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Article
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Abstract: The present research aimed to assess the moisture properties and viscoelastic behaviour of
artificially degraded pine wood, intended to serve as a model material for ongoing studies on new
conservation treatments for waterlogged archaeological wood. Sorption isotherms and hydroxyl
accessibility were measured using a Dynamic Vapour Sorption (DVS) system, while the investigation
of the selected wood rheological properties was performed using Dynamic Mechanical Analysis
(DMA). Fungal decomposition of pine by Coniophora puteana decreased the maximum equilibrium
moisture content (EMC) from 20.3% to 17.7% in the first and from 19.9% to 17.1% in the second
DVS run compared to undegraded pine, while chemical degradation using 50% NaOH solution
increased the wood EMC to 24.6% in the first and 24.2% in the second run. The number of free
hydroxyls measured for the biologically degraded sample was similar to sound wood, while chemical
degradation reduced their number from 11.3 mmol g−1 to 7.9 mmol g−1. The alterations in the wood
chemical composition due to different degradation processes translated into changes in viscoelastic
behaviour. For biologically degraded wood, a reduction in the loss modulus and storage modulus at
the temperature of 25 ◦C was observed compared to undegraded pine. Surprisingly, for chemically
degraded pine, the values were more similar to sound wood due to the considerable densification of
the material resulting from shrinkage during drying. The loss factor values for both degraded wood
types were higher than for undegraded ones, indicating an increase in damping properties compared
to sound pine. Distinct changes were visible in the storage modulus and loss factor graphs for DMA
of chemically and biologically degraded pine. The degradation processes used in the study produced
wood types with different moisture and viscoelastic properties. However, both seem useful as model
materials in the research on the new conservation agents for waterlogged archaeological wood.

Keywords: wood moisture content; sorption isotherms; elastic modulus; wood mechanical properties;
degraded wood

1. Introduction

Fulfilling the obligation to protect and save our wooden cultural heritage for future
generations requires the development of new proper conservation methods. In order to
achieve this, broad research is needed, which demands large amounts of material. It is
impossible to obtain enough archaeological wood with similar properties for extensive
studies on new conservation agents, hence the idea to use artificially (biologically and
chemically) degraded wood that mimics naturally degraded archaeological one [1–4].
However, detailed knowledge about the material’s properties is necessary to interpret the
results of further research on new conservation agents correctly.

Wood is a hygroscopic material that constantly exchanges moisture with the sur-
rounding environment. Moisture in wood plays a crucial role in its dimensional stability,
mechanical properties and susceptibility to fungal degradation—thus, the moisture content
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is crucial for wood’s performance [5–9]. Moisture properties depend on many factors,
including the microstructure of the cell wall (surface area, number and size of pores) and
the number of active sorption sites on the cell wall polymers [8–10]. Since degradation pro-
cesses change the wood chemical composition by decomposing selected cell wall polymers
(entirely or to some extent), they inevitably alter the wood moisture behaviour [11–13].
That, in turn, directly affects the rheological properties of wood that concurrently depend
on the cell wall structure [14–16].

In the first step of the research (Part I [4]), the changes in the chemical composition
and cell wall microstructure produced by biological and chemical degradation were inves-
tigated. The present research aimed to determine how those changes affected the wood
moisture and rheological properties in order to supplement the characteristics of degraded
wooden material. A Dynamic Vapour Sorption method was used to analyse wood mois-
ture properties, while Dynamic Mechanical Analysis was involved in characterising its
viscoelastic behaviour in a broad temperature range (from −150 to +150 ◦C) by identifying
relaxation events for degraded pine in comparison with sound pine wood. This type of
data is useful when considering the storage and display of artefacts, as the humidity/water
uptake profile is key. Moreover, mechanical testing gives important information on the
stress forming within the material during treatment, handling and storage.

2. Materials and Methods
2.1. Materials

The research material was contemporary Scots pine (Pinus sylvestris L.) sapwood—
sound and artificially degraded under laboratory conditions to mimic degraded archaeo-
logical wood. For biological wood decay, a brown-rot fungus Coniophora puteana (Shum.:
Fr.) P. Karst BAM 112 (BAM Ebw. 15) was used (resulted in about 38.5% mass loss), while
chemical degradation was performed by soaking wood samples in 50% NaOH solution
(mass loss of about 17%), as described in Part I [4].

2.2. Methods
2.2.1. Sample Preparation

Air-dried sound and degraded wood specimens of original dimensions about
20 × 20 × 10 mm (in the radial, tangential and longitudinal direction, respectively) were
cut across the annual rings to obtain specimens with dimensions appropriate for Dynamic
Mechanical Analysis (DMA), approximately 20 × 10 × 3 mm (in the radial, longitudinal
and tangential direction). Before the measurements, they were conditioned at room temper-
ature (21 ± 1 ◦C) and ambient air relative humidity (40 ± 5%) until equilibrium moisture
content was achieved. Five specimens of each wood type cut from the same wooden block
were analysed.

2.2.2. Dynamic Mechanical Analysis

The wood viscoelastic behaviour was analysed with a Triton Technology DMA anal-
yser (Grantham, UK). A single cantilever deformation mode was used, where the bending
moment was applied to the sample in the radial direction. The dynamic force was 0.2 N
and oscillated with a frequency of 1 Hz; the static force was 2 N. The measurement was
conducted over the temperature range from −150 ◦C to 150 ◦C with a heating rate of
5 ◦C/min to observe the wood relaxation behaviour. The dynamic storage modulus (the
ratio of stress to strain under vibratory conditions, E′), the loss modulus (a measure of the
energy dissipated or lost per cycle of sinusoidal deformation, E′′) and the loss factor (the
energy dissipation potential of the material, tan δ = E′′/E′) were determined.

Bulk density at the time of the test (ρ) was calculated for all conditioned wood samples
as the ratio of the specimen weight (prior to test) to its volume (prior to test).
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2.2.3. Moisture Sorption Analyses

To better understand the effect of the degradation processes on the wood viscoelastic
behaviour, moisture properties were also analysed in parallel with the DMA tests. The
measurements were performed at a constant temperature of 21 ± 0.2 ◦C on powdered
sound and biologically and chemically degraded wood (about 10 mg of each type) using a
Dynamic Vapour Sorption (DVS) system (DVS Advantage, Surface Measurement Systems,
London, UK) [17]. Since the analysis aimed to compare the moisture properties of sound
and degraded wood and not to determine the most precise values, the criterion for the
end of each stage was set at 0.002% for 10 min. Whilst longer hold times may yield
slightly different results, in this case, as long as conditions were exact for each sample,
comparisons between samples would be representative [17,18]. Two sorption cycles were
run for each specimen to allow more detailed moisture sorption characteristics of sound
and degraded wood.

2.2.4. Hydroxyls Accessibility Measurements

The accessibility of the hydroxyl groups was analysed with the method that utilises
deuterium exchange in the DVS apparatus, where instead of water, deuterium oxide
(D2O) was used during the measurements [10,19]. About 10 mg of wood powder was first
preconditioned in the sample pan at a temperature of 21 ◦C and 0% RH of D2O and nitrogen
(flow rate 200 cm3 s−1) to remove any adsorbed water molecules until mass stability of
less than 0.002% change in 10 min was achieved. Then, six adsorption–desorption (RH
0%–90%) cycles per sample were conducted, and the increase of wood dry mass due to
deuterium exchange was calculated. In a similar manner to standard moisture sorption
analysis, the period for which the sample was maintained at a constant relative humidity
until its moisture content change was less than 0.002% per minute was adjusted to 10 min
to ensure reaching the equilibrium in each RH step. Finally, hydroxyls accessibility was
calculated from the difference between the initial dry mass of the sample and the dry mass
after the final cycle when the mass remained constant.

3. Results and Discussion
3.1. Moisture Properties of Sound and Degraded Pine

Presented as sorption isotherms and hysteresis in Figures 1 and 2 and data in Table 1,
the results of the DVS analysis show that both degradation processes—biological and
chemical—changed the moisture properties of wood, but in a different way.
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Table 1. Mean values of free hydroxyls, values of maximum hysteresis (maximum difference of EMC
between desorption and adsorption) in the first run (H1max), maximum hysteresis in the second run
(H2max), the difference in max hysteresis between the two runs (∆Hmax), maximum EMC in the first
(EMC1) and the second (EMC2) run, respectively, and the difference in maximum EMC between the
first and the second run (∆EMC) for sound (CP), biologically (B) and chemically degraded (ChP)
contemporary pine.

Wood
ID

Hydroxyls
[mmol g−1]

H1max
[%]

H2max
[%]

∆Hmax
[%]

EMC1
[%]

EMC2
[%]

∆EMC
[%]

CP 7.90 ± 0.14 3.02 2.57 0.45 20.3 19.9 0.4
BP 8.04 ± 0.99 3.58 2.48 1.1 17.7 17.1 0.6

ChP 11.32 ± 0.34 3.34 2.85 0.49 24.6 24.2 0.4

For all samples, sorption isotherms show the characteristic sigmoidal shape for both
the adsorption and desorption processes (Figure 1), and the differences between the first
and the second run, typical for wood, can be seen [20,21]. However, some alterations
between the samples can be seen depending on the degradation procedure applied.

Fungal decomposition of pine by C. puteana decreased the maximum observed equi-
librium moisture content (EMC) from 20.3% to 17.7% in the first and from 19.9% to 17.1%
in the second DVS run compared to undegraded pine. Adsorption curves for two cycles
are similar up to 40% RH, and desorption curves—up to 70% RH. Above these values,
the variations between the cycles can be seen, and they are more pronounced than for
undegraded wood.

The reduction of moisture sorption for brown-rot-decayed wood is a consequence of
significant changes in the wood chemical composition [22–25]. In the very early stages of
fungal decay, when only depolymerisation of the cell wall components occurs, the number
of sorption sites (free hydroxyl groups) increases. However, as the decomposition proceeds,
the resulting decrease in the amount of individual wood polymers reduces the number
of sorption sites. Most free hydroxyl groups in the wood cell wall are provided by hemi-
celluloses, followed by amorphous cellulose. Since brown-rot decomposes hemicelluloses
and cellulose selectively, the reduction of sorption for heavily decayed wood is evident.
The reduction was shown to become more pronounced with the increasing wood mass
loss [22,23,25,26].

The number of free hydroxyls measured for the biologically degraded (BP) sample was
similar to sound wood (CP) (Table 1). However, at the same time, the standard deviation for
BP was higher, indicating less uniformity, presumably due to uneven degradation. Despite
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an increase in the cell wall surface area and total pore volume, the fungal decomposition of
hemicelluloses and cellulose (which led to a relative increase in lignin with only limited
numbers of hydroxyl groups) was advanced enough to reduce wood moisture sorption
(wood mass loss of 38.5%) [4,27].

In contrast, chemical degradation using 50% NaOH increased the wood EMC at a
maximum relative humidity in the DVS run, from 20.3% (for untreated pine) to 24.6% (ChP)
in the first and 19.9% (CP) to 24.2% (ChP) in the second run, along with an increase in
the number of free hydroxyls (11.3 mmol g−1 vs. 7.9 mmol g−1 compared to undegraded
wood). Adsorption and desorption curves for two cycles are similar up to 70% RH. Above
these values, the variations between the cycles are visible and different compared to
undegraded wood.

The results for chemically degraded wood reflect the changes in the wood chemical
composition—this treatment reduced both the hemicellulose and lignin content [4], so
although decreasing the hydroxyl-rich hemicelluloses did, removing lignin increased the
relative concentration of hydroxyl-rich carbohydrates in the cell wall. One possibility is
the degradation of cellulose, or the interaction between hydroxide ions and the crystalline
cellulose, which is known to alter crystalline conformation in processes such as merceriza-
tion, increasing accessibility of previously inaccessible cellulose crystalline regions. Loss of
lignin has been shown to result in higher EMC and greater hygroexpansion [28]. Reduc-
ing crosslinks between lignin and hemicelluloses with cellulose resulted in the cellulose
microfibrils being surrounded by an increasingly loose and elastic network, which facil-
itates their interactions with water molecules [29]. The NaOH treatment also reduced
cellulose crystallinity, increasing free hydroxyls on this polymer [4]. Barman et al. [30]
and Ishikura et al. [31] observed similar phenomena. Interestingly, Ishikura et al. [31]
reported a decrease of active sorption sites in wood treated with NaOH concentration up
to 5% and their increase when 20% NaOH was used, while Barman et al. [30] observed that
although NaOH of concentration of 10% increased the number of active sorption sites (due
to hemicelluloses dissolution and removal of fat, pectin and lignin) and relatively increased
cellulose crystallinity (due to decomposition of both hemicelluloses and lignin), higher
alkali concentration (20%) caused the opposite effect and reduced the number of free -OH
because of further degradation of cellulose fibrils. The difference between the reports may
result from different wood species used in the studies. Nevertheless, both research groups
confirmed increased wood hygroscopicity after alkali treatment.

All isotherms recorded for degraded and undegraded wood (Figure 1) present sorption
hysteresis (Figure 2) typical for porous materials (including wood) where equilibrium
moisture content under the same conditions is higher during desorption than during
adsorption. This results from incomplete rehydration of active sorption sites during
adsorption, the effects of compressive stresses during swelling and the relaxation of matrix
polymers of the cell wall upon changeable moisture conditions [9,21,32,33]. However, the
hysteresis is different for each sample, and significant disparities in the values and shape of
hysteresis curves between undegraded, biologically and chemically degraded specimens
can be seen (Figure 2).

With undegraded (CP) and biologically degraded (BP) pine, the maximum observed
hysteresis could be seen at close to 70% RH. However, the maximum observed hysteresis
of BP has a much greater value in the first cycle, while in the second run, the value is
lower compared to CP (Table 1). There is a large difference between the two cycles for BP
(∆Hmax of 1.1%), while for CP, it is much smaller (∆Hmax of 0.45%). In the first run, the
shape of the BP hysteresis curve is similar to CP (Figure 2). The curves almost overlap up
to 20% RH, then BP goes below the CP, and finally, it overtops CP from about 43% RH up
to the highest RH values registered during the measurement. Interestingly, in the second
cycle, the BP hysteresis is lower than CP over the whole RH range, and the shape of both
curves is uneven.

With chemically degraded pine (ChP), the hysteresis looks utterly different from BP
and CP. First of all, the shape of hysteresis curves is different, being broadened and flatter
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(Figure 2). The maximum hysteresis for ChP is higher than CP in both cycles (Table 1) and
is shifted towards lower RH in the first run (about 60%). The difference between ∆Hmax for
both wood types is smaller (0.49% for ChP and 0.45% for CP) than for BP and CP. In the
first run, the ChP hysteresis curve overtops CP up to about 72%, where it rapidly slopes,
while in the second cycle, it overtops CP in the entire RH range and is flatter and more
regular in shape than CP.

The width of the hysteresis loop in wood depends on internal bonding between
individual cell wall polymers. The loop grows as the number of bonds increases [26].
For biologically degraded pine, the wide hysteresis loop observed suggests advanced
degradation due to the formation of new inter-structural bonds after decomposition of
individual wood polymers, which is in line with the mass loss of 38.5% calculated for
this wood [4] and with the observations by Irbe et al. [26]. On the other hand, a narrower
loop of ChP hysteresis reflects the early stage of degradation with the decomposition of
hemicelluloses that typically form numerous bonds with cellulose and lignin, confirmed
with a lower mass loss of about 18%.

The difference in hysteresis between the first and the second DVS cycle is typical for
wood. It has been suggested to result from the phenomenon known as hornification [10],
though this is subject to discussion. The first drying from the native state appears to cause
structural changes in the cell walls, which could affect their access to water [10,34]. It is
usually explained as an effect of the annealing process of amorphous cell wall polymers
induced by drying. The resulting energy or stress required to re-open ‘closed’ pores between
these cell wall polymers typically exceeds the energy available for sorbing water, limiting
their ability to absorb water. However, when the wood is exposed to high humidity, the
high moisture content plasticises the polymers, thus facilitating their relaxation for many
temporarily closed sites. This leads to the partial recovery of their initial conformation and
changes in the moisture behaviour in the second sorption cycle, but in the following cycles,
the hystereses are mostly reproducible [34–36].

The proposed mechanisms behind moisture uptake differ depending on the water’s
location within the wood structure. For water in the cell lumina (macro voids), the pore
blocking or ink-bottle effects with pits acting as bottlenecks during desorption seem the
most plausible [9,37]. For water in the cell walls, the possible mechanisms related to the
alterations in the hydrogen bonding arrangement during dimensional changes due to
moisture content changes or the mechanical properties of the cell wall [32,33,38]. The data
detailed in Part 1 [4] shows that CP produces more small mesopores within the wood,
whilst BP also produces mesopores and some macropores and thus has a more complicated
and varied structural change. It is clear that a simple explanation of increasing surface
area or volume of pores does not correlate to higher moisture content. Therefore, questions
remain on the effect of the complex changes in the chemical and geometric structure of the
cell walls.

The behaviour of wood in the moisture content range between dry and saturated
states is complex and subject to much research, and as such, exact explanations of the
mechanisms involved are beyond the scope of this paper. However, as a comparison of the
behaviour of the treated samples with respect to moisture is of key importance, then an
attempt at some explanation of observations has been made.

So, to summarise, if the moisture properties of degraded wood are considered, the be-
haviour of chemically degraded pine seems to be the most similar to the majority of wooden
archaeological artefacts [11,39,40]. However, there were also archaeological findings with
properties similar to biologically degraded pine [20]. Since moisture behaviour depends on
several factors, including the degree of degradation and related chemical composition and
microstructure, as well as the drying/wetting history of the sample, every wooden artefact
should be considered individually. From this perspective, both degradation treatments
applied seem to produce research material relevant for further study on new conservation
treatments for waterlogged archaeological wood.
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3.2. Viscoelastic Behaviour of Sound and Degraded Pine Wood

Degradation processes alter the chemical composition and affect wood moisture
properties, both of which result in changes in its mechanical properties, primarily through a
reduction in polymer chain length but also through changes in the proportion of amorphous
and crystalline regions and other parameters that influence viscoelasticity. The storage
modulus, loss modulus and the calculated loss factor values for sound and degraded wood
at 25 ◦C obtained using a DMA technique are presented in Table 2.

Table 2. Mean values of MC for pine samples at the start of the DMA measurement, bulk density
of wood samples (ρ), temperature of tan δ responses, and E′, E′′ and tan δ measured at 25 ◦C
and a frequency of 1 Hz; contemporary pine samples: sound (CP), biologically degraded (BP) and
chemically degraded (ChP); ±standard deviation; the value given in brackets refer to tiny, hardly
distinguishable peaks.

Wood ID MC
[%]

ρ
[g cm−3]

Tan δ Response [◦C] E′ at 25 ◦C
[MPa]

E′′ at 25 ◦C
[MPa]

Tan δ
at 25 ◦Cγ βwet β3 β2 β1 α

CP 6.3 ± 0.1 0.44 ± 0.02 −90 ± 5 −65 ± 3 12 ± 1 92.8 105.4 - 95.4 ± 14.1 3.5 ± 0.4 0.0367 ± 0.0012
BP 6.2 ± 0.2 0.44 ± 0.03 −86.6 (−34) - 30 ± 6 76.7 101.4 52.3 ± 10.8 2.2 ± 0.3 0.0429 ± 0.0038

ChP 6.9 ± 0.1 0.65 ± 0.02 −79.9 - (−7) 48.6 83.1 90.8 ± 17.0 4.2 ± 1.0 0.0475 ± 0.0116

The highest value of storage modulus was recorded for undegraded pine (about
95 MPa), while for biologically (BP) and chemically (ChP) degraded wood, the values were
lower—52 MPa and 91 MPa, respectively.

Note that the relatively low E′ value for undegraded pine results from the fact that
the bending moment was applied on a sample in the radial direction, not longitudinal as
in typical mechanical tests. The reduced stiffness of BP reflects the calculated mass loss of
about 39% due to the exposure to C. puteana and the resulting reduction in the cellulose
content and crystallinity [4], which are known to affect wood stiffness strongly [41]. In
the case of chemically degraded wood (ChP), it may seem surprising that despite its
degradation and the resulting mass loss of about 17%, the E′ value is close to that of the
undegraded CP. The reason is likely to relate to the increase in the density of degraded
wood after air drying due to shrinkage [4] after the action of sodium hydroxide to degrade
hemicellulose and permit rearrangement of amorphous polymers within the cell wall
during re-drying after chemical action. It could also relate to the greater proportion of
crystalline cellulose remaining after the degradation of the accessible hemicellulose and
amorphous cellulose regions [4]. High shrinkage was previously also observed for naturally
degraded waterlogged archaeological elm in our previous research [42]. However, in that
case, the density was not increased, and the stiffness (E′) decreased. In the archaeological
wood, the degradation mechanism was a combination of soft rot and bacterial decay, which
did not lead to increased crystallinity.

The mass loss of about 39% for BP wood and shrinkage of 22% resulted in the wood
density of BP being similar to undegraded CP wood (Table 2). In the case of ChP, however,
the densification was much more pronounced due to the higher shrinkage level (25%),
even though the mass loss due to degradation was lower [4]. The increased ChP density
after drying altered wood stiffness, making it similar to undegraded wood. The higher
ChP stiffness also results from the changes in its chemical composition that were different
than for BP. As shown in the previous study [4], the alkali treatment reduced the amount
of lignin, hemicelluloses and amorphous cellulose in the cell wall, increasing the relative
content of crystalline cellulose responsible for wood stiffness, thus making the material
stiffer in comparison with biologically degraded wood despite its mass loss.

For BP wood, not only was there a reduction in E′ but also a reduction in the loss
modulus (E′′ value) compared to undegraded CP (Table 2). This indicates a loss of the
wood ‘rubberiness’ and reflects the degradation of hemicelluloses in the cell wall, which,
together with water bound to their molecules, are known to contribute to wood viscoelastic
behaviour [43,44]. Interestingly, for degraded ChP wood, the value of loss modulus is
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similar/slightly increased compared to undegraded CP (considering the value of standard
deviation). In this case, it seems that the potential reduction in damping behaviour caused
by loss of hemicelluloses is compensated by the increased hygroscopicity of chemically
degraded wood (as described above in the Section 3.1).

The loss factor (tan δ) values for both degraded wood types were higher than for
undegraded CP (Table 2). This indicates that the chemical and structural changes in
degraded wood cell wall polymers resulted in a relatively larger reduction in E′ than E′′.
This made it a less elastic (more dissipative) material than undegraded pine.

Since DMA is a method that distinguishes the response of amorphous components
of individual wood polymers, it is useful to analyse wood samples differing in chemical
composition [42,45]. Example graphs of storage modulus, loss modulus and loss factor for
sound and degraded contemporary pine are presented in Figures 3 and 4. The E′, E′′ and
tan δ graphs for biologically degraded BP and chemically degraded ChP show significant
differences compared to unmodified pine. The change in both the position and the intensity
of individual tan δ peaks compared to undegraded CP reflects changes in their chemical
composition caused by the degradation processes.

Forests 2022, 13, x FOR PEER REVIEW 8 of 13 
 

 

together with water bound to their molecules, are known to contribute to wood viscoelas-
tic behaviour [43,44]. Interestingly, for degraded ChP wood, the value of loss modulus is 
similar/slightly increased compared to undegraded CP (considering the value of standard 
deviation). In this case, it seems that the potential reduction in damping behaviour caused 
by loss of hemicelluloses is compensated by the increased hygroscopicity of chemically 
degraded wood (as described above in the Section 3.1.). 

The loss factor (tan δ) values for both degraded wood types were higher than for 
undegraded CP (Table 2). This indicates that the chemical and structural changes in de-
graded wood cell wall polymers resulted in a relatively larger reduction in E′ than E″. This 
made it a less elastic (more dissipative) material than undegraded pine. 

Since DMA is a method that distinguishes the response of amorphous components 
of individual wood polymers, it is useful to analyse wood samples differing in chemical 
composition [42,45]. Example graphs of storage modulus, loss modulus and loss factor for 
sound and degraded contemporary pine are presented in Figures 3 and 4. The E′, E″ and 
tan δ graphs for biologically degraded BP and chemically degraded ChP show significant 
differences compared to unmodified pine. The change in both the position and the inten-
sity of individual tan δ peaks compared to undegraded CP reflects changes in their chem-
ical composition caused by the degradation processes. 

 
Figure 3. Comparison of storage modulus (E′) and loss modulus (E″) exemplary graphs for contem-
porary pine: undegraded (CP), biologically degraded (BP) and chemically degraded (ChP). 
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porary pine: undegraded (CP), biologically degraded (BP) and chemically degraded (ChP).

We are aware that the DMA information in the upper portion of the temperature range
used in this experiment is subject to the influence of transient moisture effects when air
dry samples are used, making complete interpretation of the graphs difficult. Therefore, as
in our previous article [46], the results obtained from this upper range are presented only
as examples to enable qualitative comments comparing the biologically and chemically
degraded wood with undegraded pine samples (for example, where the effects of changes
in the wood chemical composition had a noticeable effect on the viscoelastic behaviour). In
addition, the brittleness of the degraded samples meant that several sample outputs were
truncated at mid-range temperatures (as ChP graphs in Figures 3 and 4), rejected if they
exceeded the linear viscoelastic limit, or underwent cracking during testing.
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In tan δ graphs, individual secondary relaxation peaks can be recognised for wood
polymers (for example, Figure 4). Although different nomenclature can be found for those
peaks in the literature, we continue naming them the same way we did in our previous
papers [42,46]. For sound wood, the γ-relaxation peak usually occurs at about −100 ◦C
and is associated with rotations of methylol groups in hemicelluloses and amorphous
regions of cellulose [47,48]. In the higher temperature range, the tan δ peaks are often
identified as the β-peak and the α-peak (or glass transition temperature). The β-peak is
a secondary relaxation of short segments of the polymer chain. It is observed at different
temperatures depending on the moisture content of the wood, where a shift to lower
values can be seen with increasing quantities of moisture [49]. Typically it can be observed
between −7 and +34 ◦C for wood with low or moderate moisture content [50]. However,
it has also been registered over a wider temperature range (−53 to +53 ◦C [51]) and
at much higher temperatures of 70 ◦C [52], 83 ◦C [45], or even up to 118 ◦C for oven-
dried wood [53]. Additionally, a separate βwet-peak has also been reported by some
researchers, relating specifically to moisture [54]. Further, it should be noted that both
the polysaccharides (hemicellulose and amorphous cellulose) and lignin are capable of
demonstrating β-relaxations for short segments of their respective polymer chains, but in
unmodified wood, it is difficult to distinguish which polymer has contributed to the β-peaks
observed. The α-peak or glass transition temperature relates to micro-Brownian motions
within the polymer chain when it transforms from a glassy to viscous state. It usually
occurs at higher temperatures (from 150 to 250 ◦C) for air- and oven-dried wood [51,53,55].

For both undegraded (CP) and degraded (BP and ChP) pine samples, the γ-peak can
be seen at similar temperatures of about −90 ◦C to −80 ◦C (Figure 4, Table 2). It may seem
surprising because in highly degraded wood with significantly reduced carbohydrates, the
γ-peak is usually shifted towards higher temperatures [42,46,48]. However, many methylol
groups remain present on undegraded segments of the polysaccharide chains; for example,
alkali leads to a peeling reaction of sequential sugar monomers but does not cleave the
OCH3 moieties from the sugars. Thus, it appears that the amounts of methylol groups
on amorphous cellulose and hemicelluloses in degraded samples are still high enough to
participate in the γ-relaxation motions and be visible at a similar position as for sound
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wood. This observation is in line with the results of wood mass loss and FT-IR analysis of
sound and degraded pine described in our previous article [4].

A β-peak for sound CP occurred at about 12 ◦C, which is within the temperature range
typical for glassy motions of short segments of wood carbohydrate or lignin chains [42,48].
For the degraded samples, however, weak β-peaks were divided (β1 and β2) and have
been shifted to higher temperatures: 30 ◦C and 77 ◦C for BP and −7 ◦C and 48 ◦C for ChP.
In addition, these were greatly suppressed, becoming poorly visible. It is possible that
chain degradation has left very few segments that are suitable for crankshaft motions or
similar rotations intact—these are the typical motions for β-relaxations in polymers [56], or
that the physico-chemical environment surrounding any pendant oligosaccharide groups
from the hemicellulose chains have also been altered. The upper of these values are on
the edge of the temperature range which can be commented on due to transient moisture
effects, so that no further comment can be made.

It is more difficult to draw conclusions about the α peaks in an experiment of this
nature where transient moisture effects may have occurred. Provisionally, however, it
should be noted that a strong peak, which could be of the glass transition type, was seen
for ChP at approx. 83 ◦C. This was accompanied by a large decrease in storage modulus,
further indicating it may be a glass transition event. The shift of this strong peak to lower
temperature may result from significant degradation of the polymer chains, allowing glass
transition to occur at lower temperatures than unmodified wood. In BP, a broad peak
was seen near 100 ◦C, which coincides with a decrease in E′, again indicating that it may
be a glass transition event. If so, then both the chemical degradation and the biological
degradation processes have permitted detection of this effect at a lower temperature than
is usually reported for air dry samples. In the case of the unmodified pine (CP), there is
also a broad peak present near 100 ◦C, which may be a β-relaxation as there is no decrease
in E′. Further work is required to comment in any greater depth on these thermal events.
The differences between the chemical and biological degradation clearly lead to interesting
differences in phenomena at the higher temperature range.

It is interesting that generally, the magnitude of tan δ is increased for both degraded
wood types throughout the whole temperature range, with the graph for ChP exceeding
that of BP between 26 ◦C and 78 ◦C. This indicates the loss of stiffness due to the degradation
of the wood polymers, mainly cellulose (in particular, its crystalline fraction, as in BP).

It should be noted that the analysed samples differed significantly in the content of
individual cell wall polymers. Therefore, the DMA output for biologically degraded pine
(BP) was dominated by molecular relaxations of lignin with a minor contribution of polysac-
charides. In contrast, for chemically degraded wood (ChP), it was dominated by relaxations
within cellulose chains with only a small contribution of lignin and hemicelluloses.

Additionally, some small internal cracks were observed in several BP and ChP samples
after the DMA analysis (those samples were rejected and the data excluded from the
study), which confirmed their substantial degradation. This may explain higher standard
deviations for all the values obtained from the measurements of degraded specimens
compared to undegraded wood and demonstrates the difficulties in analysing decayed
wood with the DMA method, despite using a small dynamic force of only 0.2 N. Apparently,
even a relatively small sample size (about 20 × 10 × 3 mm) used in this technique seems to
be too large to be free from internal micro-imperfections caused by degradation processes
that prevent obtaining reproducible results. Therefore, although the results obtained from
the DMA analysis seem reasonable, are in line with the wood properties known based on
other analyses and explain the viscoelastic behaviour of degraded wood to some extent,
we plan to study the mechanical properties of the wood cell wall on the nanoscale to
understand better the effect of different degradation processes on the material.

4. Conclusions

This study used two laboratory-induced degradation techniques on contemporary
sound pine to investigate its suitability as a substrate for developing new conservation
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treatments for archaeological wood. Fungal decomposition decreased the EMC of the wood,
while alkali treatment with NaOH increased it, meaning that the biological degradation was
more typical of archaeological degradation in this respect. However, hydroxyl accessibility
of the biologically degraded material remained similar to the untreated pine, whereas the
chemical treatment reduced it significantly. Both treatments were selected mainly for their
action on the polysaccharide component of the wood, although alteration of the lignin com-
ponent in chemically degraded pine was observed using FTIR in our previous work. Using
DMA, both degraded samples showed a reduction in storage modulus and an increase
in loss factor, indicating the wood had become more dissipative than undegraded pine.
Changes in the storage modulus graphs at higher temperatures were of particular interest
in interpreting differences in the tan δ peaks at 100 ◦C for the degraded woods; however,
further experiments are required to overcome method limitations. Although the two differ-
ent degradation methods produced woods differing in moisture and viscoelastic properties,
both types seem useful as model materials in the research on the new conservation agents
for waterlogged archaeological wood.
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