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Abstract: The use of wood-based materials in the automotive industry is currently under discussion
and investigation. One of the major material requirements for such applications is sufficient weathering
stability. This can be demonstrated by an accelerated aging process in which the samples are exposed
to changing climatic conditions and a spray mist of an aqueous NaCl solution. The effects of media
salt (NaCl) on the mechanical and physical properties of wood have scarcely been investigated.
The presented study investigated the changes in bending strength (MOR), modulus of elasticity
(MOE), and impact bending strength (α) of naturally and artificially weathered oak (Quercus spp.)
and birch (Betula pendula Roth) wood. The tests provided comparable results. The decrease under
natural weathering of oak was 3.73%, 4.69%, and 6.45% for MOR, MOE, and α. Under artificial
weathering the decrease observed for oak was 7.33%, 10.87%, and 16.29% and 3.2%, 8.21%, and 4.03%
for birch respectively. It is remarkable that α increased for birch wood at the beginning of the artificial
weathering cycles. The penetration of the aqueous NaCl solution into the wood substance resulted in
an increase in the wood’s equilibrium moisture content (EMC), which can be explained by the stronger
hygroscopic properties of NaCl compared to wood. The higher impact strength at the beginning
of artificial weathering can be partly explained by this increase in EMC. In order to investigate the
penetration behavior of salt into the wood substrate, the artificially weathered samples were examined
by means of energy dispersive X-ray analysis (EDX) and it was shown that the salt concentration
changes significantly over the weathering cycles and sample cross-section.

Keywords: aging effects; artificial weathering; bending strength; birch; durability; impact bending
strength; NaCl; oak; sodium chloride

1. Introduction

By reducing the tare weight in automotives, the highest potential savings in fuel consumption
can be achieved. This leads to multi-material lightweight designs in automotive engineering.
Components commonly used in such multi-material applications are based on steel, aluminium,
plastics, and lightweight materials like carbon- or glass fibre composites [1,2]. However, the
increasing use of material combinations requires high engineering capacities and rising production
costs, which ultimately increase overall costs of vehicle production. Wood products are mass products
that can be manufactured with noticeably short processing times at low costs. Due to the extremely
high productivity of the wood industry, the same or shorter process times are assumed for simple 2D
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geometry elements in wood hybrid construction compared to components made of metal or plastic.
Beside ecological reasons, the high availability at low raw material costs is another benefit for the use
of wood. The carbon footprint of fibre reinforced plastics poses an additional disadvantage [3]. As an
alternative to constructions with fibre- reinforced plastics, the use of wood composites, as a structural
design element in automotive engineering, has been increasingly discussed in recent years [4–6]. On the
one hand, wood is a sustainable, bio-based material and on the other hand the technical feasibility of
wood in vehicle design has been demonstrated by several studies [4,6,7]. Therefore, the efficient and
intelligent use of sustainable and renewable bio-based materials can contribute to the reduction of
greenhouse gas emissions and thus tackle climate change [8,9]. Potential applications for intelligent
wood-based hybrid structures are load-bearing or crash-absorbing components [10]. When using
wood and wood composites correctly, they can compete with the currently used materials [2,10].
Especially the ratio between mechanical properties and density makes wood highly competitive with
steels and manmade fibre composites.

New fields of wood and wood product applications such as the automotive industry, demand
knowledge about the material behaviour, the predictability, shaping and joining techniques, and coat
ability. Investigations on this have been carried out by various authors with regards to wood and
wood-based composites [7,11–14].

Load-bearing structures in vehicles are permanently exposed to external environmental influences.
The media resistance and corrosion of materials due to moisture and salt and the resulting changes in
properties have therefore been well investigated in the past using the corresponding methods and
standards [15–17]. However, such investigations are lacking for wood composites and wood hybrid
constructions and changes of physical and mechanical properties of wood due to treatment with saline
solutions have been scarcely investigated. Almost all European wood species have a moderate to low
natural durability. In order to prevent decay, there are two approaches for increasing the durability,
the chemical and constructive protection, which have been well studied [18]. Müller et al. [19]
described, that without waterlogging or direct UV radiation, structural elements of 70 year old
wooden aircraft showed no or only a slight decrease in mechanical properties. It is therefore assumed,
that wood-based components, correctly used with surface treatment and constructive wood protection,
can also be used without hesitation in the automotive industry. After research programmes have clarified
the technical feasibility of computability and fundamental process engineering questions concerning
joining, shaping, and coating of wood composites for vehicle applications [20–22], knowledge about
media resistance is required. As mentioned above, there is little knowledge on artificial aging, or more
precisely, the effect of salt and moisture or both in combination on solid wood and wood products.
Beside the weatherability and durability of such components, excluding the biological decay in this
study, it is necessary to investigate and describe changes in the mechanical and physical properties of
wood and wood-based materials.

Living trees, especially mangroves or grassy plants in Wadden sea salt marshes have a good ability
to tolerate saline environments with various effects on growth and morphological characteristics [23,24].
With regard to the ageing of wood under storage in a saline environment, the wood chemistry changes
due to deacetylation and degradation of hemicelluloses [25]. It has therefore been concluded, that the
wood substance is not corroded by saline solutions in the way steel is. Nevertheless, due to the
chemical properties of NaCl, it can be assumed that the exposure of wood to saline solutions leads to
an altered hygroscopic behaviour of wood.

In this study artificial and natural weathering of oak wood (Quercus spp.) and artificial weathering
of birch wood (Betula pendula Roth) was investigated. To compare the natural weathering, oak wood
samples were stored under outdoor conditions for 14 years and compared with reference samples stored
under standard climate conditions and with artificially aged samples. For the artificial weathering of
oak and birch wood samples, alternating climate tests were carried out according to the automotive
standard DIN EN ISO 11997-1 [26]. In order to quantify the change in mechanical properties due to
possible weathering effects, the samples were tested in a 3-point bending test according to the standard
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DIN 52 186 [27] and an impact bending test according to the standard DIN 52,189 [28], both of which
are commonly used in wood science and technology. Furthermore, the changes of the equilibrium
moisture content (EMC) after natural and artificial weathering of all samples were investigated. The salt
concentration within the wood samples was investigated by means of EDX-analysis.

It is hypothesized, that wood has a good resistance to various weather conditions and the influence
of salt has only a minor effect on the hygroscopic behaviour of wood. Therefore, only minor changes
are expected for bending strength and impact bending strength due to artificial weathering. It is
assumed that the requirements of the automotive industry for media resistance with regard to saline
solution should therefore not be a limitation for structural application in the automotive industry.

2. Materials and Methods

To avoid knots and fibre deviation in the test specimens, visually sorted oak wood (Quercus spp.)
and birch (Betula pendula Roth) wood samples were used for this study. Conventionally, dried oak and
birch wood were sourced from the company Frey-Amon (Hetzmannsdorf, Austria). All specimens were
cut out of the boards using a circular saw, weathered, and tested without sanding or any surface coating.

2.1. Natural Weathering

The natural weathering was carried out on oak wood samples. For these experiments 150 mm
wide and 26 mm thick boards with a corrugated profile were used. The wooden boards were stored
without any ground contact in two different orientations. On the one hand at an angle of 45◦ to the
ground and on the other hand parallel to the ground. In order to exclude any influence of the weathered
surface on the mechanical properties, the boards were planed to a final thickness of 20 mm, with the
profiled surface planed 4 mm and the opposite surface planned 2 mm, before testing. At the beginning
of the weathering experiment in the year 2005, the samples were stored on the rooftop at the University
of Natural Resources and Life Science (Peter Jordan-Straße 82, Vienna, Austria) where environmental
influences such as rain, snow, sun, and wind affected the sample material unhindered. Due to
the relocation of the institute to the University-Research-Center-Tulln (Kondrad Lorenz-Straße 24,
Tulln/Donau, Austria), the samples were transferred to Tulln after seven years of exposure. It can
be assumed that due to the similar climatic conditions of Vienna and Tulln no significant changes in
natural weathering conditions were caused by this relocation. In total the samples were stored outside
for 14 years and 78 days. For comparison, reference samples for natural weathering were stored
indoors under standard climate conditions for the same period according to standard ISO 554 [29].
Measured values during the weathering period were the temperature, the precipitation, the relative
humidity, and the introduced global radiation.

As seen in Table 1, the mean value of the daily temperature in the field weathering test was
about 11 ◦C whereby the lowest temperature observed was −18.5 ◦C and the highest temperature
was 37.1 ◦C. The peak wind speed observed in this study was about 120 km/h and the average was
about 8 km/h. During the entire weathering period, almost 10,000 L/m2 precipitation was observed,
with peak values of 78.6 L/m2 per day. The mean value of measured relative humidity is about 75%,
whereby maximum values ranged between 5% and 100%. The conditions of natural weathering in
Vienna and Tulln show a representative cross-section for the Central European region. It is therefore
assumed that these conditions are also representative for the mobility sector and the results allow a
rough estimation of the natural durability of wood.
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Table 1. Overview of the observed climate data of the weathering period: Wind speed, global radiation,
temperature, relative humidity, and precipitation.

Wind Speed
(km/h)

Global Radiation
(MJ/m2)

Temperature
(◦C)

Relative Humidity
(%)

Precipitation
(L/m2)

Sum - 58,544 - - 9935
Mean value 8 11 11 75 2

max. 120 32 37 100 79
min. 0 0 −19 5 0

2.2. Artificial Weathering

Oak and birch solid wood samples, with a dimension of 20 × 20 × 400 mm were exposed to an
alternating cyclic corrosion test according to the standard DIN EN ISO 11997-1 cycle B [26] in a climate
chamber (VLM, CCT 3000-FL-B, Bielefeld, Germany) with alternating climate. A salt solution with
5 wt% sodium chloride sprayed as a fog was used at a regulated pH-value of 6.5 to 7.2. The detailed
cyclic climate-procedure is presented in Table 2. In general, the specimens were artificially weathered
for 20 weeks (3360 h). In the case of oak solid wood, 7 reference samples (non-weathered) and 7 samples
after 20 weeks artificial weathering were tested.

Table 2. Climate-parameters for the cyclic corrosion test; cycle B according DIN EN ISO 11997-1: Stage,
duration time, temperature, condition, and comments.

Stage Time (h) Temperature (◦C) Condition Comment

1 24 35 ± 2 Salt spray
2 8 40 ± 2 100% rel. humidity Water condenses on the sample
3 16 23 ± 2 (50 ± 20)% rel. humidity -
4 8 40 ± 2 100% rel. humidity Water condenses on the sample
5 16 23 ± 2 (50 ± 20)% rel. humidity -
6 8 40 ± 2 100% rel. humidity Water condenses on the sample
7 16 23 ± 2 (50 ± 20)% rel. humidity -
8 8 40 ± 2 100% rel. humidity Water condenses on the sample
9 16 23 ± 2 (50 ± 20)% rel. humidity -
10 48 23 ± 2 (50 ± 20)% rel. humidity

11 back to stage 1 Total duration of a cycle from
stage 1 to stage 10 of 7 days

In order to examine the influence of the weathering cycles on the properties of the samples,
a complete set of a sample for birch solid wood was taken every 2 weeks for further characterisation
(3-point bending test and impact bending test). Therefore, one cycle consists of 2 weeks of artificial
weathering and 20 weeks is equal to 10 cycles. In total a set of 7 samples per cycle and per test setup
were artificially weathered (total 140 specimens for birch wood).

2.3. Mechanical Properties

The density (ρ) of the samples was calculated according to the standard DIN 52,182 [30] using their
volume (V) and mass (m).

To evaluate the possible influence of the different weathering cycles on the equilibrium moisture
content (EMC), all specimens were stored under standard climate conditions at 20 ± 2 ◦C and 65 ± 5%
relative humidity (RH) in accordance with standard ISO 554 [29] prior to mechanical testing. In addition,
the change in hygroscopic behaviour was assessed by the additional introduction of a reference test set
(specimens’ dimension: 20 × 20 × 20 mm), in which eight birch and oak wood samples were submerged
in a salt solution with 5 wt% NaCl for one week in a desiccator. After that, the specimens were stored
at standard climate conditions till EMC was reached. Afterwards, the specimens were oven dried at
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103 ◦C and the EMC was calculated. This reference test set was carried out to assess and validate the
change in hygroscopic behaviour after submersion in salt water.

The impact bending test was conducted according to the standard DIN 52,189 [28] with a pendulum
machine (Wolpert, Vienna, Austria). For each species and climate cycle 7 specimens with a dimension
of 20 × 20 × 300 mm (R × T × L) were produced and tested at standard climate. To calculate the impact
bending strength Equation (1) was used:

α =
W

b × h
, (1)

where W is the work required to break the specimen, b the width, h the thickness, and α the impact
bending strength.

The bending strength (MOR) and the bending modulus of elasticity (MOE) were determined
according to the standard DIN 52,186 [27] in a 3-point bending test. The experiment was performed
on a universal testing machine (Zwick/Roell Z100, Ulm, Germany). Therefore, specimens with a
dimension of 20 × 20 × 360 mm (R × T × L) were used and for prior testing, the samples were climatized
at standard climate.

2.4. Microscopic Inspection

In order to determine the elementary distribution within the sample and the penetration behaviour
of NaCl into the wood structure, microscopic inspection by means of scanning electron microscopy
(SEM) was conducted. After mechanical experiments two samples of cycle one, two, three, six, and ten
for birch solid wood were analysed by means of SEM (FEI Quanta™ 250 FEG, Hillsboro, OR, USA).
In this study, no elemental analysis was performed for additional cycles and reference samples. It was
assumed that the data points could be interpolated in between the cycles. To determine the elementary
distribution within the cross section of a sample an energy dispersive X-ray detector (Ametek materials
Analytics Division, Berwyn, PA, USA) was used. For this purpose, two specimens of each selected
cycle with a dimension of about 2 × 20 mm were cut out close to the fracture surface using a double-
bladed circular saw as shown in Figure 1.
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Figure 1. Sample geometry and measuring spots for energy dispersive X-ray analysis (EDX) used to
determine the elementary distribution of sodium chloride within the sample cross section.

Afterwards, the cross section was prepared with a razor blade to obtain a smooth surface without
any contamination. EDX analysis was carried out on 3 measuring spots from the edge to the middle of
the specimen. The measurements were taken at a high vacuum of 2.3 × 10−3 mbar. In order to evaluate
the amount of the elementary distribution, the atomic percentage of carbon, oxygen, sodium, and
chlorine were evaluated and plotted as mean value.
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2.5. Statistics

In this study a multi-factorial ANOVA model with an error level of 0.05 was calculated using
Excel 2016 (Microsoft, Redmond, Washington, DC, USA) to evaluate the relationship between ρ, MOE,
MOR, α, andω for artificial weathering at the processed cycles For natural weathering ANOVA was
applied to investigate the relationship of the reference samples and the samples of cycle 10.

3. Results and Discussion

3.1. Sample Properties

The moisture content of wood has a significant influence on the mechanical and physical properties
of wood. As reported by Kollmann [22] and Niemz [31], the bending MOE and MOR decreases with
increasing moisture content below fibre saturation point. In terms of impact bending strength of
air- dried wood, moisture has only a minor influence [22]. Depending on temperature and relative
humidity, a specific wood moisture content, the so-called wood equilibrium moisture content (EMC),
is established. As described by Kollmann [22], the Loughborough diagram shows the respective EMC
for different combinations of temperature and relative humidity. Although performed for Sitka Spruce,
the Loughborough diagram also provides the EMC for other wood species with sufficient accuracy for
the different climatic conditions.

The introduction of salt during artificial weathering into the wood structure, changes the
hygroscopic properties and thus the equilibrium moisture content of wood, and therefore influences the
mechanical properties. The results of the reference test set of the altered EMC of birch and oak wood
samples stored in salt solution are presented in Table 3. The birch samples submerged in NaCl-solution
showed a significant increase in EMC from 10.35% to 11.81%. For oak the EMC increased significantly
from 11.36% to 11.97%. Based on these results, it can generally be assumed that artificially weathering
leads to a higher EMC. Zones within the samples with high salt concentrations thus exhibit higher
EMC than zones with little or no salt deposition. To investigate the sodium concentration over the
cross section of the artificial weathered samples, the sodium chloride concentration was measured by
means of EDX analysis (see Figure 2).

Table 3. Overview of the altered equilibrium moisture content (EMC) of the reference test set
after storage in salt solution for birch and oak wood investigated at standard climate conditions at
20 ◦C ± 2 ◦C and 65% ± 5% relative humidity (RH).

Statistical
Indicator

Birch Reference
EMC (%)

Birch Altered
EMC (%)

Oak Reference
EMC (%)

Oak Altered
EMC (%)

n 8 8 8 8
mean 10.35 11.81 11.36 11.97

SD 0.63 0.18 0.58 0.14
min. 9.70 11.44 10.32 11.82
max. 11.33 12.06 11.84 12.20
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3.2. Weathering Effects on Oak Wood

Natural weathering or aging effects on mechanical, physical, and chemical properties of
wood (spruce, fir, oak, scots pine, and western red cedar) have been well studied. Kránitz [32]
summarized, that the aging effect usually influences the brittleness of wood, which leads to a decrease
in bending, tension and impact bending strength caused by means of UV radiation. In different studies,
a negligible to slight decrease in EMC was observed with increased aging of wood [33,34]. In contrast,
Erhard [35] observed an increased sorption behaviour of scots pine with increasing weathering. In our
own experiments, an increase of the EMC was also observed, both for natural and artificial weathering.
The results on the changed EMC values are shown in Figure 3. In the case of naturally weathered
oak wood, the ageing effects are assumed, as mentioned in the studies above [33,34]. For artificial
weathering with salt spray however, the altered EMC is in a minor way related to the increasing salt
concentration in the samples.

In the case of natural weathering of oak wood ANOVA shows only a significant difference
between the reference samples and samples after weathering for EMC, but there is no significant
decrease in MOE, MOR, ρ, and α. These results, except EMC, agree with data from the literature,
where Sonderegger [33] obtained decreasing sorption values for aged oak and fir and similar sorption
values for aged spruce wood. In oak wood, Sonderegger [36] observed a decrease in impact bending
strength compared to unaffected reference samples. Sonderegger [36] and Lang [37] explained the
decreasing strength properties and the increasing brittleness of wood under natural weathering
conditions by the development of micro-cracks caused by the constant change of swelling and
shrinkage during the weathering period.
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Figure 3 shows the EMC, MOE, MOR, and α of oak wood samples after 10 cycles of
artificial weathering and after 14 years of natural weathering as well as for unaffected reference
samples. Under artificial and natural weathering, MOR and MOE decreased with increasing
exposure time, while EMC increased. The EMC after 10 cycles of artificial weathering was 11.21%.
Corresponding reference samples showed an EMC of 10.59%. The EMC of the reference samples for
natural weathering showed comparable values with 10.62%. After 10 years of exposure to natural
weathering conditions the EMC increases to 11.51%.

With regard to mechanical properties, the average MOE for the reference samples of natural
weathering was 12.59 ± 1.45 GPa (ranging from 10.95 GPa up to 14.95 GPa) and for artificial weathered
samples was 11.26 ± 1.5 GPa (varying from 9.07 GPa up to 13.74 GPa). The average MOR of reference
samples for natural weathering was 87.46 ± 23.44 MPa (varying from 53.8 MPa up to 118.9 MPa) and
for artificial weathering 95.86 ± 11.34 MPa (varying from 75.86 MPa up to 110.04 MPa.

Impact bending strength of non-weathered reference samples for the naturally weathered sample
set was 75.77± 15.66 kJ/m2 (varying from 41.73 kJ/m2 up to 100.36 kJ/m2), whereas lower reference values
were observed for the artificially weathered sample set with an average value of 63.43 ± 9.49 kJ/m2

(varying from 46.33 kJ/m2 up to 75.72 kJ/m2). These values are in line with literature values. Sell [38]
reported values for impact bending strength for oak solid wood ranging between 50 kJ/m2 and 74 kJ/m2

and Wagenführ [39] indicated a very high variation in impact strength from 10 kJ/m2 up to 160 kJ/m2.
After 14 years natural weathering a decrease of 6.45% for impact bending strength was observed.
For the artificially weathered samples the decrease in impact bending strength was 16.53%.

3.3. Weathering Effects on Birch Wood

In Figure 4a–d the results of artificial weathering of birch wood for all 10 cycles are shown.
The mean value for the reference sample of MOE and MOR were 15.41± 0.76 GPa and 124.46 ± 7.06 MPa,
the average value for αwas 103.48 ± 5.86 kJ/m2, and the mean value for EMC was 9.15% ± 0.36%.
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Figure 4. Mechanical and physical properties of artificial weathering for birch solid wood of
n = 7 samples. (a) bending MOE, (b) bending strength, (c) impact bending strength and (d) equilibrium
moisture content. The whiskers present minimum and maximum values, x is the mean value and–is
the median.

MOE values of unaffected solid birch wood were reported by Sell [38] (13.3–16.2 GPa) and
Wagenführ [39] (14.5 GPa up to 16.5 GPa) respectively, which is in good agreement with our own
values. A sound correlation with the literature values was also observed for the MOR. The values
published by Sell [38] range between 120 MPa and 144 MPa, whereas Wagenführ [39] again specifies a
higher range of 76 MPa up to 155 MPa for MOR. For α, Sell [38] gives values between 75 kJ/m2 and
100 kJ/m2, which is slightly below the values observed in this study, while Wagenführ [39] gives a
broader range from 45 kJ/m2 to 130 kJ/m2 for α, thus covering the values observed in this study.

Figure 4a,b shows the changing values for the MOE and MOR of the individual climate cycles.
An increase in MOE from reference to cycle 2 of about 8.41% was observed, whereas the MOR increases
continuously from reference up to cycle 4 of about 3.41%. With regards to MOE, the stiffness shows
a slight decrease beginning at cycle 3 till the end of the 10 weathering cycles, whereas for MOR a
decrease of the values was only observed starting with cycle 5. For the full 10 weathering cycles, only a
small decrease in the MOE and MOR of about 3.2% and 8.21%, respectively, was observed compared to
the reference samples.

With regard to the impact bending strength, which is shown in Figure 4c, a strong increase of
104.16% was observed after the first weathering cycle compared to the reference samples. Sample size
was seven and the samples were randomly selected and tested and weathered in a standardized
test laboratory of the company MAGNA, thus it is assumed, that a systematic error or treatment
can be excluded. After cycle 1, a decrease in α was observed, which then increases again to cycle 3.
After cycle 3, a continuous decrease in α was observed until cycle 10. In total a slight decrease in
impact bending strength from reference to cycle 10 of about 4.94% was observed. If one summarizes
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the observed effects on the mechanical properties for 10 weathering cycles, it can be concluded that
with regard to MOE, MOR, and α, only a slight decrease of the characteristic values is to be expected.
The reduction of MOE and MOR can be explained by previous studies [22,31,40]. However, the high
scattering as well as the increase in impact strength after cycles 1 and 3 leave a number of questions
unanswered, which will be dealt with in more detail below.

Figure 4d shows the alternating values for the EMC of the individual climate cycles. An abrupt
increase was observed after the first cycle of artificial weathering. Overall, the EMC increases from
reference (9.15%) to cycle 10 (13.18%) for birch solid wood (increasing EMC of about 4%).

According to Wilson [40], the moisture content influences the mechanical properties. Within the
hygroscopic range of wood, the MOE decreases by about 2% per 1% increase in moisture content.
Kollmann [22] presented a decrease in MOR of about 4% with increasing moisture content of about 1%.
Therefore, a certain part of the decrease in MOE and MOR can be explained by the change in EMC,
whereby the increase in EMC is certainly intensified by the hygroscopic behaviour of the salt used
during the artificial weathering process, which will be discussed in the section of elementary analysis.

With regard to the impact bending strength, Kollmann [22] and Niemz [31] reported, that there
is little to no influence on α for air-dried wood with regard to moisture content. This is in line with
the results between reference and artificial weathered samples. However, the EMC is additionally
influenced by the deposition of salt within the microstructure of wood. With regard to artificial
weathering in salt environment there is little literature available [24,25,41].

The chosen alternating cyclic corrosion test is normally used to detect the corrosion of coated or
uncoated components. In the automotive industry, structural components consist primarily of steel
and aluminium. Unprotected, these materials show comparatively low media resistance in artificial
weathering tests with salt solution [42]. Corrosion, mass loss, degradation, and a significant decrease
in mechanical properties are consequences of cyclic corrosion tests [42–44]. There is no experience
available for wood in the construction of vehicles regarding its resistance to various media. For this
reason, experts from the automotive industry have assumed that wood behaves similarly to metal and
does not pass this test. Correctly used, wood components in vehicles are protected by their construction,
i.e., waterlogging, UV radiation, and wood-destroying organisms can be excluded. If these mechanisms
can be excluded, only a minor aging process occurs, which has no significant influence on the stiffness
and strength of wood [19]. Therefore, the comparison of natural and artificial weathering was chosen
for two reasons. On the one hand, biological degradation and waterlogging can be excluded if the
constructive protection is done successfully and on the other hand, the natural weathering period of
14 years is comparable with the defined artificial weathering period. The interaction of wood and salt
is scarcely described in the literature and therefore this study was conducted.

3.4. Elementary Analysis

As mentioned above, deposition of salt within the wood substrate has a significant effect on EMC.
During artificial weathering sodium chloride solution diffused into the wood material. Figure 2 shows
the distribution of the chlorine content (CC) within the cross section of the birch solid wood specimens as
a mean value for cycle 1, 2, 3, 6 and 10 of two samples (n = 2) for each measuring spot. Comparing cycle
1 and 10, the amount of chlorine increases from 0.08 at% up to 0.64 at%. In addition, the ratio of the CC
between the edge and the middle of a specimen increases with increasing cycle time. After the first
cycle an increase in salt concentration is observed. It is remarkable that the concentration does not
increase further in the following cycles 2 and 3, but rather remains at the same level or even decreases.
It is assumed that in this phase of artificial weathering further salt transport takes place by diffusion
into the centre of the sample. As a result, the concentration in the outer layers even decreases slightly.
It is assumed that in these first cycles not only is salt deposited but it is also leached out in the outer
layers. In any case, both effects would explain the decrease of the salt concentration in the outer layers
of the samples after cycle 2 and 3. Only when the entire sample is completely saturated, with a basic
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concentration of 0.1%, does a further steep increase in the salt concentration occur, as was the case after
cycle 6.

Figure 5a,b shows the CC distribution over the cross section of the birch solid wood samples for all
weathering cycles. Additionally, the CC concentrations are compared to the EMC and the mechanical
properties. In their natural state, birch and oak have a very low concentration of inorganic substances.
Fengel and Wegener [45] reported values for ash content for European birch (Betula verrucose Roth) and
English oak wood (Quercus robur L.) of about 0.3%. With the 10 main components listed, the conclusion
can be drawn that the sodium chloride content is negligibly low for these species. To prove the increase
in salt concentration due to artificial weathering, EDX measurements were carried out for cycles 1,
2, 3, 6, and 10. Due to the negligible natural concentration of salt in the reference samples, the EDX
measurement for the reference samples was not performed.
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Figure 5 clearly shows that the total concentration of sodium chloride increases with the first cycle
and decreases about 50% after cycle 2 and then increases again to about the level of cycle 1 by cycle 6.
The standard deviation of the measured values increases slightly until cycle 6. After cycle 6 there is a
further increase in the sodium chloride concentration and at the same time a significant increase in the
scatter of the CC over the cross section of the samples.

In Figure 5a the CC concentration is compared to the EMC. It can be assumed that the increase
of the EMC can be at least partly explained by the increase of the CC concentration, since both
values correlate, more or less, well for the observed sample. Corresponding to CC, an increase from
the reference samples up to cycle 10 can be observed for EMC, with an abrupt rise in EMC from
9.2% ± 0.36% to about 11.3% ± 0.16% for cycle 1. In contrast to the fluctuating salt concentrations for
cycle 2 to 6, the EMC shows an almost constant value up to cycle 5 and then increases continuously up
to about 13.2% ± 0.71% at cycle 10.

As seen in Figure 4a,b and Figure 5b the CC has negligibly low influence on MOE and MOR.
In contrast α is already significantly influenced by the increasing salt concentration in the samples
during the first cycles, as can be seen in Figure 5b. As mentioned above α increased by 104% compared
to the reference samples after the first cycle. In addition to the change in EMC, it is assumed that
the change in CC content also has an influence on α. The assumption, that CC has an effect on α,
is supported by the values gained after cycle 2, where a significantly lower CC concentration and a
lower impact strength were observed. Comparing cycle 1 and cycle 2, the CC content decreases by
about 50% and the impact strength decreases by 43%, which is almost at the level of the reference
samples. From cycle 2 to cycle 3, the CC increases again from 0.04% to 0.06%, which results in a new
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increase of α from 118.94 kJ/m2 to 153.2 kJ/m2. This further supports the assumption that the increasing
CC is accompanied by an increasing EMC and thus in combination positively influences the impact
bending strength during the first cycles. After cycle 6, α decreases rapidly to 98.37 kJ/m2 by cycle 10,
while the CC further increases significantly. We therefore assume, that with an increasing number
of weathering cycles, there are additional mechanisms that have a negative effect on α. Perhaps the
input of salt in combination with the changing climatic conditions leads to increasing swelling and
shrinkage phenomena and thus to macro-mechanical effects.

In this study, artificial weathering tests were used in which one cycle approximately represents
a natural weathering of 1.4 years. This factor is an empirical value based on the experience of the
company MAGNA. It is a rough estimate in order to transfer the results from accelerated weathering
to natural ageing processes of vehicle components (mainly made of plastics and metals). Due to the
advancing weathering in the climate chamber, the samples are exposed to strong mechanical stresses.
Oltean [46] summarized that strongly changing climate conditions lead to high tensile stresses within
the wood structure and cause microcracks. This both influences and reduces the mechanical properties
of wood. Furthermore, Sonderegger [36] and Lang [37] observed that microcracks have a particularly
strong influence on the impact bending strength of aged wood. On the basis of the elementary analyses
it can be assumed, that the CC and EMC have less influence on the mechanical properties, the longer
the mechanical stress is caused by the climatic exposure. Therefore, the mechanical properties of solid
birch and oak wood are strongly influenced by the NaCl content in the initial cycles, while emerging
mechanical stresses initiated during the weathering process influence the mechanical properties in
later cycles. Despite an extensive literature research, no literature was found confirming this statement.
EDX analyses should therefore be considered as a qualitative interpretation of the collected results.

Based on the results presented above, the initially proposed hypothesis can be confirmed,
where wood has a good resistance to various weather conditions. In addition, bending strength
and impact bending strength are only slightly affected by artificial and natural weathering.
Changing climatic conditions and spraying with common salt are therefore no limitations for wood as
a structural component in vehicle construction.

4. Conclusions

The present study investigated accelerated aging processes by means of changing climate
conditions and natural weathering effects on solid oak and birch wood. For the purpose of artificial
weathering, the medium salt was chosen in order to compare wood with materials currently used
in the automotive industry. With regard to natural aging effects, oak and birch wood were exposed
to outdoor conditions over 14 years. The aim was to investigate the effects of natural and artificial
weathering on the mechanical and physical properties of wood.

Our results confirm that alternating climate conditions in a salty environment increases the EMC
due to the higher hygroscopic behaviour of NaCl, while MOE, MOR and α are less effected. In terms
of artificial weathering decreasing MOE, MOR, and impact bending strengths of about 7.33, 10.87,
and 16.29% for oak and 3.2, 8.21, and 4.03% for birch were observed. The EMC for birch wood increases
from 10.35% to 11.81% and for oak wood from 11.36% to 11.97%. Comparable results were obtained for
the natural weathering process. The EMC of oak after salt spraying during artificial weathering does
not exceed the increase of EMC of oak after long-term outside weathering without any salt spraying.
The influence of salt can therefore be considered minor.

Based on the reported results it can be concluded that wood has good resistance to various
weather conditions, with only minor changes in MOE, MOR, and α. In terms of media resistance to
salt solutions, wood is a suitable material for structural applications in the automotive industry.
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