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Abstract
This work proposes an experimental approach to study the scratch resistance of green
wood under the effect of polyethylene glycol (PEG) impregnation. To this end, small-
scale green spruce samples are stabilized against water by using the technique of
PEG impregnation to prevent water to seep out of the wood during experimental
tests. Scratches are performed in the radial-longitudinal and tangential-longitudinal
planes of cubic wood samples by using two different indenter tips under constant
and progressive normal loads. Scratch testing has previously been used mainly to
characterize the abrasion resistance of coatings. Since PEG simulates the swelling
effect of water in wood, this paper shows that the scratch tests on PEG-impregnated
greenwood can be adopted as a simple technique to understand the scratch resistance in
swollen wood and the related mechanisms. The scratch test results, quantified in terms
of frictional forces and permanent residual depths, reveal that the scratch resistance
of wood samples depends on their PEG concentration and density, as well as on the
indenter tip size and material, and on the normal force and direction during scratching.
Due to the lack of literature on the scratch tests of wood, the results presented in this
paper will serve as a scientific reference for future studies on the scratch resistance of
untreated or treated dry wood and other wood-based products.
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Introduction

Wood is a natural and sustainable rawmaterial suited for industrial use as timber, wood
products as well as fibres to strengthen polymeric and mineralogical composites (Reid
and Zhou 2000; Song et al. 2018). Optimal understanding of the mechanisms involved
in wood fibre deformation can improve the knowledge of the material properties of
wood. The composite structure of the wood cell walls affects delamination and dis-
integration relevant to many applications, such as pulp, nano- or microfibril cellulose
manufacturing and particleboard defibration. Compared to other structural materials,
such as ceramics and metals, wood is not as thoroughly researched in regard to its
deformation and disintegration. In addition, wood is more sensitive to moisture than
other load-carrying materials, which is why this effect needs to be carefully investi-
gated. Since wood cell deformation and fracture is complex, the research in this area
needs to be made stepwise focusing on only a limited number of parameters each time,
as discussed in Fortino et al. (2015).

Wood has a well-organized hierarchy, dominated by a cellular and layered structure
and is composed of three constituents: lignin, hemicellulose and cellulose (Kollman
and Côte 1968). Lignin has no ordered structure and also hemicellulose is amor-
phous, but cellulose has both crystalline (ordered) and amorphous regions. Cellulose
and hemicellulose are hydrophilic, whereas lignin is less hydrophilic than hemicel-
lulose. Cellulose is organized in crystalline and para-crystalline regions. In terms of
mechanics, those fractions, along with hemicellulose structures, are responsible for
the elastic behaviour in tension. The lignin and hemicellulose of the matrix contribute
to the viscoelastic behaviour, but also to the plastic deformations beyond the limit of
proportionality. The multitude of different polymeric structures and the presence of
both hydrophobic and hydrophilic molecules explain why the mechanical properties
of wood are strongly dependent on its water content. As other polymers close to their
glass transition temperature, the wood biopolymers are also sensitive to temperature,
accentuated by the presence of moisture. Moisture leads to swelling and softening of
the cell wall, which will significantly affect the deformation and fracture mechanisms,
and ultimately also the strength and structural integrity of the material on larger scales.
Therefore, one of the challenges in experiments for the characterization of themechan-
ical behaviour of wood is testing of wet specimens. Wood chipping and defibration
is carried out in the green, i.e. moist, condition. Steam explosion is done saturated in
water. Cutting of trees is obviously done in the moist green state. Mechanical testing
under moist conditions is therefore of relevance. The relatively small dimensions of
the material samples for laboratory testing imply that the moisture content is likely
to change during testing, either through diffusion and evaporation into a relatively
dry environment or by seepage through mechanical compression. In general, experi-
ments on wood specimens in water are time-consuming, technically challenging and
expensive (e.g. De Magistris and Salmén 2006, 2008). According to Bjurhager et al.
(2010), the swelling effect of water in wood samples can be simulated by the PEG
impregnation. PEG is used as a bulk impregnation agent to maintain the wood in a
swollen state mimicking the state of water-saturated wood or wood at certain moisture
contents. PEG is a preferred conservation agent in preserving waterlogged archaeo-
logical wood, which would otherwise shrink excessively and crack when taken from
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an immersed state and dried in air. The PEG is used as a substitution of water in the
cell wall and will remain in the cell wall even under equilibrium conditions in a dry
environment and under mechanical loading. In this way, the outward migration of a
water substitute during experimental tests could be avoided. At this stage, the tests are
carried out on swollen samples with a chosen amount of PEG, resulting in a behaviour
more similar to moist wood, but without the unwanted effects of softener migrating
out of the material during testing.

The present research focuses on scratch tests of small-scale samples of PEG-
impregnated wood. In a scratch test, an indenter is loaded against the surface, and
the sample under the tip is moved with a constant velocity. The load applied can
be constant or it can be increased with a selected loading speed. Scratch tests were
previously used mainly for determining the coating adhesion (Burnett and Rickerby
1987; Ronkainen et al. 1990; Meneve et al. 2001). More precise studies related to
crack generation and fracture toughness determination of coatings have also been car-
ried out based on scratch testing (e.g. Holmberg et al. 2003). In addition to metal
and ceramic coatings, scratch tests have also been performed on the composites to
explore the scratch performance in relation to the fibre orientations of composites
(e.g., Beamont et al. 1997). Nanoscratch tests have been adopted to study phenom-
ena related to abrasive scratching induced wear and friction performance of polymer
fibres (Cayer-Barrioz et al. 2006). Scratch tests have also been employed to investigate
scratching wear and damage in polymer nanocomposites (Dasari et al. 2009). For the
scratch testing of materials, such as polymer nanocomposites, the importance of the
scale effects has been stated in order to identify the nano-scale effects in nanoscratch
testing, since the scratch track dimensions ought to be smaller than or similar in size
scale to the characteristic phenomena detected (Dasari et al. 2007). Particularly for
polymers, the scratch morphology at low penetration depth is characterized by plastic
flow, whereas high penetration was shown to lead to brittle failure (Surampadi et al.
2007). The scratch resistance of furniture lacquer coatings to linear scratching was
studied in Banecki (2011). That study demonstrated the reproducibility of the scratch
test results in terms of scratch resistance measures, as well as the repeatability of the
scratch test results in relation to the tested furniture.

The scratch test results under normal loads are typically given as penetration depth
(elastic deformation), residual depth (plastic deformation), frictional forces and fric-
tional coefficients. In addition to the information about scratching friction, the findings
on wood plasticity are also useful. Wood has indeed a cellular microstructure with
about half of the wood volume consisting of closed voids. The stress–strain curve
of cellular solids typically shows a linear elastic part followed by a plateau after the
yield point, which originates just from geometry and elastic deformation (Gibson and
Ashby 1997; DeMagistris and Salmén 2006, 2008). The mechanical behaviour during
scratching may change drastically in the presence of plasticity as shown, for example,
in Li et al. (2002), where the scratch resistance of gelatine films improved almost by
a factor of 10, when a moderate nanoparticle addition changed the scratching mecha-
nisms from tearing to ductile ploughing.

In indentation tests, a small and geometricallywell-defined hard tip is pushed gently
into the specimen surface. From the load–displacement data of the indentation exper-
iment, the material hardness and indentation modulus can be determined. In relation
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to the effects of water, the indentation modulus of resin-treated wood provided better
correlation with dimensional stability than hardness, as reported in Klüppel (2017),
which is because the indentation technique is sensitive to the wood cell modification.
Furthermore, the recovery behaviour of wood is influenced by the treatment, as shown
in Dumail and Salmén (1997), where the behaviour of water-saturated and ethylene
glycol-saturated wood was investigated. By extending the above concepts, the scratch
tests on PEG-impregnated wood may provide more information on the dimensional
stability of wood under combined compressive and sliding actions compared to the
techniques of hardness and indentation testing. Indentation test is also restricted to a
small area of the surface, so the information gained represents the properties of a small
local area. By using scratch testing, it is possible to collect information from a larger
area of the surface, whichmakes itmore informative and versatile. To the knowledge of
the authors, the scratch tests of uncoated wood have not been explored in the scientific
literature. Therefore, the work presented in this paper is basic research, demonstrating
that the scratch testing of PEG-impregnated green wood is a simple technique for
evaluating the properties of wood under various swelling conditions and scratch loads
in different directions of wood.

The aim of this research is to obtain results that can show the water content stabi-
lization in the tested PEG-impregnated spruce samples at various PEG concentrations,
as well as the effects of scratch directions, loads and indenter tip size and material on
the scratch resistance, also in relation to the growth ring structure (earlywood and late-
wood) and the location of specimens with respect to the wood pith. The obtained data
for resistance of PEG-impregnated green wood can be used as references for future
studies on scratch resistance of untreated or treated dry wood and various wood-based
products.

In addition, a preliminary work providing confocal laser scanning microscope pic-
tures of raw, polished and scratched samples allows to visualize the deformation
mechanisms of PEG-impregnated green wood cells under the scratches. In the results
and discussion section, it is argued that future work by accurate image analysis, along
with the scratch testing, could exploit possible similarities between scratch-type loads
and loads used in various wood processing involving also water effect such as, for
example, the mechanical pulping (De Magistris and Salmén 2006, 2008). Since the
typical average diameter of grits in wood grinding (Liimatainen et al. 1999) matches
with the typical scratch tip diameter of the scratch tests, this similarity could help in
the field of energy saving in mechanical pulping.

Materials andmethods

Preparation of samples and PEG impregnation

All together 36 small-scale samples of green Norway spruce (Fig. 1), with nominal
dimensions of 12 mm×12 mm×12 mm in the radial (R), tangential (T ) and longitu-
dinal (L) direction of wood, were cut from one thinning wood block by a circular saw.
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Fig. 1 Green samples of Norway
spruce cut for the tests

Samples 1, 5, 6 and 36 in Fig. 1 were excluded from the experiments due to poor
geometry or incomplete impregnation. Polyethylene glycol (PEG) impregnation of the
samples was carried out at Uppsala University at five different impregnation levels. A
PEG with low average molecular weight (400) was used. The procedure of impregna-
tion was as follows. Deionised water (dw) was used for mixing of PEG solutions, and
the concentration of PEG in the solution was calculated as

%PEG = 100× weight,PEG

(weight, dw+ weight,PEG)

The obtained concentrations of PEG in the PEG-water impregnation solution were
0%, 25%, 50%, 75% and 100%.

Samples were submerged in the solution and kept in a refrigerator at 4 °C for
2 months. The reason for keeping the samples at this low temperature, which is to
some extent slowing down the impregnation process, was to prevent bacterial/fungal
growth. No blurring (indicating possible growth of microorganisms) was found in the
solutions.

Next, the samples were removed from their baths (water and PEG/water for the ref-
erences andPEG-impregnated samples, respectively). The sampleswere blotted gently
with a paper towel. Thereafter, the dimensions andweightwere registered, and the den-
sity of the samples was calculated. The PEG-impregnated samples were left to dry at
ambient room temperature in the laboratory (relative humidityRHapproximately 43%,
temperature 22 °C). Furthermore, the dimensions and weight of the non-impregnated
samples were registered, and the density of each sample was calculated. This proce-
dure was repeated until the change in weight was negligible. Thereafter, all samples
were conditioned for approximately 1 month in a desiccator with a controlled climate
(RH 51–53%, temperature 22–23 °C), and dimensions and weights of the samples
were measured again.

The volumetric shrinkage bV was calculated for all the samples as

bV = bR + bT + bL [%]

where bR, bT and bL indicate the shrinkage in the radial, tangential and longitudinal
direction of wood, respectively. It has to be noted that bV does not represent the total
volumetric shrinkage but the shrinkage between the fully swollen state and the condi-
tion at equilibrium moisture content at ambient room conditions, which is estimated
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Table 1 Average density (ρAVRG) in water-soaked stage, PEG concentration, average densities after PEG
impregnation, drying in air and conditioning in desiccator, and average volumetric shrinkage (bV,AVRG) of
wood samples

Samples ρAVRG
(water-
soaked)
(kg/m3)

PEG con-
centration
(%)

ρAVRG
(after PEG
treatment)
(kg/m3)

ρAVRG
(after
drying in
air)
(kg/m3)

ρAVRG
(after con-
ditioning in
desiccator)
(kg/m3)

bV,AVRG
(%)

3, 9, 11, 18,
24, 26

1074 0 1122 No data 429 9.6

4, 12, 13,
21, 27, 30

25 1181 870 841 0.2

7, 14, 16,
22, 28,
32, 33

1045 50 1157 1027 981 0.1

8, 15, 19,
23, 29,
34, 35

999 75 1110 1048 993 − 0.1

2, 10, 17,
20, 15, 31

1072 100 1184 1121 1067 − 0.1

to be ca 9.5% following Keylwerth (1964). In addition to volumetric shrinkage, radial
shrinkage was also calculated for the sake of comparison. The radial shrinkage is
calculated as

bR = 100× lR1 − lR2
lR1

[%]

where lR1 and lR2 are the radial dimensions before and after drying. From the calcu-
lations in Table 1, it can be seen that for the lowest impregnation rate (25% PEG
in solution) the volumetric shrinkage also is very small. This means that all the
PEG-impregnated samples (regardless of the impregnation rate) were prevented from
shrinking. Theoretically, scratch tests could then be performed on samples from an
arbitrarily selected group of samples impregnated with PEG, and this would then cor-
respond to scratch testing of fully water-saturated samples. However, one might have
to perform tests on samples from different groups anyway, as the PEG penetration in
the samples might be, for example, more unevenly distributed for samples at lower
impregnation rate as this slows down the penetration rate. A short summary of themea-
surements described above is shown in Table 1. It has to be noted that the coefficients
of variation did not exceed the 9% in neither case.

Scratch tests

The scratch tests were carried out at VTT Technical Research Centre of Finland Ltd.
To prepare a smooth surface for scratching, a polishing technique was used by cutting
a thin slice of the specimen with a microtome (model Leica Jung RM 2055). The CSM
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Fig. 2 Left: PEG-impregnated sample of Norway spruce under scratch test indenter. Right: radial (R), tan-
gential (T ) and longitudinal (L) directions of wood and examples of scratches close to the edges in the T
direction (TL plane) and R direction (RL plane)

Micro-Combi testerwas used for scratch testing of one sample from each group of PEG
impregnation. Four scratches per sample were made along the two main directions,
i.e. the tangential (T ) in the tangential-longitudinal (TL) plane, and the radial (R) in
the radial-longitudinal (RL) plane of the wood sample (Fig. 2, right). Both the start
and the end of each scratch were approximately 1 mm inside the wood block. The
distance of the first scratch from the closest parallel edge of the sample was 2 mm.

A Rockwell C diamond tip with a radius of 200 µm and a steel ball with a radius
of 1000 µm were used for scratch testing, and two loading modes, constant and
continuously increasing load, were adopted. The constant scratch load of 2 N and
increasing load from 0 to 2 N were used for the diamond tip. For the steel ball tip, a
constant scratch load of 4N and increasing load from0 to 4Nwere adopted. Scratching
velocity of 10 mm/min and the total scratch length of 10 mm were used with the two
tip geometries. Between the scratches, there was a space of 1.5 mm when using the
diamond tip and 2 mm when using the steel ball. Pre-scan of the scratch path was
done prior to scratching using 0.1 N force to obtain the surface profile as a baseline
for penetration depth and residual depth measurements.

During scratching, frictional force was measured and the related friction coefficient
was determined as well as the penetration depth of the tip, which describes the com-
bined elastic and plastic deformation. After scratching, another scan was made using
0.1 N normal force to measure the residual depth of the scratch channel.

Preliminary work on confocal microscopy images of PEG-impregnated swollen
samples

Details on the mechanism of wood cell deformation under scratch were obtained by
using the confocal laser scanning microscopy. A microscope ZEISS LSM 710 with
Axio Imager 7.2 and objectives EC-Plan Neofluar 10 or 20 x/0.30M27were used. The
laser had aDiode 405-30with excitationwavelength 405 nmand emissionwavelengths
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Fig. 3 Left: Sample 27with sidesmarked: cross section (1, 3), radial (2, 4), tangential (5, 6). Right: scratching
side and direction (arrow, side 2); side 3 is to observe the changes on wood cells due to scratching

410–514 nm. The frame scan size was 2368×1776 pixels and the image size 843.9×
632.9 µm.

Sample 27 shown in Fig. 3, which has 25% PEG concentration, was analysed as a
representative case study to visualize the cells of swollen wood under the scratch by
the larger tip (steel ball with radius 1 mm) before and after scratching. The scratch
imaged with confocal laser microscopy (Sample 27) was made very close to the edge
of the sample in order to capture as much as possible the effects of scratching on the
structural features of the sample face beneath the scratched surface.

Scratches in the TL plane of Sample 20, with a PEG impregnation of 100%, were
also visualized and commented in relation to the scratch traces in the earlywood and
latewood locations.

Results and discussion

Scratch test results

The typical results of a scratch test are shown in Fig. 4 with reference to Sample
27 (25% PEG concentration). The graph shows the normal force, penetration depth,
residual depth, frictional force and friction coefficient as a function of the scratch
length. These results are obtained for the case of a constant normal force of 4 N with
a steel ball tip with radius of 1 mm.

The scratch resistance is described in this work as a frictional force resisting the
scratching movement, and the corresponding penetration depths and residual depths
caused by scratching.

Scratches in the R and T directions (in the RL and TL planes of Fig. 2) allow
characterization of the variation of mechanical properties, such as scratch resistance
and friction coefficient (i.e. frictional force divided by the normal force) caused by the
wood material structure, i.e. the annual rings of earlywood and latewood. Because of
the variation in the wood material structure, the residual depth and related frictional
force vary along the scratch path. Since latewood is harder due to densely layered,
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Fig. 4 Results of the scratch test made on Sample 27 (shown in Fig. 3) in the radial direction. The graph
shows the normal force [N], residual depth [µm], penetration depth [µm], frictional force [N] and friction
coefficient [–] as a function of the scratch length (= 10 mm). Approximated locations of latewood shaded

strong, thick-walled cells, the frictional force and the penetration depth are increased
when scratching over the latewood areas, as shown in Fig. 4 (shaded areas). The
latewood areas are also detected in the residual depth graph.

The results plotted in Figs. 5, 6, 7 and 8 refer to Samples 22 and 32 as representative
samples of heartwood close to the wood pith (indicated as centre) and far from the
pith (indicated as edge), respectively. Both samples are impregnated with 50% PEG.
In Fig. 5, the penetration depth as a function of the normal force is drawn for the centre
and edge samples in both cases of radial and tangential directions also including the
error bars. This figure shows the good repeatability of the four scratches made on each
tested sample along the chosen direction (tangential in plane TL and radial in plane
RL). The distance during scratch is also reported on the abscissa.

Figure 6 shows the penetration depths and the corresponding unrecoverable resid-
ual depths for the same cases. The penetration depth represents both elastic and plastic
deformations of the wood under increasing normal load, and the residual depth rep-
resents the remaining plastic deformation of the wood. The graphs clearly show that
most of the penetration occurring during scratch testing was recovered on both the
centre and edge samples. The large difference (up to about 150 µm) between penetra-
tion and residual depth means a significant elastic recovery. In addition, the difference
between early- and latewood seems to diminish in residual depth measurements.
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Fig. 5 Penetration depth versus normal force and scratch length for Samples 22 (centre) and 32 (edge) with
50% PEG. Scratches in radial direction (rad, RL plane) and tangential direction (tan, TL plane). Steel ball
(tip radius 1 mm) was used with increasing normal force from 0 to 4 N. Error bars included

In Fig. 7, a summary of all involved quantities (penetration, residual depth, frictional
force and normal forces as a function of the scratch length) is shown for Sample 32
(centre), including the approximated locations of latewood (shaded).

In Fig. 8, the scratch resistance described as the frictional force during scratch
testing is shown for both tangential and radial direction of wood for Samples 22 and
32 with increasing normal force 0–4 N. The samples far from the pith are found to
exhibit a higher scratch resistance with higher values in the tangential direction. This
can be explained by the vicinity of the edge samples to the sapwood zone, which is
characterized by a higher density. The scratch resistance peaks in Fig. 8 correspond to
the peaks of penetration depth and residual depth of Figs. 5, 6 and 7 that appear in the
presence of latewood zones due to the higher local density. Latewood locations can be
observed as the depth decreases when encountering harder wood. The latewood loca-
tions are preceded by higher frictional forces as the softer earlywood is pushed against
the latewood “wall”. Latewood locations are followed by an increase in penetration
depths and lower frictional forces in earlywood locations.

The effect of different PEG impregnations on the penetration depth, residual depth
and frictional force is quantified in Figs. 9, 10, 11 and 12. Figure 9 shows the mean
penetration depths and mean residual depths for all tests (including the constant forces
and the two different tip sizes) as a function of the PEG concentrations. The results
in Fig. 9 reveal that residual depths from 25 to 100% PEG concentration are quite
similar but smaller compared to the one for 0% PEG. On the contrary, the penetration
depths from 25 to 100% PEG concentration are also similar but larger than the one for
0% PEG, meaning that the non-impregnated wood samples (0% PEG) do not recover
from scratching as good as the ones with PEG impregnation.

Figure 10 presents themean frictional forces as a function of the PEG concentration
for the two tip sizes and the constant forces used. The linear trendlines and their
equations are also presented. The frictional force is linked to the penetration depth as
larger penetration creates higher friction, and with the geometries used here, also a
wider “wall” to plough through. The smallest frictional force is observed at 0% PEG
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Fig. 6 Penetration and residual depth vs normal force and scratch length for Samples 22 (centre) and 32
(edge) with 50% PEG. Scratches in radial direction (rad, in RL plane), top and tangential direction (tan, in
TL plane), bottom. Steel ball (tip radius r = 1 mm) with increasing normal force from 0 to 4 N was used
for scratching

for both tips. In the part of Fig. 10 related to the smaller tip, the penetration depths
were quite constant with or without PEG, but the frictional force is higher with PEG
than without it, which shows that the consistency of the “wall” also matters. For the
larger tip, the frictional force increases with increasing PEG impregnation rate, as did
the penetration depth. The mean friction coefficients for all samples, also including
the ones with progressive normal force, are reported in Fig. 11 as a function of the
PEG concentration and in Fig. 12 as a function of the density. The linear trendlines
and their equations are also shown in these Figures. Friction coefficient values are
lower with the larger tip compared to the smaller tip size. Figure 11 shows that the
friction coefficient increases with increasing PEG amount, especially with the larger
tip due to the increase in penetration depth, and thus the frictional force. Figure 12
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Fig. 7 Penetration, residual depth, frictional force and normal forces as a function of the scratch length for
Sample 32 (edge) with 50% PEG. Scratches in radial direction (R scratch, RL plane), top and tangential
direction (T scratch, TL plane), bottom. Steel ball (tip radius r = 1 mm) with increasing normal force from
0 to 4 N was used for scratching. Approximated locations of latewood shaded
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Fig. 8 Frictional force versus normal force and scratch length (distance) for samples 22 (centre) and 32
(edge) with 50% PEG in radial (rad, in RL plane) and tangential direction (tan, in TL plane). Steel ball (tip
radius r = 1 mm) was used with increasing normal force from 0 to 4 N

Fig. 9 Mean penetration depth (bars with crosses) and mean residual depth (bars with circles in scratch
tests carried out in all tests, including the results for steel ball (tip radius r = 1 mm) with constant load of
4 N, and diamond tip (radius r = 0.2 mm) with constant load of 2 N. All sample groups at different PEG
concentrations

shows that the friction coefficient also depends on the density, with higher density
providing higher friction coefficient. The lowest friction was measured for samples
with low density, which represent the samples with 0% PEG. In addition, in this case,
the large tips provided lower friction compared to small tips. The 0% PEG samples,
which also had the lowest density, differed in performance from the PEG-impregnated
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Fig. 10 Mean frictional force in radial (rad) and tangential (tan) direction at constant normal forces for all
tests. Steel ball tip (radius r = 1 mm) with constant load of 4 N, and diamond tip (radius r = 0.2 mm) with
constant load of 2 N were applied. All sample groups at different PEG concentrations

samples. Therefore, the results shown in Figs. 11 and 12 confirm the effect of water
stabilization due to PEG impregnation.

The differences in scratch resistance between radial and tangential directions are
negligible based on the depth and frictional force results shown in Figs. 9 and 10
which is in agreement with the similarity of wood properties in the radial-tangential
plane. On the contrary, the impact of scratch tip size is relevant for the frictional force
(Fig. 10), and this behaviour is related to wood plasticity. It can be observed that the
indenter tip size has an effect on the penetration depths and, consequently, on the
whole scratch resistance performance.

A summary of the results is reported in Table 2 (steel ball tip) and Table 3 (diamond
tip) for the tested normal loads. The tables show that larger friction, increasing as a
function of PEG concentration and density, especially at high PEG, is related to the
smaller tip and to larger plastic behaviour.

Preliminary results on confocal microscopy images of PEG-impregnated swollen
samples

Confocal laser microscopy images in Fig. 13 show the wood cells before and after
a polishing technique needed to gain a clean scratch surface, as already pointed out
in “Scratch tests” section. The dimensions of nearly hexagonal cells were measured
using the ImageJ code (Schneider et al. 2012) after the polishing and are reported in
Table 4 for the earlywood, transition wood and latewood structures. The visible cell
deformation before scratching is due to the cuts done to prepare the cubic samples.
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Fig. 11 Mean friction coefficient (over all samples) as a function of PEG concentration in radial (rad, RL
plane) and tangential (tan, TL plane) scratch directions for all tests. Steel ball (radius r = 1 mm) with
constant normal load of 4 N or increasing load from 0 to 4 N, and diamond tip (radius r = 0.2 mm) with
constant normal load of 2 N or increasing load from 0 to 2 N were applied in tests

Figure 14 shows the deformed as well as the collapsed wood cells on the polished
surface of Sample 27 after the scratch testing. The scratch was done with the larger tip
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Fig. 12 Mean friction coefficient (over all samples) as a function of density in radial (rad, RL plane) and
tangential (tan, TL plane) scratch directions for all tests. Steel ball (radius r = 1 mm) with constant normal
load of 4 N or increasing load from 0 to 4 N, and diamond tip (radius r = 0.2 mm) with constant normal
load of 2 N or increasing load from 0 to 2 N were applied in the tests
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Table 2 Summary of scratch results, steel ball tip (radius r = 1 mm), constant normal force of 4 N

PEG (%) Density (kg/m3) Penetration
depth (µm)

Residual
depth (µm)

Recovery (%) Friction coefficient
(–)

Mean Mean SD Mean SD Mean

0 429 119.3 1.8 36.0 5.3 70 0.20

25 841 145.2 14.0 16.6 3.7 88 0.28

50 981 124.9 7.8 10.2 7.4 92 0.34

75 993 161.6 6.0 16.0 4.4 90 0.40

100 1067 174.3 14.6 20.4 4.2 88 0.43

Table 3 Summary of scratch results, diamond tip (radius r = 0.2 mm), constant normal force of 2 N

PEG (%) Density (kg/m3) Penetration
depth (µm)

Residual
depth (µm)

Recovery (%) Friction coefficient
(–)

Mean Mean SD Mean SD Mean

0 429 133.4 3.6 54.0 4.4 60 0.45

25 841 131.9 2.7 14.1 1.5 89 0.54

50 981 145.7 5.7 21.4 2.1 85 0.52

75 993 136.0 8.1 20.1 3.7 85 0.54

100 1067 115.9 4.9 14.3 3.7 88 0.58

Fig. 13 Confocal lasermicroscopypictures of Sample 27before scratching.Left: raw sample.Right: polished
sample. Bottom: location for observation of wood cells (black dot)

(steel ball, radius of 1 mm) in the vicinity of the sample edge. The plastic deformation
during scratching, identified by residual depth, appears under tip compression at the
softest porous region (earlywood) far below the tip penetration depth.
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Table 4 Dimensions of nearly
hexagonal wood cells before
scratching for earlywood (EW),
transition wood (TW) and
latewood (LW) microstructures

Side length (µm) Cell wall
thickness (µm)

Cell wall angle (º)

EW TW LW EW TW LW EW TW LW

Mean 12.3 9.2 5.9 4.2 5.8 7.5 20.6 17.2 30.8

SD 1.8 1.7 1.2 0.9 1.1 0.9 11.8 10.3 10.7

Fig. 14 Confocal laser microscopy pictures from the scratched area (polished surface) on Sample 27 (steel
ball with radius of 1 mm) showing two different deformed locations. The white dots on the left and right on
the schematic picture of the wood represent the deformed areas, and the black dots represent the locations
of the cells in the undeformed configuration

Fig. 15 Confocal laser microscopy pictures on the TL plane of Sample 20 (steel ball with radius of 1 mm).
Left: normal view. Right: topographic view

Figure 15 shows the normal view and the topographic view under scratch made
on plane TL in Sample 20. The figures reveal the thin-walled asset of earlywood that
exhibits lower resistance to deformation, and the thick-walled asset of latewood that
shows higher resistance.

The wood cell deformation captured by this preliminary work (Fig. 14) appears
irregular when compared, for example, to the cell wall deformation under pulp-
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ing type loads shown in De Magistris and Salmén (2006, 2008). More accurate
microscopy images (magnification>25,000–30,000), along with the proposed experi-
mental approach, could be used as an experimental tool in the analysis of grinding grit
choice and surface phenomena in mechanical pulping, which is an energy intensive
process. The geometry of scratch test resembles weakly the geometry of tools in wood
grinding, where the logs are pressed against a grinding stone to produce mechanical
pulp fibers for board and papermanufacture. The grinding stone consists of grits, diam-
eter order of 0.2 mm (Liimatainen et al. 1999). The tip velocity in grinding is faster,
typically 20 m/s, and the wood is wet and warm during the process. The properties of
wood depend on water content, temperature and dynamics of the loading. Therefore, it
would be interesting to study the differences between the same mechanical properties
under scratch tests and during wood grinding. In future research, scratch tests could
also be performed in hot water.

More accurate confocal microscopy images could also help to develop numerical
models for wood cell deformation (Fortino et al. 2015; Salmén and Burgert 2009).

Conclusion

In this research, the scratch test on PEG-impregnated green wood samples was intro-
duced as a novel tool for wood research. With the scratch test, it was possible to
study the elastic and plastic deformation of wood and to distinguish the influence of
structural features of wood, such as early- and latewood, on the performance of wood.

Important basic research findings of the performed scratch tests are as follows:

• The friction coefficient between the tip and PEG-impregnated green wood is nearly
independent from the scratch direction in the radial-tangential plane.Woodmechan-
ical properties are known to be quite similar in radial and tangential directions;
therefore, this is an expected result.

• There is friction dependence onwoodmoisture and tip size. The tip size dependence
might well result from wood plasticity.

It was demonstrated that scratch testing of PEG-impregnated greenwood is suitable
to evaluate the properties of swollen wood and scratch test parameters in various
directions of wood by providing quantitative values of the frictional forces as well as
the total and plastic deformations. Therefore, it was also possible to assess swollen
wood reference datawith quantitative values of penetration depths under scratcheswith
different percentages of PEG impregnation, which can be useful for future scratch test
research on other types of wood and wood-based composites.

The obtained results show that the resistance of wood to scratch loads increases
with the reduction in the cutting tip size, as well as with the increase in water stabiliza-
tion. This information is useful for the understanding of the initiation of mechanisms
governing the fracture of wood and wood fibres.

Furthermore, the scratch tests may provide more profound information on the
scratch resistance of products prone to scratching, such as wood and wood-based
products, instead of only having knowledge of hardness and indentation modulus of
the wood.
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In future work, the results of the scratch tests, in combination with confocal laser
microscopy or other image-based techniques, could help to develop micromechanics-
based numerical models for wood cell deformation and disintegration. More focused
results of scratch tests could also benefit the optimization of process parameters in
mechanical pulping and therefore give some suggestions for energy savings, which
could be achieved by changing the test parameters such as PEG concentration, scratch
tips and loading rates.

Finally, the scratch tests can be used to study the wood fibre-based composites.
In scratch tests on these composites, debonding between the wood fibre and the sur-
rounding matrix is a challenging topic, making this technique interesting for future
research.
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