Differences in thermal degradation of driftwood during combustion, gasification
and pyrolysis processes were also reported [21,22]. Endeavors [21–24] proposed using
driftwood as a low-cost thermal energy source and demonstrated that the calorific values
are slightly lower than those of natural wood. Furthermore, the same studies have shown
that driftwood, when compared to the reference wood species from land, contains much
larger amounts of chlorine, sodium, calcium and magnesium. More slags are generated
during the burning of driftwood, compared to reference wood directly delivered from the
forest [21–24].

Arctic driftwood is relatively well researched when considering silviculture, den-
drology and dendrochronology [5,8–11]. However, this material was not systematically
studied regarding its mechanical and physical properties. These are highly relevant when
considering its use in the modern sustainable construction sector and/or furniture industry.
For these particular sectors, the quality of the wood surface obtained after machining is
very important, as these surfaces are often covered with protective and decorative coat-
ings. Wood surface quality is affected by several wood–machine–tool interaction factors.
Especially, wood species, its density and moisture content, as well as cutting parameters
including feed speed, cutting speed, cutting depth, processing direction and cutting forces,
influence the resulting surface quality [25]. The roughness of the wood surface affects the
adhesion strength of coatings. The contact area for the mechanical interlocking between
coating and wood substrate increases following the roughness of the surface, which results
in an increase in adhesion [25,26]. The early/late wood ratio is another important factor
affecting the adhesion of coating. In the majority of wood species, early wood is more
porous than late wood. Consequently, the coating penetration depth within the early wood
zone is higher due to simplified impregnation of the finishing product into capillaries of the
wood [27]. Arctic driftwood is gaining popularity for use in architecture, furniture design
and art [28]. Archeological investigations in the territory of Iceland reveal that driftwood
was a very common and important construction resource several centuries ago [1–4]. It is
not proved, however, if its popularity was related to the superior performance of drifted
(naturally modified) wood or simply easy access to such resources.

The aim of this study was to investigate an effect of the long-term travel of larch wood
in the Arctic Sea on its machinability properties. For that reason, an experimental testing
was performed to measure cutting forces while sawing wood on a frame sawing machine
and then the measured values of the forces were subjected to double normalization (by
the wood density and by the ratio of late to early wood). The double normalization was
carried out in order to eliminate the effect of morphological differences of the tested wood
on the values of the cutting forces. The new knowledge regarding mechanical properties
may lead to optimization of the surface treatment methodologies adopted for driftwood as
well as proper selection of cutting process conditions used for generating quality products.

2. Materials and Methods

2.1. Material

Arctic driftwood was used for the preparation of experimental samples. The driftwood
was collected in Kópasker, the north coast of Iceland (latitude: 66.167418◦ N, longitude:
−16.647679◦ W) by a local farmer, who was the owner of that land (Figure 1a). Collected
logs were cut into boards, which were stored in outdoor conditions for a period of two
years (Figure 2a). A single, randomly selected board was used for the preparation of six
rectangular blocks (Figure 2b) of dimensions 50 × 50 × 600 mm3 (width (W) × height
(H) × length (L), respectively). This operation was performed in the carpentry workshop
Trésmiðja H Ben ehf in Akureyri (Iceland). All experimental samples after transportation
to Poland were conditioned in laboratory conditions for 12 months, assuring a constant air
temperature (Ta) of 20 ◦C and relative humidity (RH) of 65%.

163



Coatings 2021, 11, 278

Figure 2. The investigated driftwood: (a) driftwood boards stored in outdoor conditions on North Ice-
landic farm; (b) derived experimental samples (only “WOOD 1” samples were used for determination
of the driftwood fracture properties).

The biological species of experimental samples was verified as Siberian larch
(Larix sibirica L.) by microscopic observation on Leica DM2500 light microscope (Leica
Microsystems, Wetzlar, Germany) with magnification of 1000×. Ultrathin (10–20 μm)
samples of transverse, tangential and radial sections were cut-out by the microtome and
mounted on the microscope slide. The origin of drifted logs was estimated by combining
microscopic observations and literature references as Central or Eastern Siberia [5,8–11].
More detailed identification of the origin based on dendrological analysis was not possible
due to lack of access to the full radial section of log. Non-treated reference wood samples
were prepared from a log of Siberian larch imported by the sawmill Sylva Sp. z o. o.
from Wiele (Poland) from Eastern Siberia. A material matching (as much as possible) the
driftwood samples dimensions, annual ring orientation as well as late/early wood ratio
was prepared by the sawmill for comparative analysis. The reference wood samples were
not exposed to any treatment.

The wood density ρ, defined here as a ratio of the wood mass to its volume at the
air-dry state (moisture content MC = 12%), was measured separately on each block of both
driftwood and reference sample groups. All results are summarized in Table 1 together
with the average width of annual ring (WAR), the average width of late (LW) and early
(EW) wood in annual rings and ratio of late and early wood (L/E).

Table 1. Physical properties of examined wood samples (average values with standard deviations).

Sample Code Sample Name
ρ WAR LW EW L/E

kg m−3 mm mm mm –

DL Driftwood
Larch 554.7 ± 15.5 0.72 ± 0.23 0.15 ± 0.04 0.57 ± 0.20 0.28 ± 0.09

L Larch 694.9 ± 31.5 0.52 ± 0.09 0.15 ± 0.04 0.37 ± 0.07 0.41 ± 0.10

Legend: ρ—density of air-dry wood at MC = 12%; WAR—width of annual rings; LW—width of the late wood; EW—width of the early
wood; ratio E/L—ratio of the late to early wood.
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2.2. Machinability Tests Methodology

Sawing tests were performed on the PRW15M sash-gang saw with a hybrid dynami-
cally balanced driving system and elliptical teeth trajectory movement [29]. The concept of
the machine was developed at the Gdańsk University of Technology (Gdańsk, Poland) [29]
and a prototype manufactured by REMA S.A. (Reszel, Poland). Detailed technical parame-
ters of the sash-gang saw and saw blades used in experimental cutting tests are presented
in Table 2.

Table 2. Technical parameters of sash-gang saw and its saw blade used in the experimental cuttings.

Parameter Symbol Value Unit

Machine Parameters

number of strokes of saw frame per
min nF 685 spm

saw frame stroke HF 162 mm
number of saws in the gang m 5 –

average cutting speed vc 3.69 m·s−1

feed speed slow vf1 0.99 m·min−1

fast vf2 1.45 m·min−1

feed per tooth slow f z1 0.116 mm
fast f z2 0.171 mm

Tool Parameters

the sharp saw blades with stellite
tipped teeth – – –

overall set (kerf width) St 2 mm
saw blade thickness s 0.9 mm

free length of the saw blade L0 318 mm
blade width b 30 mm
tooth pitch tp 13 mm

tool side rake angle γf 9 ◦
tool side clearance αf 14 ◦

tension stresses of saws in the gang σN 300 MPa

The use of electric power (active and passive) during idling and working cycles
was continuously monitored with the power converter PP54 (LUMEL S.A., Zielona Góra,
Poland). The data was collected with the acquisition converter μDAQ USB30 A/D (Eagle
Technology, Zonnebloem, Cape Town, South Africa) and further processed to determine
energetic effects of cutting. The mean value of feed per tooth f z (mm) for a sash-gang saw
was calculated as in Equations (1) and (2) [30–32]:

fz =
1000 × v f × tp

nF × HF
(1)

v f =
L
tc

(2)

where: vf—feed speed (m·min−1), tp—tooth pitch (mm), L—length of the sample (m),
HF—saw frame stroke (mm), nF—number of strokes of saw frame per min (spm) and
tc—cutting time (min) necessary to process sample of the length L.

The average cutting power Pc (W) was calculated as the difference of the mean total
power PT and the average idle power Pi [28], as expressed in Equation (3):

Pc = PT − Pi (3)

The average idle power Pi (W) of the frame saw PRW15-M was determined each time
before beginning the proper cutting cycle. It allowed the minimization of the effect of
the varying temperature of the machine components (such as hydraulic oil, gear boxes,
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etc.) on the energetic effects corresponding directly to the cutting process. The average
cutting power in a working stroke Pcw (W) was calculated as in Equation (4), following the
proceeding works of authors [31,32]:

Pcw = 2 × Pc (4)

The corresponding cutting forces Fc (N) (as related to one tooth of the saw blade)
were calculated as a ratio of the obtained average cutting power in a working stroke Pcw at
the average cutting speed vc, and the average number of teeth in contact with the kerf za
(Equation (5)) [33].

za =
H
tp

(5)

2.3. Normalization and Statistical Analysis

The obtained cutting force values were subjected to a single normalization (by den-
sity), followed by a novel two-level normalization (by density and by the late to early
wood ratio). The normalization processes consisted of dividing values of derived cutting
forces by the density of machined wood, that was followed by addition division by the
corresponding late to early wood ratio assessed on the machined wood samples. The
two-level normalization was intended to compensate for the effect of the tested wood
morphology on the cutting forces.

The differences between the morphological parameters of the tested wood, as well as
differences between the obtained values of cutting forces, were statistically analyzed using
one-way and multi-factor analysis of variance (ANOVA).

3. Results and Discussion

The values of cutting forces per cutting tooth obtained from the experimental series
of sawing samples of larch wood, both drifting in the Arctic Sea and not subjected to any
modification and thermal treatment processes, are summarized in Figure 3. Two test point
groups for each type of sawn wood are presented in the chart. These groups correspond
to values of cutting forces obtained while sawing wood at two levels of feed speed vf.
The variation of feed speed is represented as a basic geometrical parameter of the cutting
process, i.e., uncut chip thickness h. Two values of uncut chip thicknesses h presented in
Figure 3 are h1 = 0.116 mm and h2 = 0.171 mm, which correspond to vf1 = 0.99 m·min−1 and
vf2 = 1.45 m·min−1. Linear regressions were created for each group of points representing
both types of wood. Relatively high values of determination coefficients r2 were noticed
as a result of regression with r2 = 0.98 for natural (reference) larch wood and r2 = 0.95 for
driftwood larch.

Figure 3. Relation between cutting forces per cutting tooth and uncut chip thickness when sawing
drifted larch wood and natural larch wood.
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Analyses of the results presented in Figure 3 allow the formulation of a statement
that differences in cutting force values of drift and natural woods are noticeable. However,
even if all the efforts were directed to assure homogenous and comparable experimental
materials representing drift and natural woods, the differences between the average density
(Table 1) may affect measured cutting forces [33]. Therefore, following protocols proposed
in previous studies [30–32,34], the cutting forces were normalized to eliminate the effect
of differences in the density of the tested wood samples on the values of these forces.
Results obtained after data normalization are presented in Figure 4. It becomes evident
that differences noted in the original cutting force values (Figure 3) are associated with
the density differences within tested wood samples. Cutting forces normalized by the
density are not noticeably different between driftwood and reference larch samples, even
if slopes of the regression curves vary. This indicates different fracture properties of both
types of wood, particularly shear yield strength [35,36]. It should be noticed, however, that
the density variation is not the lone source of variation within experimental samples. The
annual ring morphology, including its average width as well as the ratio of late and early
woods, is also varied (Table 1).

Figure 4. Relation between values normalized by density cutting forces per cutting tooth and uncut
chip thickness when sawing drifted larch wood and natural larch wood.

The wood morphological features, such as width of annual rings, have a significant
effect on the cutting resistance during the drilling process [37]. These observations were
evidenced for pine, beech and oak wood species, other than the Siberian larch investigated
here. Nevertheless, Koizumi et al. [38], Zhu et al. [39] and Luostarinen and Heräjärvi [40,41]
reported that the width of annual rings of the larch wood strongly affects its mechanical
properties. Likewise, the share of late wood within an annual ring has a substantial effect
on the density value among other wood properties. Mikkola and Korhonen [42] reported a
similar observation noticed for pine wood trees growing in cold weather climate zones.
Several studies [43–47] revealed that properties of Siberian larch may vary significantly
within diverse regions of Siberia. This was confirmed in the case of the experimental
samples researched in this study. Even if the late wood width was similar in both inves-
tigated Siberian larch samples, the average ring width varied noticeably. Consequently,
the late/early wood ratio L/E was different in the case of the studied drift and natural
woods (Table 1). The results of the ANOVA summarized in Table 3 confirmed the statistical
significance of differences within yearly ring anatomical structures.
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Table 3. Significance of differences between annual ring characteristics noticed for drifting and natural larch samples
(ANOVA, α = 0.05), where: DL—driftwood larch, L—natural larch.

Larch Wood (Larix siberica L.)

Sample Code Source DF Adj SS Adj MS F—Value P—Value F—Critical

Density, ρ (kg m−3)

DL between
groups 1 59,009 59,009 99.09 1.66 × 10−6 4.96

L within
groups 10 5955 595 - - -

total 11 64,964 - - - -

Width annual rings, WAR (mm)

DL between
groups 1 0.566 0.566 19.75 4.21 × 10−5 4.01

L within
groups 56 1.604 0.029 - - -

total 57 2.170 - - - -

Width late wood in annual rings, LW (mm)

DL between
groups 1 9.22 × 10−5 9.22 × 10−5 0.058 0.81 4.01

L within
groups 56 0.088 0.002 - - -

total 57 0.088 - - - -

Width early wood in annual rings, EW (mm)

DL between
groups 1 0.580 0.580 26.98 2.98 × 10−6 4.01

L within
groups 56 1.205 0.021 - - -

total 57 1.785 - - - -

Ratio late wood to early wood in annual rings, Ratio L/E (−)

DL between
groups 1 0.272 0.272 32.72 4.32 × 10−7 4.01

L within
groups 56 0.465 0.008 - - -

total 57 0.737 - - - -

Koizumi et al. [38], Zhu et al. [39] and Luostarinen and Heräjärvi [40,41] evidenced a
significant effect of the late wood ratio on diverse mechanical properties of wood. A second
level of cutting force normalization was, therefore, proposed as a novelty in this research.
The alternative approach aims to account for the effect of differences in the morphology of
the tested wood on the cutting process energy requirements. The physical interpretation of
such normalized values corresponds to the double-normalized cutting force that is required
to cut wood of a unit density ρ = 1 kg·m−3 and a ratio of late to early wood L/E = 1. The
values of such double-normalized specific cutting forces are presented for experimental
samples in Figure 5. It becomes evident that the mutual position of both trends has reversed
and become almost parallel to each other. An increase in the double-normalized cutting
forces in relation to the uncut chip thickness is apparent. This corresponds to literature
references [30–32,34,48], and confirms the versatility of the fracture toughness theory of
the wood cutting process as proposed by Atkinks [35] and Orlowski et al. [36]. This theory,
based on a linear regression describing the phenomenon of an increase in the cutting forces
with an increase in the uncut chip thickness, allows determination of the values of fracture
toughness and shear yield stress in the shear plane [35,36].
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Figure 5. Relation between double normalized (by density and by ratio L/E) cutting forces per one
cutting tooth and uncut chip thickness when sawing drifting and natural larch woods.

The level of difference between cutting force values obtained for driftwood and natural
wood is evident and amounts to approximately 0.05 N·m3·kg−1 for both smaller and larger
uncut chip thicknesses. These differences are statistically significant, as tested by the multi-
factor ANOVA (Table 4). It can be stated, therefore, that the double normalization removes
the effect of density and of late to early wood ratio from the cutting force quantifiers.

Table 4. Significance of differences between values of double normalized cutting forces obtained for two levels of uncut chip
thickness while sawing process of drifting and natural larch samples (ANOVA) (α = 0.05). DL—driftwood larch, L—natural
larch.

Larch Wood (Larix siberica L.)

Sample Code Source DF Adj SS Adj MS F—Value P—Value F—Critical

Double normalized cutting forces, F#
c(h1) (N·m3·kg −1)

DL between
groups 1 0.012 0.012 487.4 1.74 × 10−14 4.414

L within
groups 18 0.0004 2.4 × 10−5 - - -

total 19 0.012 - - - -

Double normalized cutting forces, F#
c(h2) (N·m3·kg −1)

DL between
groups 1 0.011 0.011 670.1 1.08 × 10−15 4.414

L within
groups 18 0.0003 1.72 × 10−5 - - -

total 19 0.012 - - - -

Such significant differences in the double-normalized cutting force values as presented
in Figure 5 indicate that the long period of wood contact with the Arctic Sea water, in
combination with the effect of low temperatures of the freezing Arctic ice, significantly alter
the machinability of larch wood. It is evident that the double-normalized cutting forces
are higher in the case of driftwood. Based on previous research, this might be related to
the higher mineral (or ash) content deposited in driftwood [23]. It was reported by Lhate
et al. [49] that a high mineral content may be attributed to poor machining properties by
increasing of the friction between the tool and the processed wood. This results in increased
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values of cutting forces, elevated heat release and intensive cutting edge dullness. The
other explanation for higher values of double-normalized cutting forces noticed in the case
of sawing driftwood may be analogous to those observed by Orłowski and Sandak [50]
and Orlowski et al. [51] during cutting of frozen pine wood. An increase in cutting forces
was associated with the effect of frozen water crystals deposited inside of wood fibers
that provided additional strength and material stiffness. Likewise, the presence of sodium
chloride, among other minerals, inside driftwood fibers was reported by Cotana et al. [22]
and Bartocci et al. [21]. Such crystals may increase the strength of the cell wall structure,
which results in higher cutting forces.

The statistically significant increase in double-normalized cutting forces while process-
ing driftwood is a confirmation of the modification of the native wood properties induced
during its journey in the Arctic sea. It remains an open question, however, to what extent
such natural modification has an effect on other properties of the drifted wood. Further
studies are also necessary to confirm if such modification remains beneficial for the use of
drifted wood in diverse applications.

4. Conclusions

The presented research allows the derivation of the following conclusions:

• The long period of larch wood logs’ exposure to the Arctic Sea water, combined with
the effect of cyclic freezing conditions of Arctic ice, resulted in the natural modification
of driftwood and the alteration of several material properties. Exploring the exact
causes of this phenomenon requires more detailed research and a broad reference
sample set covering the whole variance of altered material properties. The new
knowledge reported here may result, however, in a better management of driftwood.
The appropriate selection and optimization of manufacturing processes may lead to
the superior quality of protective or decorative coatings on products made of drifted
wood.

• The wood modification observed in driftwood affects the overall machinability prop-
erties of this material, revealed as changes of double-normalized cutting forces. It is
known that elevated cutting forces result in a deterioration of the machined surface
smoothness. As a consequence, the adhesion of coatings on these machined surfaces
is altered.

• The ratio of late and early woods within the annual ring is an important factor affecting
the values of cutting forces. A higher content of late wood increases the cutting power
required for wood sawing. Special attention should be directed toward controlling the
L/E ratio while researching the effect of wood modification on machinability.

• The double normalization of cutting forces by density and followed by L/E ratio allows
the direct comparison of machinability properties not possible for wood samples with
different properties of annual growth.

The obtained results showed that the drifting of larch wood across the Arctic Sea
significantly increases the cutting force values during the frame sawing process. However,
the details of the effect of this natural modification on other wood properties (chemical,
mechanical and physical) are still unknown. Further research is therefore being conducted
by authors to reveal the mechanisms of material changes due to the drifting of wood in the
Arctic Sea.
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Abstract: The aim of this paper was to investigate the physical (thermal transmittance and dimen-
sional stability) and mechanical properties of two types of three layer laminated wood made from fir
and meranti; fir in surface layers and meranti in core (FMF) and vice versa (MFM) and to examine
its potential application for wood-frame windows. An additional objective was to compare the
properties of the laminated wood with those of solid wood, namely meranti and fir. Both types of
laminated wood had by far substantial lower bending properties than solid wood. MFM laminated
wood performed better than the FMF as far as the physical and mechanical properties are concerned.
Water absorption and thickness swelling of MFM laminated wood were substantially lower than
those of the FMF type, and all the differences were statistically significant. Longitudinal width
swelling, and bending properties of MFM laminated wood were higher than those of FMF but these
differences were not statistically significant. The thermal transmittance (rate of the heat transferred)
of the FMF window is 13.3% better (less) compared to the MFM window. The main reason for this is
believed to be the lower overall density of the FMF window, which also makes it more competitive
as a result of the reduced manufacturing cost since fir is less expensive compared tomeranti. It was
concluded that wood-frame windows can be successfully made from these types of laminated wood,
employing therefore easily renewable materials, with low environmental impact, recyclable and
manageable in the medium term.

Keywords: laminated wood; meranti; fir; physical properties; mechanical properties; wood-frame
windows; thermal transmittance

1. Introduction

An important distinction between timber and other structural materials is that timber
is quite difficult to meet performance requirements, whereas man-made products like steel
and concrete can be easily modified through the manufacturing process for a specified
use. In addition, the currently growing demand for engineered wood products is largely
attributable to their outstanding ecological performance. The substitution of materials
having a larger ecological footprint, such as steel and concrete, by structural engineered
wood products like laminated wood has proven to be effective in minimizing the environ-
mental impacts of the building sector [1]. Furthermore, laminated wood is a material of a
great aesthetic value, with various applications in the field of building components, such
as doors and windows, and in the field of timber structures of big and small spans [2,3].
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Nearly any species or mixed-species combination can be used to produce laminated
wood provided its physical and mechanical properties are suitable and the timbers can
be glued together. According to Moody and Hernandez [4], species and mixed-species
combination commonly used for glued-laminated timber in the United States include
southern pine (Pinus spp.), Douglas fir (Pseudotsugamenziesii), larch (Larixoccidentalis),
hemlock (Tsugaheterophylla), and spruce (Picea spp.). Red maple (Acer spp.) species was
also used by Janowiak et al. [5] to study the performance of glulam beam made from two
distinct timber resources, namely sawn logs and lower-grade, smaller-dimension timber.
Komariah et al. [6] developed glulam made from sengon, manii, and mangium, with either
the same wood species being used for all layers or mangium being used for the face and
back layers, with a core layer of manii or sengon. The physical and mechanical properties
of the glulam did not show any significant difference from that of solid wood of the same
species. Such samples successfully fulfilled the JAS 234 (Japanese Agricultural Standard
2003) standard [7]. Similar results were reported by Hayashi and Miyatake [8] for structural
laminated timber made from Japanese cedar.

The tremendous diversity of tropical hardwoods available for structural applications
significantly compounds the complexity of matching a particular species of timber with
specific performance requirements. The number of merchantable species of timber avail-
able has been reported at 650 for Malaysia [9] and 2500 in the Amazon [10]. There is a
tendency in most regions to use clear material from a few species for which considerable
experience is available on long-term structural performance. Corigliano et al. [11] per-
formed theoretical and experimental analyses of Iroko wood laminates. The experimental
results demonstrated that the presence of scarf joints only affected the strength of the glued
laminate while the stiffness properties remained the same. Various bamboo species have
also been used for the manufacture of laminated wood [12].

Meranti is a common name applied commercially to four groups of species from
the genus Shorea. The four groups of meranti are separated on the basis of heartwood
color and weight. About 70 species of Shorea belong to the light and dark red meranti
groups, 22 species to the white meranti group, and 33 species to the yellow meranti
group. Shoreapauciflora, a dark red meranti, is very commonly used in southeast Asia, and
there is an abundance of variety between the difference species.Few studies have been
published regarding the application of meranti as a raw material for laminated wood
manufacture. Hartono and Sucipto [13] made three layer laminated wood from oil palm
trunk in the core, a low quality raw material, and applied high density woods in the
surface layers, namely sengon and meranti. They reported strong relationship between
density and bending properties and they concluded that the best combination was that
of oil palm trunk in the core layer and meranti in the surface layers. Modulus of rupture
(MOR) and modulus of elasticity (MOE) values for laminated wood made purely from oil
palm trunk was 168.79 and 30,115 (Kg/cm2), whereas the ones made from oil palm trunk
in the core layer and meranti in the surface layers was 438.29 and 100,454 respectively.
Puluhulawa et al. [14] manufactured three-layer laminated wood using a light wood in
the core (mahang) and meranti in the surface layers. They reported that the laminated
wood had by far substantial lower bending properties than meranti solid wood. Ong [15]
investigated the performance of glue-laminated beams from Malaysian dark red meranti
timber. Phenol resorcinol formaldehyde, commonly used in structural glulam production,
was used in the fabrication of finger joints and laminations of the glulam beams. Overall, it
was found that dark red merantifinger joints exhibited better bending strength than spruce
finger joints which represented softwood used in European glulam. Wood density and end
pressure were shown to affect the strength properties of the finger joints.

It was mentioned earlier that physical and mechanical properties of the low-quality
timber can be improved by processing it into glued laminated wood or to be combined
with tropical woods to obtain value added wood products. Consequently, the aim of this
paper was two-fold:
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(1) To investigate the physical (thermal transmittance and dimensional stability) and
mechanical properties of two types of three layer laminated wood made from fir and
meranti; fir in surface layers and meranti in core and vice versaand to examine its potential
application for wood-frame windows.

(2) An additional objective was to compare the properties of the laminated wood with
those of solid wood, namely meranti and fir.

2. Materials and Methods

2.1. Specimen Preparation

Fir (Abies alba Mill) and meranti (Shoreapauciflora) boards were supplied by a local
plant (Halucom, Karditsa, Greece); they were kept in the wood workshop for five months
before being cut to size, 360 mm in length, 25 mm in width (plain sawn), and 20 mm
in thickness. Specimens were free from any fungal or insect attack, checks or cracks,
and knots. The density of fir and meranti specimens was measured to be 0.43 and 0.47
Kg·m−3, respectively, at moisture contents of 11.56% and 10.13% respectively. Physical and
mechanical properties—namely density, water absorption after 24, 48 and 72 h immersion in
water, and swelling (both longitudinal, width and thickness) after 24, 48 and 72 h, modulus
of rupture (MOR), and modulus of elasticity (MOE)—were determined in accordance with
ASTM D0143-94 [16]. Tests were carried out at room conditions (25 ± 3 ◦C; 35% ± 3%
relative humidity).

2.2. Manufacture of Laminated Wood

Fir and meranti specimens, 20 × 25 × 360 mm3 (thickness × width × length), were
conditioned at 20 ◦C temperature and 65% relative humidity until the weight of the wood
was stabilized. Two types of three-layer laminated wood produced from fir and meranti,
namely fir in surface layers and meranti in core (FMF), and vice versa (MFM), as depicted
in Figure 1. Laminated wood made from meranti in both core and surface layers was not
manufactured due to the high cost involved. On the other hand, laminated wood made
from fir in both core and surface layers was not manufactured, since it was expected to
show very low dimensional stability. A two-component polyvinyl acetate wood adhesive
for outdoor use was applied, with the following properties. viscosity: 11,000−14,000
mPas (Brookfield RVT, 20 rpm, at 23 ◦C), pH value: approx. 4−5.5, at 20 ◦C, density:
ca. 1.13 g/cm3 at 20 ◦C, mixing rate adhesive/hardener (by weight) 15:1, mixture pH
value: approximately 3.2.Polyvinyl acetate (PVAc) based glue was applied by brush on
one side of the joints. PVAc was selected due its low cost and its easy applicability. Once
glued, they were kept together for 60 s, using a manually operated press. The wood
samples were subjected to a constant hydraulic pressure of 5 bar (per surface) and an
ambient temperature of 20 ◦C for 12 h. The laminated wood specimens were conditioned
and cut to the final dimensions of 20 × 75 × 360 mm3 (thickness × width × length).
Bending strength (modulus of rupture; MOR and modulus of elasticity; MOE) of the
specimens was determined according to the procedures detailed in the EN 385:2001 [17].
Also, physical properties, namely density, water absorption after 24, 48, and 72 h and
swelling (both longitudinal, width, and thickness) after 24, 48, and 72 h immersion in water,
were determinedaccording to the procedures detailed in the EN 385:2001.
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(a) (b) 

Figure 1. Types of laminated wood; fir in surface layers and meranti in core (FMF—a) and meranti in
surface layers and fir in core (MFM—b).

2.3. Thermal Transmittance Determination

Commercial wood frame windows manufactured with the two types of the investi-
gated laminated wood, namely fir in surface layers and meranti in core (FMF) and vice versa
(MFM), were supplied from a local plant and their thermal transmittance is determined.
The thermal transmittance of solid wood, fir and meranti, is also determined.

The thermal transmittance, also referred as U-value, is the heat flow rate divided by
the area and temperature difference in the surroundings of both sides of a system at a
steady state [18] and is a concept employed to describe the insulation properties for the
building materials, in our case for windows. The inside pane of a double-glazed window
captivates heat from the inner side and transmits it through conduction and convection
to the cooler pane (outside of the window) [19]. Heat conduction in windows is ruled by
the material of the frame. Wood has a rather high thermal insulation properties (average
thermal conductivity λw = 0.13 W/mK) [20–24]. This, in a wood window frame, results
in less heat loss compared to the window frames constructed from other materials which
have greater thermal conductivity values.

A heat flux measuring device (Testo North America, West Chester, USA) (HFM-Testo
635-2/ accuracy: ±0.2 ◦C/operating temperature: −20 to +50 ◦C with a wireless humid-
ity/temperature probe) has been used to calculate the window’s thermal transmittance.
This apparatus measures the specific heat flow (q) and the air temperatures for the two
sides (Tw‘warm’ and Tc‘cold’) of the window with the assistance of a wireless temperature
probe [25]. Having reading from these three parameters, the U-value is being calculated
automatically using the Equation (1)

U =
q

(Tw − Tc)

(
W/m2·K

)
(1)

The external dimensions of the window frame for the two sample windows were
1000 × 1000 mm2 with a frame height of 100 mm and frame thickness of 68 mm. The
double glazed window had the following setup: “4-12-4”. This is translated into 4 mm
glass thickness and 12 mm gap between the two glass panes. Double glazed windows are
principally the combination of double glass window panes separated by an air or other
inert gas filled space in order to reduce heat loss through a part of the building envelope.

The thermal transmittance (U-value) readings for the two windows were undertaken
according to the ISO 9869-1:2014 [18] and to the BS EN ISO 10077-2 [26]. The required
parameters to calculate the thermal transmittance of a window (Uw) are the following: The
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value of the window’s frame (Uf), the value of the double-glazed pane (Ug) and also the
length (area) of the window frame and the glass.

At both windows, the same thermal insulating glass was used with a thermal trans-
mittance value given by the manufacturer: Ug = 1.8 W/m2·K.

The calculation method of the window’s thermal transmittance is based on the follow-
ing Equation (2) explained with details in Figure 2:

Uw =
ΣAgUg + ΣA f Uf + ΣlgΨg

ΣAg + ΣA f

(
W/m2·K

)
(2)

where:
ΣAg: summation of the window’s glass pane area (m2)
ΣAf: summation of the window’s frame area (m2)
Ug: thermal transmittance of the glass pane (W/m2K)
Uf: thermal transmittance of the window’s frame (W/m2K)
Σlg: summation of the window’s glass pane length—perimeter (m)
Ψg: linear heat transfer coefficient of the glass pane (W/mK)
Incorporating the above data on to the Equation (2),we can derive:

Uw =
ΣAgUg + ΣA f Uf + ΣlgΨg

ΣAg + ΣA f
=

0.64 × 1.8 + 0.36 × Uf + 3.2 × 0.08
0.64 + 0.36

(
W/m2·K

)
(3)

 

 
 

Ug = 1.8 W/(m2·K) (manufacturer) 
Uf = window frame thermal transmittance 

g = 0.8 × 0.8m= 0.64 m2 
f = t  g = 12  0.64 = 0.36 m2( t: win-

dow’s total area) 
g = 0.08 (for a timber frame with a double 

glazed window with air between the two 
panes) 

 
 

Figure 2. The tested wood-frame window.

The calculation of the window frame’s thermal transmittance (Uf) was based on the
following setup. This was achieved with the use of window testing apparatus where the
‘cold’ side temperature is being adjusted electronically by a wireless probe. The view of the
tested windows mounted into the ‘window tester’ is given in Figure 3. The temperature of
the ‘warm’ side, is also adjustable electronically by a digital thermostat.

Before starting the experiments for the window frame’s thermal transmittance (Uf),
the ‘cold’ and ‘warm’ side temperatures were adjusted at 6 ◦C (±1 ◦C) and 15 ◦C (±1 ◦C)
respectively and remained within these boundaries for 76 h. The three HFM’s thermocou-
ples were positioned in a 0.10 m triangle setup to capture the heat flow connected to the
HFM (Figure 3). During this period, the U-values for each window were recorded by the
HFM device.
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FMF 

 
MFM 

Figure 3. The HFM device with the attached thermocouples (green-cable edges at the yellow circle)
taking reading for a 72 h period.

2.4. Statistical Analysis

SAS software program was used to carry out statistical analysis in the present study
(version 9.2; 2010). To discern significant difference among different treatments and pro-
duced panels, one-way analysis of variance was performed at 95% level of confidence.
Then, Duncan’s multiple range test (DMRT) was done for grouping among treatments for
each property. In order to find degrees of similarities among different treatments based
on all properties studied here, Hierarchical cluster analysis from SPSS/18 (2010) software
(version 9.2) was used. In a cluster analysis, there is a scale bar on top; those treatments
that are connected at lower scale levels (that is, lower numbers on the scale bar) by a
vertical line are considered to be more similar, in comparison to those that are connected
at higher scale levels. The maximum scale (number 25) indicates that treatments have
practically very little in common and therefore, they are to be considered as two completely
different ones [27]. In DMRT, different treatments are grouped based on only one property.
However, cluster analysis can do groupings among different treatments based on more
than one property. This capability provides useful information for managers who are to
make decisions based on all aspects and perspectives, and to choose the most appropriate
option for their production program. This type of statistical analysis can be used for all
kinds of materials, including wood species, wood-based composites, papers, and even
cloths [28,29]. For graphical statistics (fitted-line, contour, and surface plots), Minitab
software was utilized (version 16.2.2; 2010).

3. Results

The moisture content of the FMF and MFM laminated wood was determined to be
10.36% and 10.41% respectively and these values are nearly the same with those of solid
wood, as mentioned in session 2.1. The density of the FMF and MFM laminated wood was
0.44 and 0.49 Kg·m−3 respectively, values close to the density of fir and meranti solid wood
(0.43 and 0.47 Kg·m−3 respectively), a fact that indicates that the density of the laminated
wood was not affected by the density of the solid wood.

The physical properties of both fir and meranti wood are presented in Table 1. Water
absorption and thickness swelling of meranti specimens after 24, 48, and 72 h immersion in
water were substantially lower than those of the fir wood and this difference is statistically
significant. Table 2 shows the bending properties of the two wood species. It was revealed
that both MOR and MOE values of fir wood were higher than those of meranti wood and
the difference was statistically significant.
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Table 1. Physical properties of fir and meranti wood.

Wood Species

Physical Properties a

Water Absorption (%)

24 h 48 h 72 h

fir 39.44 (±7.75) b A c 51.02 (±9.81) A 58.84 (±10.9) A

meranti 18.05 (±0.70) B 23.08 (±0.70) B 25.84 (±0.68) B

Wood Species
Longitudinal Swelling (Axial) (%)

24 h 48 h 72 h

fir 0.06 (±0.01) A 0.10 (±0.09) A 0.12 (±0.09) A

meranti −0.16 (±0.04) B −0.11 (±0.04) B −0.09 (±0.04) B

Wood Species
Width Swelling (Tangential) (%)

24 h 48 h 72 h

fir 2.03 (±0.97) A 3.08 (±0.95) A 3.3 (±1.27) A

meranti 0.31 (±0.02) B 1.41 (±0.42) B 1.87 (±0.34) B

Wood Species
Thickness Swelling (Radial) (%)

24 h 48 h 72 h

fir 1.79 (±0.86) A 2.46 (±0.73) A 2.8 (±0.73) A

meranti 0.67 (±0.031) B 1.67 (±0.29) B 2.26 (±0.36) B
a Each value is the mean of six replicates; b Standard deviation; c Letters on each column represent Duncan
groupings at 95% level of confidence.

Table 2. Bending properties of fir and meranti wood.

Wood Species
Bending Properties a

MOR (N/mm2) MOE (N/mm2)

fir 68.66 (±6.54) b A c 8796.73 (±1254.32) A

meranti 48.81 (±3.92) B 6771.6 (±780.16) B
a Each value is the mean of four replicates (determined in the radial direction of the solid wood samples);
b Standard deviation; c Letters on each column represent Duncan groupings at 95% level of confidence.

Table 3 depicts the physical properties of the two types of laminated wood investigated
in this study. It was revealed that those laminated specimens with fir wood on the surface
layers had higher water absorption and thickness swelling values than those with meranti
on the core layer. The bending properties of the two types of laminated wood are presented
in Table 4. MFM laminated wood presented better bending properties than FMF. Going
back to the Equation (2), the overall window thermal transmittance is as follows:

For the FMF window, as shown in Equation (4),

Uw−FMF =
ΣAg Ug + ΣA f Uf +Σlg Ψg

ΣAg+ΣA f
=

0.64×1.8+ 0.36× Uf +3.2×0.08
0.64+0.36 = 0.64×1.8+ 0.36×0.775+3.2×0.08

0.64+0.36 = 1.687 W/m2·K (4)

and for MFM window, as shown in Equation (5),

Uw−MFM =
ΣAgUg+ ΣA f Uf +ΣlgΨg

ΣAg+ΣA f
=

0.64×1.8+ 0.36×Uf +3.2×0.08
0.64+0.36 = 0.64×1.8+ 0.36×1.494+3.2×0.08

0.64+0.36 = 1.946 W/m2·K (5)
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Table 3. Physical properties of the two types of laminated wood.

Laminated Wood

Physical Properties a

Water Absorption (%)

24 h 48 h 72 h

MFM 20.51 (±1.48) b A c 25.4 (±1.53) A 27.60 (±1.34) A

FMF 26.21 (±0.61) B 32.34 (±0.64) B 34.93 (±0.51) B

Laminated wood
Longitudinal Swelling (%)

24 h 48 h 72 h

MFM −0.04 (±0.005) A −0.02 (±0.004) A 0.00 (±0.004) A

FMF 0.00 (±0.003) A 0.01 (±0.003) A 0.03 (±0.004) A

Laminated wood
Width Swelling (%)

24 h 48 h 72 h

MFM 1.42 (±0.48) A 2.07 (±0.35) A 2.62 (±0.31) A

FMF 1.85 (±0.21) A 2.67 (±0.26) A 2.95 (±0.28) A

Laminated wood
Thickness Swelling (%)

24 h 48 h 72 h

MFM 0.06 (±0.063) A 0.86 (±0.090) A 2.43 (±0.75) A

FMF 2.61 (±1.14) B 4.79 (±1.04) B 5.41 (±0.83) B
a Each value is the mean of six replicates (The directions of the solid wood samples used for the manufacturing
of the laminated wood were not predefined); b Standard deviation; c Letters on each column represent Duncan
groupings at 95% level of confidence.

Table 4. Bending properties of the two types of laminated wood.

Laminated Wood
Bending Properties a

MOR (N/mm2) MOE (N/mm2)

MFM 14.47 (±1.56) b A c 5659.51 (±697.41) A

FMF 13.81 (±1.51) A 4571.99 (±798.47) A
a Each value is the mean of four replicates. The directions of the solid wood samples used for the manufacturing
of the laminated wood were not predefined; b Standard deviation; c Letters on each column represent Duncan
groupings at 95% level of confidence.

In Table 5, the two window’s thermal transmittance values are displayed.

Table 5. Thermal transmittance of the windows (Uw).

Window Type
Window’s Thermal Transmittance

Uw (W/m2·K)

FMF 1.687

MFM 1.946

Contour plots of the four treatments based on water absorption after 24 h immersion
in water and other physical and mechanical properties demonstrated a general positive
relationship between physical and mechanical properties (Figure 4A,B). Based on wa-
ter absorption and thickness swelling, as well as MOR and MOE values, reported in
Tables 1 and 2, it was clear that fir wood had higher mechanical properties in comparison
to meranti, though meranti had a higher density. Moreover, it was fir wood that demon-
strated higher thickness swelling and water absorption. Thickness swelling in solid wood
species occurs in woody mass. Moreover, mechanical properties are also positively related
to woody mass in each solid wood species. Although the above mentioned contour plots
demonstrated a positive relationship, some inconsistency was also obvious in the graphs.
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The inconsistency indicated that there were other factors affecting the outcome of the
relationship between physical and mechanical properties. Factors like vessel properties
(vessel diameter, frequency, and specific area), type and size of pit openings, and extractive
contents are just a few examples of the factors that significantly affect permeability in solid
wood species [30–32], which in turn determine thickness swelling and water absorption
behaviors. Moreover, the way microfibrils are oriented in wood cell wall (primary and
secondary walls) would also significantly affect mechanical properties, regardless of the
woody mass. The above mentioned inconsistency was primarily attributed to the interac-
tions of these factors that influence physical and mechanical properties. The inconsistency
was also partially attributed to an interference caused by addition of resin in the laminated
wood. The effect of the addition was also apparent in the thermal transmittance of boards,
resulting in a significant increase in the thermal coefficient values of the laminated wood in
comparison to the solid wood specimens (Table 5) [33,34].

Figure 4. Contour plots between physical and mechanical properties of three-layer laminated wood made from fir and
meranti wood (A: MOR = modulus of rupture; MOE = modulus of elasticity; and B: WA = water absorption; Width and
Thick-24 h = width and thickness swelling after 24 h immersion in water).

Cluster analysis was carried out for four treatments, and based on all the physical and
mechanical properties studied here. The properties included water absorption, longitudinal,
width, and thickness swelling, as well as modulus of rupture, modulus of elasticity, and
thermal transmittance coefficient. The four treatments consisted of the two laminated
wood (MFM and FMF), along with the values of the two solid wood species of “fir” and
“meranti”. This statistical analysis revealed that two treatments of meranti solid wood and
MFM laminated wood were connected by a vertical line at about number "one" on the
scale bar (on top of the graph) (Figure 5). This indicates that these two treatments are very
similar based on all the properties studied here. Similar observations were reported by
Hartono and Sucipto [13] who made three layer laminated wood from oil palm trunk in
the core, a low quality raw material, and applied high density woods in the surface layers,
namely sengon and meranti. Based on the similarity demonstrated between meranti solid
wood and MFM laminated wood, it can be concluded that the potential applications of this
engineered laminated wood (MFM) can be considered nearly the same as can be expected
from the physical and mechanical qualities meranti solid wood. Using this engineered
laminated wood, forests and woody resources can more efficiently be preserved and more
practically be used for different applications. However, the cluster analysis illustrated that
“fir” was connected at scale No. 25 with the other three treatments. This indicated that fir,
as asolid wood, reacted quite differently, and it was to be considered as a material with
completely different properties. Table 2 demonstrated that the mechanical properties of
fir solid wood were significantly higher than those of meranti solid wood. The reason
for the substantial decrease in the mechanical properties of FMF laminated wood can be
elaborated from different perspectives. It was previously reported that shear strength and
failure patterns in glue line were significantly dependent on the mechanical properties of
the wood [35,36]. The cited authors explained that failure occurred in the glue line when
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shear strength of the wood used in the experiment was higher than that of the glue itself.
However, if the mechanical properties of the wood were low, or thermal modification had
made the woody parts weaker, failures occurred in the wooden parts [32,36,37]. In the
present study, meranti wood had significantly lower mechanical properties in comparison
to fir solid wood (Table 2). Therefore, MFM laminated wood were expected to be very
similar to those of meranti solid wood, because fir was used in the core; that is, the neutral
zone which is less important. However, fir solid wood had significantly higher mechanical
properties; therefore, in FMF laminated wood, the failure occurred in the glue line and
before the two fir wood layers on the top and bottom surfaces failed, it was the glue line
that failed, resulting in a substantial decrease in the overall mechanical properties. The
eventual outcome of the above mentioned facts resulted in close clustering of meranti solid
wood with MFM laminated wood, as well as remote clustering of fir solid wood with FMF
laminated wood. It was concluded that laminated wood with fir on the surface layers are
not recommended with regard to their substantial decrease in mechanical properties, and
significant increase in physical properties, when compared with values of fir solid wood
specimens.

Figure 5. Cluster analysis of the four treatments based on the physical and mechanical properties.

4. Discussion

From the data presented in Table 3, it was revealed that those laminated specimens
with fir wood on the surface layers had higher water absorption and thickness swelling
values than those with meranti on the core layer. This was quite in agreement with the
values of fir and meranti as solid wood specimens (Table 2). That is, meranti showed
preferably lower water absorption and thickness swelling values in comparison to fir, both
in form of solid wood and in form of laminated wood when the surface layers were made
of fir wood. MOR measurement, as a vitally important mechanical property, demonstrated
higher values for MFM boards in comparison to FMF ones.

Closer inspection of the data presented in Tables 1 and 3, reveals that the physical
properties of the laminated wood made from meranti in surface layers and fir in core
(MFM) were nearly the same with those of meranti solid wood. From this observation, it
can be concluded that the presence of fir in the core did not affected the physical properties
of the laminated wood. On the other hand, the laminated wood made from fir in surface
layers and meranti in core (FMF), showed substantially lower values compared to meranti
solid wood. It is of interest to mention the high thickness swelling values of FMF laminated
wood as depicted in Table 3, which can be attributed to the slight delamination occurred;
this was more pronounced in FMF laminated wood.

By referring to the data presented in Tables 2 and 4, it is clear that both types of
laminated wood had substantially lower bending properties than solid wood. This in
line with the observations made by Puluhulawa et al. [14] who manufactured three layer
laminated wood using a light wood in the core (mahang) and meranti in the surface layers.It
is interesting to notice that the fir solid wood has MOR values nearly five times more than
MFM laminated wood, and the MOE value of MFM laminated wood is nearly 55% lower
that the MOE of fir solid wood. These low values in bending properties of both types of
laminated wood produced in this study can be attributed to the delamination occurred,
and as expected MOR was affected to a greater extent than MOE. A decrease of about 33%
in bending properties was also reported by Corigliano et al. [11] for Iroko wood laminates.
Papadopoulos reported that the MOR and MOE values of finger jointed beech wood are
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76.4% and 10% lower that the corresponding values of beech solid wood [38]. Similar
observations were also reported in mixed glued laminated timber of poplar and Eucalyptus
grandis clones [39]. On the other hand, Mohamad et al. [40] evaluated the bending strength
behavior of laminated wood manufactured using two Malaysian hardwood timber species
from different strength grouping, namely keruing (Dipterocarpus spp.) and resak (Vatica
spp. and Cotylelibium spp.). They concluded that the strength grouping does not correlate
well with the strength of timbers in structural size. They further stated that bending
strength values of glulam was mainly affected by the ability of timber to bond well between
laminates in relation of the density of the timber. Hayashi and Miyatake [8] reported that
bending strength of three Japanese wood species—namely sugi, todomatsu and ezomatsu
composite glulam—is decreased by the use of other species of laminae having high MOE
for outer layers and this is in line with the observations made in this study. The use of
fir, a wood species that has higher MOE values than meranti as depicted in Table 2, in the
surface layers, affected the bending properties of the laminated wood since the bending
properties of FMF were found to be lower than those of MFM.

Overall, MFM laminated wood presented better bending properties than FMF, as
depicted in Table 4. This can be explained by the fact that the core layer experiences lower
compressive and tensile stresses compared to the face and back layers. This wood species
combination was effective because wood with the lower density can safely be used as a
core layer [41].

A clear limitation of this study is the fact that bondability tests were not carried out. It
is well known that the bending properties of laminated wood were strongly affected by the
ability of wood to bond well between laminates and by the combination of two different
wood species, especially without any type of joint. Since the laminating effect in laminated
wood stems from the fact that laminations are bonded, the integrity of the cross-section is
a crucial factor in the overall product performance [42,43]. As it is mentioned by Frihart
et al. [44] and Selbo [45], the resistance to moisture and the bonding quality remains issues
that are usually neglected in studies where tropical woods are used for manufacturing of
laminated wood. It is reported that the small lumens and the thick cell walls of tropical
woods usually lead to a limited penetration of the adhesive used which in turn results
inweakened bondlines [44,45]. According to Konnerth et al. [46] and Knorz et al. [47],
the bond strength of several European and tropical wood may greatly vary depending
on the adhesive system and wood species. Therefore, and taking into consideration the
inherent difficulties of bonding tropical woods, the adhesive system and the bondline
strength of a given species should be carefully assessed in order to confirm their potential
use as a engineered wood product such as laminated wood, especially if there are for
structural applications. It has to be mentioned at this stage, that in Canada no laminated
wood products made from hardwood and tropical wood species, designed for structural
applications, are available on the market. The CSAO122 [48] standard, governing the
manufacturing and quality control testing of structural glued-laminated timber, does not
include any provision regarding the use of hardwood and tropical wood species.

Table 5, displays the two window’s thermal transmittance values. From this it can
be seen that the FMF window shows slightly better (lower) thermal transmittance value
than the MFM window. This can be attributed to the slightly lower density of the fir wood
compared to meranti wood (0.43 and 0.47 Kg·m−3 respectively), to its lighter color and to
the presence of resin canals in the fir wood [49,50]. It is known that thermal conductivity
of a material depends on its temperature, moisture and density. Generally, light materials
are better insulators than heavy materials because light materials often contain enclosures.
When it comes to insulation, the lower the thermal conductivity the better insulation
capacity; if a material conducts heat well, a lot of heat will be lost through that material.
This difference is translated into a 13.3% better thermal behavior of the FMF window.
A smaller U-value means smaller heat transfer rate, so less energy loss.

It was concluded that based on the experiments carried out in the present study,
laminated wood with meranti wood on the surface layers are recommended for the indus-
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try. Wood-frame windows can be successfully made from laminated wood with meranti
wood on the surface layers, therefore employing easily renewable materials, with low
environmental impact, that are recyclable and manageable in the medium term.

Future work may involve bondability tests, since it is well known that the bending
properties of laminated wood are strongly affected by the ability of wood to bond well
between laminates and by the combination of two different wood species, especially
without any type of joint. In addition, the application of other adhesive systems may be an
avenue for exploitation.

5. Conclusions

The aim of this paper was to investigate the physical (thermal transmittance and
dimensional stability) and mechanical properties of two types of three layer laminated
wood made from fir and meranti; fir in surface layers and meranti in core (FMF) and vice
versa (MFM) and to examine its potential application for wood-frame windows.MFM
laminated wood performed better than the FMF as far as the physical and mechanical
properties are concerned. The thermal transmittance (rate of the heat transferred) of the
FMF window is 13.3% better (lower) compared to the MFM window. The main reason for
this is believed to be the lower overall density of the FMF window, which also makes it
more competitive as a result of the reduced manufacturing cost since fir is less expensive
compared to meranti. It was concluded that wood-frame windows can be successfully
made from these types of laminated wood.
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Abstract: The modification of wood involves extra processing over and above what is associated
with un-modified material and this will involve an associated environmental impact. There is now a
body of information on this due to the presence in the public domain of a number of environmental
product declarations (EPDs). Using these data, it is possible to determine what the extra impact
associated with the modification is. The process of modification results in a life extension of the
product, which has implications regarding the storage of sequestered atmospheric carbon in the
harvested wood products (HWP) materials’ pool and also extended maintenance cycles (e.g., longer
periods between applying coatings). Furthermore, the life extension benefits imparted by wood
modification need to be compared with the use of other technologies, such as conventional wood
preservatives. This paper analysed the published data from a number of sources (peer-reviewed
literature, published EPDs, databases) to compare the impacts associated with different modification
technologies. The effect of life extension was examined by modelling the carbon flow dynamics of
the HWP pool and determining the effect of different life extension scenarios. Finally, the paper
examined the impact of different coating periods, and the extensions thereof, imparted by the use of
different modified wood substrates.

Keywords: wood modification; life cycle assessment; carbon storage

1. Introduction

The production and use of materials in construction has an associated environmental
burden and requires the use of energy in order to transform them from the state in which
they exist in nature, transport them and process them to create products which have the
desired functionality. Life cycle assessment is the methodology that is used to determine
the environmental impacts, but it must be used appropriately, especially when making
comparative assertions.

The use of wood in construction can potentially provide environmental benefits
compared with the use of non-renewable materials. These potential benefits arise from:

• The reduced environmental footprint associated with the production of timber-based
building materials when compared with non-renewable alternatives

• The use of timber in construction as a store of atmospheric carbon during the lifetime
of the timber product

• The recovery of the inherent solar energy stored in the timber material, which can
be recovered at the end of life and be substituted for the use of fossil-derived en-
ergy sources

Greater environmental benefits are realised by increasing the longevity of timber
products in construction. This is because over the lifetime of a building there is a reduced
requirement to replace components, and there may also be an associated reduction in
maintenance requirements. In order to make appropriate choices for using materials in

Coatings 2021, 11, 366. https://doi.org/10.3390/coatings11030366 https://www.mdpi.com/journal/coatings

189



Coatings 2021, 11, 366

construction, it is necessary to evaluate the whole life of a product from creation to final
disposal, which requires knowledge not only of the environmental impacts associated
with the manufacture of a product but of all parts of the lifecycle, including installation,
maintenance, potential replacement and disposal, or re-use at the end of the product
lifetime. Although the cradle to factory gate part of the lifecycle can be determined with
some confidence, complete lifecycle analyses can be extremely difficult to make accurately
and often rely on assumptions regarding service life of the product and the building in
which it is installed.

One approach to examining the potential benefits provided by wood modification is
to employ the concept of “environmental payback period” [1]. In economics, the payback
period is the amount of time required in order to recover the cost of an investment. The
same idea can be used when making an investment in a new energy technology, where the
initial investment in embodied energy to create the new infrastructure can be recovered
over a period of time by the energy savings which are achieved by employing the new
technology. It is also possible to apply this idea to environmental burdens, such as global
warming potential (GWP). For example, the impacts associated with the production of
a parquet flooring made from a siloxane-based modified wood were compared to an
unmodified wood-based equivalent. However, it was noted that the outcome of such
an analysis was highly sensitive to the assumptions that were made regarding in-service
performance [1]. A carbon payback time approach was adopted by Hill and Norton [2]
in order to determine the benefits arising from the use of a modified wood in cladding
applications. They used published data of the environmental burdens of the modified
wood and calculated a carbon payback time based upon the methods recommended in
the International Life Cycle Data System (ILCD) Handbook for determining the temporal
storage of atmospheric carbon in wood products, using a 100-year discounting period.
This showed that longer payback times to “carbon neutrality” were required for modified,
compared with unmodified wood. However, the analysis did not include any effects
of lifetime extension or reduced maintenance upon the whole life performance of the
different products. Moreover, there has not been any internationally accepted method for
determining the effects of different product lifetimes upon the climate change impacts in
life cycle assessment [3], making the use of the ILCD (or any discounting) approach to
payback time unsatisfactory.

An important aspect to be considered when looking at product lifetimes is the issue
of durability. Durability is defined as the length of time that a product is able to fulfil its
intended function. Wood in service is subjected to different stressors, and how it resists
these will be determined by its durability. These stresses can be environmental (e.g., fungal,
rain, sunlight, insect attack) or mechanical (e.g., fatigue, loading, wear). The purpose of
wood modification is to improve the durability properties of wood with respect to one or
more of these stressors, with the expectation that the modified wood will have a longer
service lifetime. One way to determine this is to place the modified wood samples with
unmodified comparisons in exterior environments and observe the behaviour over many
years (probably decades), but this is hardly a practical proposition. A more appropriate
approach is to use accelerated tests in order to determine likely service lives. The challenge
is how to predict what the extension in service life will be due to a modification, usually
based upon laboratory or accelerated tests. Regarding biological durability, this has been
discussed comprehensively by Meyer-Veltrup et al. [4], where the issue of service life
prediction was considered by using a dose–response model.

Differences in life cycle costs or environmental impacts associated with a system based
upon modified wood compared with unmodified wood are determined by:

• Material costs/impacts—related to material composition of the different systems and
any differences in the processing requirements

• Inspection intervals—longer times between inspections will result in lower lifetime costs
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• Changes in limit states for maintenance—either a longer time taken to reach a specific
limit state or a more relaxed limit state will result in longer times between maintenance
intervals or longer times between replacement, leading to lower lifetime costs

• Changes in limit states for replacement—a longer time to reach or a more relaxed limit
state will result in lower lifetime costs

Failure models can be divided into three main types:

• Failure is modelled using a probability distribution with no assumptions made about
the deterioration process that leads to failure. In this model, the condition of the
component can only be in one of two states—functioning or non-functioning.

• The deterioration process leading to the failure is modelled. The deterioration should
be observable directly or indirectly by the relevant indicative properties. Typically,
there are three modelling approaches: (a) three-state models in which the time to po-
tential failure and time to failure are modelled by probability distributions, (b) Markov
chain models, where there are several defined degradation states, or (c) continuous
stochastic processes, such as Wiener or Gamma processes.

• The physical process causing the deterioration is modelled using a stress input factor
(such as load) in order to determine the deterioration of the system over time. This
requires the relationship between the likelihood of failure and the stress input factor
to be well understood.

The choice of model depends upon the physical processes behind the deterioration
and the amount of information that is available on the condition and behaviour of the
system. One approach to the problem is to use probabilistic methods and sensitivity
analysis to establish the benefits of different inspection and maintenance regimes [5]. Such
approaches are useful where there is a clear criterion for expressing a limit state for failure
or replacement; the situation for timber in service is often more complex.

With coatings on wood, the failure is more likely to be progressive, with properties
such as cracking or gloss changing gradually and with time to failure being highly variable,
depending upon exposure conditions and weather. In addition, the definition of failure
may be more associated with perception or aesthetic criteria, even though the functionality
of the component has not yet been compromised. An example of this would be mould
growth on claddings, where the underlying wood has not been degraded but is replaced
because the appearance is unsatisfactory. The lifetimes of coated timber products are
determined by the performance of the wood coating system and the risk factors related to
the exposure conditions.

Tellnes et al. [6] reported on the effect of wood modification upon the service life of
decking products by comparing carbon footprints and concluded that this had a significant
influence on the results. At the present time, there has not been a comparison of the
potential environmental benefits that might be achieved through the use of modified wood
as a cladding material in the built environment, nor has the potential benefit of the extended
lifetime of coatings on modified wood been examined. The purpose of this study was to
determine the environmental consequences of the use of timber as a cladding material
and in particular to determine whether the use of modified wood provides any additional
environmental benefits compared with the use of unmodified timber equivalents. This
paper examines the relevant published data in this area and considers what information is
required in order to make a proper evaluation of the research question.

2. Materials and Methods

The first step of this study was to examine the published environmental impact data
on modified wood. This was largely based upon environmental product declarations
which are currently published. It was decided to examine two parameters—embodied
energy (EE) and global warming potential (GWP). Data for the lifecycle stages A1–A3 were
collected, as defined in EN15804 (Table 1)(EN15805+A2:2019, Sustainability of construc-
tion works. Environmental product declarations. Core rules for the product category of
construction products).
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Table 1. Lifecycle stages divided into modules according to EN15804.

Module Lifecycle Stage Description

A1 Production Raw material supply
A2 Production Transport
A3 Production Manufacturing
A4 Construction Transport
A5 Construction Installation

B1 Use Use
B2 Use Maintenance
B3 Use Repair
B4 Use Replacement
B5 Use Refurbishment
B6 Use Operational energy use
B7 Use Operational water use

C1 End of life Deconstruction/demolition
C2 End of life Transport
C3 End of life Waste processing
C4 End of life Disposal

D Beyond the life cycle Reuse/recovery/recycling

The results for the GWP data and sequestered atmospheric carbon are reproduced
in Table 2. In many cases, the GWP impact data were not reported directly and had to be
calculated, based upon the reported total GWP and the reported sequestered atmospheric
carbon (in kg carbon dioxide equivalents per cubic meter of wood product). The embodied
energy data are reproduced in Table 3.

Table 2. Global warming potential (GWP) data for modules A1–A3 (forest to factory gate) (declared unit 1 m3) (GWP in kg
CO2 eq.). Abbreviations: EPD (environmental product declaration), MC (moisture content), EPD (environmental product
declaration), TMT (thermally modified timber).

EPD Registration
Number

Date Country Description
Density
(kg/m3)

MC
(%)

TOTAL
(Reported)

Sequestered
GWP

(Calculated) (Reported)

Wood for Good 1 2014 GBR Fresh sawn
softwood 672 60 −713 −770 2 +57

S-P-00561 2017 AUS Fresh sawn
hardwood 768 26 −851 −1118 2 +267

EPD-EGG-
20140246-IBA2-EN 2018 AUT Sawn timber green 740 70 −779 −798 2 +19

Wood for Good 1 2014 GBR Sawn dried
softwood 483 15 −679 −770 2 +91

Wood for Good 1 2014 GBR Sawn dried
hardwood 698 12 −878 −902 +24

NEPD 307 179 EN 2015 NOR Sawn dried
softwood 450 15 −672 −715 +43

S-P-00560 2017 AUS Sawn dried
softwood 551 12 −760 −902 2 +142

S-P-00561 2017 AUS Sawn dried
hardwood 735 10 −888 −1225 2 +337

EPD-EGG-
20140247-IBA2-EN 2017 AUT Sawn timber

dried softwood 507 15 −784 −808 +24

S-P-01325 2018 SWE Sawn dried
softwood 455 16 −577 −719 2 +138

S-P-00997 2019 NZD Sawn dried
radiata pine 488 11.6 −747 −798 +51
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Table 2. Cont.

EPD Registration
Number

Date Country Description
Density
(kg/m3)

MC
(%)

TOTAL
(Reported)

Sequestered
GWP

(Calculated) (Reported)

13CA24184.102.1 2013 USA Dried planed
softwood lumber 434 0 −795 +73

NEPD 00247N 2014 DNK Sawn dried planed
Siberian larch 650 18 −624 −1010 +386

(BRE) 000124 2017 GBR Sawn dried planed
softwood 479 15 −712 −764 +52 +107

S-P-00560 2017 AUS Sawn + dressed
dried softwood 551 12 −699 −902 2 +203

SP-00561 2017 AUS Sawn + dressed
dried hardwood 735 10 −731 −1225 +494

Wood for Good 1 2014 GBR Sawn dried planed
softwood 482 15 −646 −768 +122

NEPD 308 179 EN 2015 NOR Sawn dried planed
softwood 420 17 −607 −660 +53

S-P-00997 2019 NZD Sawn dried planed
radiata 486 11.6 −728 −795 +69

S-P-00997 2019 NZD Sawn dried planed
jointed radiata 475 10.5 −697 −784 +87

S-P-02153 2020 CZE Sawn dried planed
jointed softwood 450 15 −685 −717 +32

4788424634.102.1 2020 USA Dried planed
softwood lumber 460 15 +63 3 −733 2 +63

NEPD 00259N 2014 EST TMT spruce 350 5 −97 −611 +514
NEPD 00259N 2014 EST TMT pine 450 5 −258 −786 +528
NEPD 00260N 2014 EST TMT ash 670 6 −430 −1159 +729

S-P-01718 2019 GBR TMT (Brimstone)
poplar 409 5 −453 −719 +266

S-P-01718 2019 GBR TMT (Brimstone)
sycamore 571 5 −639 −1010 +371

S-P-01718 2019 GBR TMT (Brimstone)
ash 631 5 −704 −1110 +406

RTS_44_19 2019 FIN TMT Thermo-D
Lunawood rough 430 5 −426 −724 +298

RTS_44_19 2019 FIN TMT Thermo-D
Lunawood planed 390 5 −342 −657 +315

RTS_44_19 2019 FIN TMT Thermo-S
Lunawood rough 430 5 −516 −724 +208

RTS_44_19 2019 FIN TMT Thermo-S
Lunawood planed 390 5 −409 −657 +248

S-P-01543 2020 NZL TMT Vulcan
radiata sawn 420 7 −535 −758 +224

S-P-01543 2020 NZL TMT Vulcan
radiata surfaced 420 7 −516 −758 +243

S-P-01543 2020 NZL
TMT Vulcan

radiata
finger-jointed

420 7 −469 −758 +290

NEPD-376-262-EN 2015 NLD Accoya (radiata) 510 4 −433 −944 +511

NEPD-376-262-EN 2015 NLD Accoya (Scots
pine) 540 4 −741 −999 +258

NEPD-376-262-EN 2015 NLD Accoya (beech) 755 4 −1010 −1397 +387

NEPD-407-287- 2016 NOR Kebony Clear
(radiata) 480 12 −549 −1435 4 +886

NEPD-408-287-EN 2016 NOR Kebony Clear
(SYP) −646 −1532 4 +886

NEPD-410-288-EN 2016 NOR Kebony character
(Scots pine) −738 −1097 4 +359

NEPD-411-288-EN 2016 NOR
Kebony character

(Scots pine)
roofing

−738 −1097 +359

1 Not registered as an EPD, but follows the EN15804 PCR. 2 data not supplied in the EPD, calculated using EN16449. 3 Not clear how this
value is calculated. 4 Includes biogenic carbon in the furfuryl polymer.
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Table 3. Embodied energy and inherent energy data for modules A1–A3 (forest to factory gate) (declared unit 1 m3).
Abbreviations: PERE (primary energy renewable energy), PENRE (primary energy non-renewable energy), PERM (primary
renewable energy in the materials).

EPD Registration Number Date Country Description
PERE
(MJ)

PENRE
(MJ)

Embodied
Energy

(MJ)

PERM
(MJ)

Wood for Good 1 2014 GBR Fresh sawn softwood 34 1040 1074 8090
S-P-00561 2017 AUS Fresh sawn hardwood 111 1810 1921 11,300

EPD-EGG-20140246-IBA2-EN 2018 AUT Sawn timber green 97 250 347 8050
Wood for Good 1 2014 GBR Sawn dried softwood 853 1650 2503 8120
Wood for Good 1 2014 GBR Sawn dried hardwood 328 2840 3168 11,300
NEPD 307 179 EN 2015 NOR Sawn dried softwood 2270 685 2955 7410

S-P-00560 2017 AUS Sawn dried softwood 2480 1610 4090 9290
S-P-00561 2017 AUS Sawn dried hardwood 879 2510 3389 12,600

EPD-EGG-20140247-IBA2-EN 2017 AUT Sawn timber dried softwood 1330 330 1660 8160
S-P-01325 2018 SWE Sawn dried softwood 3170 748 3918 6750
S-P-00997 2019 NZD Sawn dried radiata pine 4200 552 4752 8260

13CA24184.102.1 2013 USA Dried planed
softwood lumber 1640 1228 2868

NEPD 00247N 2014 DNK Sawn dried planed
Siberian larch 3724 6842 10,566 9180

(BRE) 000124 2017 GBR Sawn dried planed softwood 2270 1570 3840 8440

S-P-00560 2017 AUS Sawn + dressed
dried softwood 3050 2260 5310 9290

S-P-00561 2017 AUS Sawn + dressed
dried hardwood 1190 3840 5030 12,600

Wood for Good 1 2014 GBR Sawn dried planed softwood 1060 2130 3190 8080
NEPD 308 179 EN 2015 NOR Sawn dried planed softwood 2930 902 3832 6840

S-P-00997 2019 NZD Sawn dried planed radiata 5330 720 6050 8240

S-P-00997 2019 NZD Sawn dried planed
jointed radiata 6530 991 7521 8140

S-P-02153 2020 CZE Sawn dried planed
jointed softwood 1050 472 1522 7500

4788424634.102.1 2020 USA Dried planed
softwood lumber 2381 1000 3381 10,959

NEPD 00259N 2014 EST TMT spruce 2184 7426 9610 9180
NEPD 00259N 2014 EST TMT pine 2761 7697 10,458 9180
NEPD 00260N 2014 EST TMT ash 6678 10,302 16,980 11,990

S-P-01718 2019 GBR TMT (Brimstone) poplar 13,000 4180 17,180 7460
S-P-01718 2019 GBR TMT (Brimstone) sycamore 18,100 5810 23,910 10,400
S-P-01718 2019 GBR TMT (Brimstone) ash 22,200 6480 28,680 9250

RTS_44_19 2019 FIN TMT Thermo-D
Lunawood rough 30782 5270 36,052 8353

RTS_44_19 2019 FIN TMT Thermo-D
Lunawood planed 31,163 6565 37,728 7604

RTS_44_19 2019 FIN TMT Thermo-S
Lunawood rough 27,924 4177 32,101 8354

RTS_44_19 2019 FIN TMT Thermo-S
Lunawood planed 28,483 5174 33,657 7605

S-P-01543 2020 NZL TMT Vulcan radiata sawn 4200 2970 7170 7560
S-P-01543 2020 NZL TMT Vulcan radiata surfaced 4740 3230 7970 7560

S-P-01543 2020 NZL TMT Vulcan radiata
finger-jointed 5680 3850 9530 7560

NEPD-376-262-EN 2015 NLD Accoya (radiata) 847 14,559 15,406 6574
NEPD-376-262-EN 2015 NLD Accoya (Scots pine) 932 13,137 14,069 10,372
NEPD-376-262-EN 2015 NLD Accoya (beech)( 1256 18,069 19,325 7596
NEPD-407-287-EN 2016 NOR Kebony Clear (radiata) 5576 15,354 20,930 16,476
NEPD-408-287-EN 2016 NOR Kebony Clear (SYP) 6407 13,335 19,742 17,473
NEPD-410-288-EN 2016 NOR Kebony character (Scots pine) 3078 5691 8769 12,302

1 Not registered as an EPD, but follows the EN15804 PCR.

A comparison of the relationship between the GWP and embodied energy for the
modified and unmodified solid wood products is shown in Figure 1.
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Figure 1. Relationship between embodied energy and global warming potential for unmodified and
modified solid wood products, from published EPDs and literature.

In principle, there should be an increase in both embodied energy and GWP emissions
as the degree of wood processing increases. This trend is apparent in the data, but there
are some obvious outliers which have considerably higher GWP compared with the main
group and others which have much higher embodied energy than might be predicted from
a trend-line. Those with a higher GWP belong to wood processed in Australia, where the
higher carbon footprint of the Australian grid mix is presumably the main cause of the
higher GWP values. One data point is associated with the production of sawn and planed
Siberian larch, and the higher embodied energy (10.57 GJ/m3) and GWP (386 kgCO2e/m3)
is due to the long transport distances involved. Since the analysis was performed in a
European context, these data were removed from the next part of the study. Some of the
data for TMT also exhibit much higher embodied energies than might be predicted from a
trend line (data were included in the analysis). The reasons for this are not known but are
considered further in the Discussion section.

There has been very little work on LCAs of modified wood published in the liter-
ature [7], although a study of the LCA of TMT production has been published [8]. The
declared unit was 1m3 and the embodied energy was 14.38 GJ (production in Portugal) and
17.55 GJ (Spain), with a corresponding GWP of 133 kg CO2e (Portugal) and 131 kg CO2e
(Spain). These data are considered typical for production of TMT in a European context
and were accordingly included in the analysis and in Figure 1.

Since this was a preliminary study, it was decided to use average values for the
different product groups. The average values for GWP are reported in Table 4 for 1 m3 of
unmodified wood (dried, sawn and planed), TMT, Accoya and Kebony, along with the
standard deviations. These values were then used in the model.

Table 4. Average values of GWP impact used for the comparison.

Parameter Unmodified TMT Accoya Kebony

Average GWP 75.6 311.4 385.3 710.33
Standard
deviation 29.1 168.0 126.5 304.3

195



Coatings 2021, 11, 366

The initial question asked was “what should the lifetime of the modified wood product
be in order to compensate for the extra GWP associated with the modification process?”
(modules A1–A3). This requires consideration of the initial impact associated with modules
A1–A3 and then determining the number of replacements of the unmodified wood that are
required before the GWP of the unmodified wood and modified wood are equal (modules
A1–A3 plus B4).

Such an analysis only considers the GWP impact associated with materials’ production
(modules A1–A3) but takes no account of the impacts associated with the transport to
construction site (A4) and installation (A5). Typical GWP impact data for these parts of the
product lifecycle were obtained from two published EPDs (registration numbers: S-P-01718,
BREG EN EPD No.:000124). GWP impacts of 6.9 kg CO2e/m3 (A4) and 46.7 kg CO2e/m3

(A5) were used as representative, although other values can be used. Therefore, adding
the GWP values for modules A1–A5 gives the total impact for production and installation
on site. For uncoated products, no maintenance was assumed during the product lifetime
(zero impact for modules B1–B7).

The additional effect of applying a coating was also investigated (module B4). For
this purpose, a thickness for the cladding boards of 30 mm was assumed, which results
in an exposed surface area of approximately 33 m2; it was assumed that only one side of
each board was coated with a water-based alkyd paint but that two coats were applied.
A coverage of 3m2 per litre of paint and a paint density of 1.1 kg/litre were assumed,
resulting in a usage of 60 kg of paint per m3 of wood product. The GWP impact of the
wood coating was determined using Ecoinvent 3.1 and using “Alkyd paint, white, without
water, in 60% solution state {RER}| alkyd paint production, white, water-based, product in
60% solution state | Alloc Def, S” with the method “IPCC 2013 GWP 100a V1.03”.

3. Results and Discussion

3.1. Relationship between Embodied Energy and GWP

The embodied energy of a material or product used in a structure or product is often
defined as the primary energy used in the manufacture, which includes all of the energy
used in the production, as well as the primary energy used in the transport of materials and
goods required for the production process. This definition relates to the initial embodied
energy, which is related to the cradle to factory gate stage (modules A1–A3, EN15804) of
the product life cycle, as reported in the work herein. This is sometimes referred to as the
initial embodied energy. In some definitions, the transport to construction site (A4) and the
energy used on site for the erection or installation of the product (A5) are also included.
The energy used in the maintenance and refurbishment of the product is referred to as the
recurring embodied energy, and where end of life is also considered, there is a contribution
from demolition energy. Embodied energy does not include operational energy, which may
be associated with the product, e.g., heating a building. The units used are generally MJ
(or GJ) per unit mass, or volume, or per defined functional unit, although some workers
report this as kWh (=3.6 MJ). Transport of materials to site can have a major impact on the
embodied energy and GWP impact of the construction materials.

The embodied energy is invariably reported according to the cumulative energy
demand (CED) method, which states that the embodied energy is assessed as the primary
energy used for the manufacture, use and disposal of an economic good (product or
service), or which may be attributed to it with justification. The method distinguishes
between non-renewable and renewable energy use. The cumulative energy demand (CED)
represents the primary energy used (both direct and indirect) during the life cycle of a
product [9]. This includes the energy consumed during the extraction, manufacturing
and the disposal of the product and raw and auxiliary materials. Different methods for
determining the primary energy demand exist. For example, the lower or higher heating
values of primary energy sources may be used; the use of renewable energy resources may
not be included, or it may be reported separately. Primary energy is defined as “the energy
requiredfrom nature” (e.g., coal) embodied in the energy consumed by the purchaser (for
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example, electricity) and the energy used by the consumer as “delivered energy”. This
means that a process using 1 MJ of electricity in one region of the world may have a
different embodied energy compared with an identical process using 1 MJ of electrical
energy in another part because the grid mix in the two regions is different.

The current standards do not provide complete guidance and do not address important
issues regarding embodied energy reporting. For example, EN15804 does not mention
embodied energy, although it does require the reporting of energy inputs as primary energy
and requires the reporting of the following categories describing resource use:

• Use of renewable primary energy, excluding renewable primary energy resources
used as raw materials

• Use of non-renewable primary energy, excluding non-renewable primary energy
resources used as raw materials

It is important to distinguish between embodied energy, which is associated with the
production of a good or service, and the inherent (or embedded) energy, which is a physical
property of the material. The terms embodied and embedded are sometimes confused
in the literature. As noted previously, the embodied energy of a material is the primary
energy that is associated with the extraction, processing and transportation of that material
from the cradle to the factory gate. In contrast, the embedded energy of a material is a
property of that material and can be directly measured. For example, the inherent energy
in a wood product can be recovered at the end of its life cycle by incineration, whereas
the inherent energy of concrete is zero. The inherent (embedded) energy is reported in
EN15804 in the following categories:

• Use of renewable primary energy resources used as raw materials
• Use of non-renewable primary energy resources used as raw materials

However, different LCA practitioners report data for these categories in different ways.
In addition, the inherent energy is reported as primary energy in these categories, which
does not necessarily represent the true value of the recoverable energy, which is usually
more accurately reported for wood as the lower heating value (LHV).

There should be a relationship between GWP and embodied energy because energy
production does result in carbon emissions, but the greenhouse gas (GHG) emissions
per unit of energy vary enormously, depending on the primary energy source used. For
example, there is a very large difference in the GWP associated with the generation of
1 kWh of electricity if coal or wind are used as the primary energy sources. Therefore, the
relationship between EE and GWP will exhibit scatter. Other reasons for different GWP
impacts per unit of energy are related to processes, such as wood drying using different
primary energy sources and differences in efficiency.

3.2. Impact of Modified Wood versus Unmodified (Uncoated)

Comparisons of modified versus unmodified wood are shown in Table 5. The data
are shown in terms of a payback time for the use of unmodified wood. The time in years
refers to the lifetime that the modified wood product would have to achieve before the
GWP impacts for the use of modified wood and unmodified became identical. This is
based upon the assumption that the unmodified wood has a lifetime in service of 20 years.
Any advantage in terms of GHG emissions would only be realised if the lifetimes of the
modified wood products exceeded these threshold values. The first row shows the payback
times only taking into account the production of the materials. The second row includes
the impacts from material production and installation onsite.

Table 5. Calculated payback times based upon average GWP values for each product group.

Scenario Unmodified TMT Accoya Kebony

A1–A3 20 82.3 101.9 187.9
A1–A5 20 56.5 68.0 118.3
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The more realistic scenario is the one including modules A1 through to A5, but the
required lifetimes for the modified wood in order to achieve parity in terms of GWP
impact is quite challenging. Re-examination of the data presented in Figure 1 shows that
there is considerable scatter in the GWP and EE values. The data for Accoya and Kebony
are limited (unsurprisingly), and although the average value has been assumed to be
representative, other values could be used in the analysis. Closer inspection of the EPDs
for Kebony (NEPD-407-287, NEPD-408-287, NEPD-410-288) reveals two distinctly different
GWP values (+886 kg CO2e/m3 for Kebony Clear produced from southern yellow pine or
from radiata pine, or +359 kg CO2e/m3 for Kebony Character produced from Scots pine).
These absolute values for GWP impact take no account of the sequestered atmospheric
carbon that is stored in the wood and furfuryl polymer of the product. In the EPD, these
data have been combined to yield an overall negative GWP impact. This approach to
dealing with sequestered carbon requires consideration of the end of life of the product
and the ultimate fate of the carbon but is not able to deal with the temporal aspects of
carbon storage [3]. For example, the climate change mitigation effects associated with
atmospheric carbon storage are quite different for a product lifetime of 5 years, compared
with 100 years. At this stage of the analysis, the carbon storage benefits have not been
included and the impacts due to GHG emissions were either based on those reported in
the EPD or calculated using those data. If the GWP impact for Kebony Character produced
from Scots pine is used in the analysis, the payback time (considering A1–A5) becomes
64 years. The important issue of sequestered atmospheric carbon is dealt with later. A
similar consideration of the Accoya EPD data (NEPD-376-262) also shows that there are
large differences in the reported GWP for Accoya (Accys, Arnhem) made from radiata
pine (source—New Zealand), Scots pine (Sweden) and beech (Germany). The GWP impact
associated with the production of Accoya was not reported directly and had to be calculated
based on the information supplied in the EPD (Table 6).

Table 6. Data obtained from the Accoya EPD (NEPD-376-262), the density, sequestered carbon and GWP total were reported
in the EPD, whereas the GWP impact was calculated from these data.

Species Density
(kg/m3)

Seq. C GWP Total GWP Impact GWP Total 1 GWP Impact

(kg CO2e/m3)

radiata 510 −944 −433 511 −709 235
Scots 540 −999 −741 258 −1130 −131
beech 755 −1397 −1010 387 −1540 −143

1 Includes acetic acid credits allocated on an economic basis

If the use of by-product acetic acid is included in the LCA, then the total GWP impact
is reduced, in some cases giving an overall negative impact. From the data provided in the
EPD, this indicates that the recovery of acetic acid by-product from the production of 1m3

of acetylated wood provides a GWP credit of 276 (radiata), 389 (Scots) and 530 kg CO2e/m3

(beech). Furthermore, negative GWP values are obtained for the whole process even when
the sequestered carbon is removed from the wood in two cases. Acetic acid is produced as
a by-product of the reaction of acetic anhydride with wood. Acetic anhydride is produced
by the reaction of acetic acid via the carbonylation process.An overall negative GWP value,
even when including system expansion and acetic acid credits, does not seem credible.
Without access to the details of the process and the underlying LCA, it is not possible to
examine this claim further. In addition, there is a considerable difference between the
species when credits are included. Due to these apparent discrepancies, the data including
acetic acid credits were not considered further.

The sequestered carbon in the Accoya products used in this EPD were estimated
based upon the reported density of the Accoya products (replicated in the table). Using
the methodology of EN16449 and these densities and an equilibrium moisture content of
0%, and an assumed carbon content of 50%, the calculated sequestered atmospheric carbon
content was close to that reported in the EPD (935, 990, 1384 kg CO2e/m3 for radiata,
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Scots, beech, respectively). However, these values should not be derived directly from the
modified wood density since the modified wood has larger dimensions than unmodified
and also weighs more due to the presence of bonded acetyl groups (which are derived from
a fossil feedstock). The correct procedure to determine the atmospheric carbon content of
the Accoya product is to use the density of the wood before acetylation. Table 7 shows the
sequestered carbon determined using EN16449 at a moisture content of 10% with densities
typical of the unmodified wood species.

Table 7. Sequestered atmospheric carbon content of radiata pine, Scots pine and European beech,
based upon typical densities and a moisture content of 10%.

Species
Density
(kg/m3)

Sequestered C
(kgCO2e/m3)

radiata pine 488 −813
Scots pine 455 −758

European beech 710 −1183

These values are lower than those quoted in the EPD by approximately 150–200 kgCO2e/m3.
However, based on the data quoted in the EPD, the payback time varies from 68 to 135 years.

3.3. Impact of Modified versus Unmodified Wood (Coated)

In some markets, cladding is painted, and the impact of this and any improvement in
properties due to wood modification was studied by assuming that a water-based alkyd
paint was applied as two coats to the exposed face of the board. A coating was applied
before installation and then at pre-determined intervals during an assumed 60-year lifetime.
As with the previous model, a service life of 20 years was assumed for the unmodified
wood. For a total lifetime of 60 years for the building, three replacements of the unmodified
wood were accordingly assumed, whereas the modified wood was assumed to have a
lifetime of 60 years. For the modified wood cladding, a coating interval of 10 years was
assumed, due to the improved dimensional stability imparted by wood modification. The
results from this analysis are shown in Table 8. The benefits of extended coating lifetimes
are clear from this analysis.

Table 8. The total GWP impact associated a reference service life of 60 years. For the unmodified
wood, a lifetime of 20 years was assumed, and coatings were applied every five years. For the
modified wood, a lifetime of 60 years was assumed, and coatings were applied every 10 years.

Material Total GWP (kgCO2e/m3) over 60 years

Unmodified 4343
TMT 2342

Accoya 2416
Kebony 2741

The assumptions made regarding coating intervals may not be realistic and the analy-
sis was improved by assuming three different coating intervals for unmodified wood (2, 4,
6 years) and examining the effect of changing the coating intervals on the modified wood
(from 2 to 10 years). The results from this analysis are shown in Figure 2.
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Figure 2. Effect of different coating intervals upon the GWP impact for unmodified and modified
wood for a total area of 33.3 m2. For unmodified wood, the horizontal lines represent the impact for
a single coating interval of 2, 4, or 6 years. A total lifetime of 60 years is considered and life-time of
20 years for the unmodified wood, and 60 years for the modified wood was assumed.

This shows that the impacts associated with coating (ignoring travelling to site, scaf-
folding, disruption, etc.) have a very important contribution to the overall impact. The
potential for modified wood to provide a more stable substrate for coating systems and
consequently for there to be an extension in maintenance intervals is significant and further
studies are warranted.

3.4. Dealing with Sequestered Carbon

There is no agreed method for incorporating sequestered carbon into life cycle assess-
ment [3]. The problem is that the period of time that the sequestered carbon is held in
storage is not properly accounted for, and there is considerable debate as to the best way
to do this. The most recent version of EN15804 incorporating A2:2019 includes a specific
category for reporting GWP-biogenic, in which sequestered atmospheric carbon can be
included and reported separately from the GWP-fossil, as well as a table in which the
biogenic carbon in the product due to conversion of atmospheric CO2 into biomass can
be reported. The GWP-biogenic indicator accounts not only for removals of atmospheric
CO2 into living biomass (not including native forest) into the product system but also
includes any emissions of biogenic carbon into the atmosphere from all sources (except
native forests), arising from combustion or disposal. The mandatory information that is
provided in Table 9 of the document of the standard EN15804 and it is therefore essential
for reporting the biogenic carbon content of the product, so as not to introduce ambiguities.
However, other than reporting these values, the standard makes no recommendations
regarding the reporting of the time of storage of the atmospheric carbon.

The benefits of carbon storage and extended lifetimes can be illustrated by the use of a
simple model which considers the flows of atmospheric carbon into and out of a carbon
pool that represents the built environment. Climate change mitigation occurs during the
period that the inflows of carbon into the pool exceed the outflows (exactly as would
occur with a forest). Although the carbon enters the pool each year as a single pulse as
buildings are constructed from wood, the actual residence time or lifetime of the wood
products in buildings is much more accurately represented by a distribution, so that the
outflow of the carbon now takes place over a number of years. Many different functions
can be used to represent this distribution, with an exponential decay often being chosen by
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default [10,11]. However, an exponential function over-estimates the losses for short time
intervals and under-estimates losses over extended time periods [12]. For the purposes of
this illustrative model, a normal distribution was chosen to represent the carbon outflow.
Two average product lifetimes (+/−standard deviation) were selected: 20 (+/−5 years)
and 60 (+/−5 years). The model was based upon an inflow of carbon of one tonne per
year, with the outflow being modelled by the standard deviation. Thus, eventually all of
the carbon associated with the inflow exits the pool into the atmosphere (assumed to be
100% oxidation of the carbon inflow). The results from such an analysis are illustrated in
Figure 3.

Figure 3. Effect on total carbon stored and time to equilibrium for a carbon pool with an input of
1 tonne C per year and a carbon loss represented by a normal distribution of time.

This shows very clearly that a tripling of the product lifetime leads to a 3-fold in-
crease in the total amount of carbon stored and the time to reach equilibrium. Dealing
with sequestered atmospheric carbon using this “stocks and flows” approach shows that
eventually the flow of carbon out of the product pool equals the inflow, but there is a
crucial period during which there is an increase in carbon stored, resulting in a mitigation
effect. Depending on the longevity of the timber products, this mitigation period can be
extended. The point here is that this buys time while a low carbon economics is created.
Attempts to include the carbon storage benefits into a conventional LCA approach have
many difficulties, and a consensus has not been reached as to the best way to do this. A
stock and flow approach shows the benefits very clearly. The choice of function to represent
the outflow may affect the time to equilibrium and total amount stored to a limited extent
but does not change the overall findings. Applying this approach to a real-life situation
requires accurate data regarding the lifetimes of timber products in the built environment.
To some extent, this can be based on models that use laboratory and accelerated data,
but examination of timber stocks and flows in the built environment receives very little
attention. This analysis has concentrated on an analysis of average values and compared
modified wood with unmodified in a European context. The impact of the treatment of
wood with biocides has not been considered. For low hazard applications, the use of wood
without coatings and biocides is sufficient, but for more demanding situations the use of
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biocides would be essential. At the present time, there are no satisfactory published data
which could be used to examine the impacts of biocide use.

This study has only examined the GWP impacts for the purposes of comparison of
modified with unmodified wood. Other impact categories should not be neglected when
performing an analysis of the sustainability of different technologies. For example, in cases
where timber is extracted from native forests, impacts upon land use and biodiversity
may be a serious issue. At this time EN15804 does not include consideration of such
impacts, apart from possible GWP implications of land use change. There is no impact
category listed for impacts on biodiversity, apart from potential comparative toxic unit for
ecosystems and potential soil quality index (SQP) as a land use related impact. However,
these are listed with the disclaimer “The results of this environmental impact indicator
shall be used with care as the uncertainties on these results are high or as there is limited
experienced with the indicator”. Until the scientific data and methodology supporting
such impact categories improves, other impacts concerning land use and land use change
should not be included in a comparative analysis. Other points that should be included in
the comparative analysis are a more comprehensive consideration of the environmental
impacts associated with installation, including potential disruption of other activities.

4. Conclusions

The results from this preliminary analysis have shown that any potential environmen-
tal benefit that might be realized from the use of modified wood is very clear when there is
an extended time between coatings. The benefits of life extension of the wooden products
is less clear if the sequestered carbon is not considered. The modification of wood has an
associated environmental burden associated with the process over and above that for the
production of unmodified wood. There is a considerable range of GWP values reported
in the currently valid published environmental product declarations for unmodified and
modified wood. In this preliminary analysis average values were taken for different prod-
uct groups, and these averages were used to examine what the lifetime of the modified
wood has to be so that the extra impact is equal to replacing unmodified wood over several
lifetimes (herein called a payback time). When the environmental burdens associated
with installation are not included, these payback times vary from 80 to 190 years. These
payback times are reduced somewhat when the GWP impacts associated with installation
are included in the analysis. Closer analysis of the EPDs for the chemical modification
processes (Kebony, Accoya) shows that there are reductions possible, particularly when
European-sourced wood is used (the study is in a European context). However, this more
detailed analysis has also revealed inconsistencies in the Accoya EPD. Further work is
needed to clarify the potential benefits (if any). When coated products are included in
the analysis, a doubling of the time between re-painting (5 to 10 years) produces clear
benefits in terms of a reduced GWP impact. The potential benefits of extending lifetime
due to the use of a modified wood results in a much higher total storage of atmospheric
carbon in the built environment carbon pool, and a longer time until equilibrium is reached.
There is currently no agreed methodology for combining the LCA with the carbon storage
benefits. It is essential that the difference in impacts due to material substitution and the
effect on carbon storage dynamics are both considered when undertaking an analysis of
the total impact on global warming potential. One further point to be considered here is
that end of life, or multiple lives due to cascading of timber products, has not yet been
considered in the analysis. This will be included in due course as the sophistication of
the modelling improves. A particular problem with using the stock and flow approach
is the choice of an appropriate model that accurately describes the outflow (oxidation)
of carbon from the built environment pool. Current recommendations regarding build-
ing lifetimes, maintenance and replacement of components are not based upon scientific
studies but upon assumptions. Thus, although qualitatively demonstrating the benefits
of carbon sequestration are straightforward, measuring the benefits of carbon storage in
timber products in the built environment are much more challenging. Further analysis is
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required to determine the effects of biocide use and to investigate other environmental
impacts, as well as modelling the impacts associated with installation and maintenance in
more detail.
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