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Accepted: 29 December 2025 Wood is an anisotropic material, which affects its performance under different
loading conditions. To understand the origin of surface failures occurring in wood

© The Author(s), 2026 under mechanical disintegration loads, an accurate investigation of its elastic and

plastic behaviour is required. This study introduces a methodology that inte-
grates experimental scratch testing, X-ray micro-computed tomography (¢CT),
and finite element simulations to examine the elastic and plastic deformation and
failure behaviour of untreated pine wood under scratch loading. In the existing
literature, scratch testing is primarily employed to assess coating adhesion or
material abrasion resistance; its use for probing the mechanical response of wood
remains limited. In the present study, scratches were applied to pine specimens
in the radial, tangential, and longitudinal directions of wood using a diamond
indenter under constant normal loads perpendicular to the scratched surface. The
permanent residual depths measured by yCT were compared with FE-predicted
deformations. The selected methodology enables quantification of the relation-
ship between wood structure, loading conditions, and scratch performance. The
results demonstrated that the regions with higher density favoured elastic defor-
mation, whereas the residual scratch depth, reflecting plastic deformation, pro-
vided a reliable indicator of scratch resistance, exhibiting higher scratch resistance
for the higher density wood. In particular, the wood with higher density showed
residual depths in the range of 53-144 um in radial direction scratches, whereas
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the less dense wood showed values between 90 and 300 um. yCT imaging also
revealed detailed deformation mechanisms and fracture pathways that develop
under scratch-type loading. By coupling 4CT with FE modelling for wood scratch
mechanics, the work deepens the understanding of how wood microstructure
responds to different scratch loading conditions. The findings can serve as a sci-
entific reference for future experimental and numerical investigations of scratch-
ing, cutting and other disintegration loads in untreated wood and wood-based

composites at the microscale.
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Introduction

Wood is a sustainable material that is commonly used
as timber and in various wooden products due to its
mechanical performance at both the material and
structural levels [1]. It is also utilised in wood fibre
materials and composites across several industrial sec-
tors, such as construction, automotive, electronics and
furniture.

Wood is characterised by a composite structure,
consisting primarily of cellular and layered forma-
tions made up of three fundamental constituents:
lignin, hemicellulose, and cellulose [2]. This intricate
structure strongly influences the behaviour of wood,
particularly its disintegration under different mechan-
ical stresses. Therefore, a deeper understanding of the
elastic and plastic behaviour of wood and its failure
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mechanisms under mechanical disintegration loads
is important not only to optimise existing wooden
products, but also for developing new wood-based
composites. Considering the disintegration risks in
wood products used in the construction and furni-
ture industries, as well as in other industrial sectors,
scratches are typical surface failures visible in struc-
tural materials. In addition to aesthetic problems, in
some cases, large scratches can also generate crack
failures and increase the number of cracks induced
by moisture variations [3]. In this context, there is a
need to evaluate the scratch resistance of wood in a
quantitative manner. As argued in [4], disintegration
phenomena at the nano- and microscale are relevant
in many applications, such as pulp production, wood
cutting, nano- or microfibril cellulose manufacturing,
and particleboard defibration. To address questions
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related to the deformation and scratch performance of
wood materials, scratch testing can be used as a tool
for evaluation.

In the scratch test method, an indenter is loaded
against the sample surface, while the sample moves
with a constant velocity. The scratch test has previ-
ously been widely used to study adhesion of the
coatings ([5-7]) and to investigate crack initiation for
determining the fracture toughness of coatings [8].
Also, the scratch resistance of composite materials has
been investigated in relation to fibre orientations [9].
A study examining the scratch resistance of furniture
lacquer coatings by scratch test demonstrated good
repeatability of the results on the same piece of furni-
ture and good reproducibility across different pieces
of furniture [10].

However, in the existing literature, the use of
scratch tests for wood materials is still limited. The
combination of indentation, scratch, and wear tests
was used by Hermann et al. [11] to study the perfor-
mance of UV-cured coatings of wood products under
different loads. Hardness, abrasion, scratch, and wear
resistance were studied in relation to various coating
formulations based on different monomer—oligomer
couples. The scratch experiments showed that hard
and brittle coatings failed at lower loads compared to
the soft and ductile ones. Before failure occurred, plas-
tic deformation took place due to indenter penetration
into the surface. Scratch tests have also been combined
with nanoindentation tests to obtain radial profiles
of the mechanical properties (e.g. micro- and meso-
hardness and elastic modulus) of cross-cut Scots pine
samples in [12]. The used technology allowed accurate
determination of the width of annual growth rings for
evaluating the quality of wood for use in dendrochro-
nological applications.

Previously, some of the authors have studied the
scratch performance of green wood with polyethyl-
ene glycol (PEG) impregnation simulating different
moisture contents [4]. The results allowed analysis
of the penetration depth of the tip, which described
the deformation of swollen wood, and demonstrated
that the scratch performance of wood samples was
dependent on PEG concentration, density, indenter
tip size and tip material, normal force and scratching
direction.

During scratch testing, tensile, compressive and
shear stresses are present under the indenter [8]. In the
complex anisotropic wood material, the high and con-
centrated stresses and strains can generate permanent

deformations or failures. The plastic deformation of
uncoated and untreated wood under scratch-type
loading has not been studied in depth in the current
literature. Therefore, the present paper proposes com-
bining scratch testing with X-ray microtomography
(uCT), anon-destructive imaging method that quanti-
fies morphology of scratches in 3D with spatial resolu-
tion down to 1 um or even below. This combination
aims to measure accurately the plastic deformation
generated by scratch-type loads. Additionally, uCT
also provides insight into the deformation and failure
mechanisms occurring in the wood structure under
scratching loads. Finite element modelling (FEM) is
also applied to increase understanding of the stresses
and strains occurring in the wood structure under
scratch-type loading.

The uCT has been used to study the microstructure
of wood materials and coatings, but there are only a
few studies that have utilised its potential to investi-
gate indentation and scratch resistance, and the related
deformation and fracture mechanisms. A study on the
scratch resistance of a hard-on-soft polymer bilayer
[13] showed that the hard coating reduced the plastic
deformation of the substrate at low loads. However,
with increasing loads, the hard coating showed three
different fracture mechanisms that were studied using
pCT. The mechanical behaviour of wood has also been
studied by incrementally indenting a needle into the
wood surface and measuring the resulting strain fields
from uCT images [14]. The results showed larger
strains, and a deeper crack initiation zone compared
with the predictions based on the classical continuum
theory. Given the limited literature, combining uCT
with scratch testing can provide new insights into
deformation mechanisms in untreated wood at the
microstructural level.

In the literature, numerical modelling, particularly
finite element modelling, of wood and wood-based
materials is widely presented. Florisson and Gamst-
edt [15] presented a thorough review of uCT-aided
finite element modelling of wood. Numerous stud-
ies have focused on the macro-scale, such as micro-
structure-informed macro-model [16] or on fibre-level
(meso-scale) simulations [17], where special type of
polygonal finite elements was used to represent the
cellular microstructure of wood. Also, a well-devel-
oped macro-scale model that incorporated fibre orien-
tation and natural inhomogeneities has been presented
[18]. Micro-scale models of the wood microstructure
are not uncommon in the literature as well ([19-22]);
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however, the application of such models to investigate
highly localised mechanical deformation and related
effects, such as those observed in micro-scratches,
remains relatively scarce.

The research gap covered in the present work is
the need to evaluate the deformation performance
and permanent deformation of wood under scratch
loading to assess scratch resistance. The scratch tests
were carried out on wood samples, and uCT was used
to measure the residual depth of the scratch grooves.
Combining this measure with the penetration depth
obtained during scratch testing, the magnitude of the
elastic and plastic deformation could be determined.
Furthermore, high-resolution yCT imaging enabled
analysis of deformation and failure mechanisms
associated with scratching. Image-based FEM models
were also generated based on pCT images to simu-
late the scratch tests and complement the information
provided by uCT with the study of local strains and
stresses generated by scratch loads.

Materials and methods
Preparation of untreated pine samples

A Scots pine tree from a naturally regenerated stand
in Makra, Keriméki, Finland (N 61°50’, E 29°23') was
harvested on 29th November 2022 for this study. The
stand belongs to the network of EVOLTREE intensive
study sites, ISS (http://www.evoltree.eu/index.php/
intensive-study-sites/map). The tree was selected
based on earlier studies initiated in 2011 (unpub-
lished data) and 2018 [23], which focused on stil-
bene and resin acid content in the outer heartwood
and on heartwood radius. A representative average
tree was selected from several candidates. The pine’s
cross-measured diameter at a height of 1.3 m was
290 x 272 mm (excluding bark), with 54 growth rings.
The heartwood diameter was 150 x 140 mm, compris-
ing 21 growth rings. The butt log up to a height of 3m
was cut into blocks of approximately 30 cm in length
and stored at - 20 °C until further processing.

Test specimens for shear strength measurements
were prepared from a 5-cm-thick disc sawn from a
block stored at —20 °C. The discs were conditioned in
a constant-climate chamber (relative humidity RH:
65%, temperature T: 20 °C) until their mass stabilised.
The final dimensions of the shear test specimens were
20 mm x 40 mm x 40 mm, representing the locations
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of the specimens of the scratch test such that the area
of one shear test specimen corresponded to a combi-
nation of two scratch test specimens with an area of
20 mm x 40 mm. The shear test specimens were pre-
pared separately from heartwood and sapwood.

For the scratch tests, samples were cut from a thick
disc sawn from the same Scots pine tree. The disc was
cut into samples measuring 20 mm x 20 mm x 30 mm
samples as shown in Fig. 1. The samples numbered
from 44 to 69 were selected for scratch tests, as they
provided a representative coverage of different regions
of the tree cross section. After cutting, the samples
were stored in a controlled laboratory environment
(50 +5% RH, 21 £1 °C) prior to and during the tests,
and therefore, the samples were subjected to natural
drying before the scratch tests. After the scratch tests
were carried out on all the designated samples, the
moisture content and density of the samples were
determined. The moisture content ranged from 11.5
to 12.9%. The wet densities varied between 399 and
556 kg/m? (Table 1), with sapwood exhibiting a higher
average density (509 kg/m®) compared to heartwood
(454 kg/m?®). The scratch tests were carried out on
all twenty-five samples. Samples 64 and 65 from the
central region of the wood cross section, represent-
ing the heartwood, and samples 63 and 69 from the
outer rim of the wood cross section, representing the
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Figure 1 Wood samples cut from the cross-sectional disc of the
Scots pine tree selected for scratch tests were numbered from 44
to 69. The selected samples represent one quarter of the entire
disc. Samples 64 and 65, representing heartwood outlined in red,
and samples 63 and 69, representing sapwood outlined in green,
were used for uCT imaging.
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Table 1 Wet density (Ru) and dry density (Ro) of the samples determined after scratch testing

Sample number| 44 | 45 | 46 | 47 | 48 | 49 | 50 | 51 | 52 | 53 | 54 | 55 | 57 | 58 | 59 | 60 | 61 | 62 | 63 | 64 | 65 | 66 | 67 | 68 | 69
Wet density
Ru (kg/m?) 499 | 529 | 538 | 470 | 469 | 530 | 484 | 493 | 445 | 454 | 469 | 462 | 516 | 399 | 422 | 484 | 501 | 506 | 548 | 420 | 419 | 484 | 496 | 519 | 556
Dry density
Ro (kg/m’) 444 | 472 | 478 | 419 | 417 | 442 | 431 | 438 | 398 | 406 | 418 | 411 | 458 | 358 | 379 | 434 | 444 | 450 | 487 | 376 | 376 | 434 | 441 | 462 | 494

sapwood, were selected for the uCT analysis described
in Sect. “X-ray microtomography”. In addition, two
samples (8 and 23), representing sapwood and heart-
wood, respectively, were also scratched and used to
evaluate the accuracy of the uCT-based scratch depth
analysis.

Scratch tests

The scratch tests were carried out with a Micro-
Combi Tester (CSM Instruments, Antor Paar). In the
scratch test, a diamond indenter (Rockwell C) was
loaded against the surface while the sample was
moved in a controlled manner, causing compres-
sive, shear and tensile stresses under and around
the indenter and generating a scratch groove on the
sample surface [8]. The diamond tip with a radius of
curvature of 200 pum, fixed in a conical steel indenter
(120° apex angle), was used for the scratch tests. A
constant normal load was applied using three load
levels, namely 4, 10, and 20 N. The scratch length was
10 mm, and the scratching speed used was 10 mm/

Figure 2 a Schematic
crosscut of a tree illustrat-
ing the scratch directions R
(radial), T (tangential), and L.
(longitudinal) in scratch test- \\W“ |
ing; b Scratch directions R,

)

'R

T, and L in the wood sample;
¢ The test sample positioned
in the sample holder of the
Micro-Combi tester used for
scratch testing.

min. The scratch tests were carried out on three sides
of each wood sample, representing the different
directions of the wood structure. Figure 2 illustrates
the three scratch directions, with the R direction
going across the growth rings, the T representing
the tangential direction, and the L being the longitu-
dinal (vertical) direction of the wood structure. One
scratch was made for each direction and load case
on the wood samples. The scratch tests were carried
out in a controlled environment of 50 + 5% RH and
temperature 21+ 1 °C.

During scratch testing, the normal force F,, fric-
tion force F, (the force resisting the scratch move-
ment), penetration depth Pd (the sum of elastic and
plastic deformation during scratch test), and acoustic
emission AE were measured. The friction coefficient
u was determined by dividing the friction force by
the normal force. The residual depth (Rd) values of
the scratches (the remaining plastic deformation of
the material) were determined from uCT images of
the scratch grooves as described below.

R scratch

T scratch

(b)

©
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Shear strength measurements

The shear strength tests were conducted to study the
mechanical performance of heartwood and sapwood
under shear loading, and to assess whether shear
strength correlates with scratch performance. The
shear strength measurements were performed using
a universal materials testing machine Zwick Z050
(ZwickRoell, Germany) according to ISO 13061-8:2022.
Before the shear test, the dimensions of the speci-
mens were measured with a calliper at an accuracy
of 0.1 mm in the radial and tangential directions to
calculate the shear area. The loading was done in the
longitudinal direction at a steady speed of 2 mm/min,
causing the test specimens to break within 1-2 min.
The shear strength of a specimen was calculated by
dividing the maximum load by the shear area.

X-ray microtomography

X-ray microtomography (uCT) was performed on
selected samples after the scratch tests with different
loads and directions. Medium-resolution imaging was
used to measure scratch morphology, whereas high-
resolution imaging focused on deformation mecha-
nisms within the wood cell structures. Because uCT
resolution depends on sample size, scratched samples
were cut into smaller subsamples to achieve higher

resolution. Two additional samples (8 and 23) were
imaged in their entirety (20 mm x 20 mm x 30 mm)
both before and after scratching for method valida-
tion (see Sect. “Determination of scratch dimensions”).
The principles of sample preparation for medium- and
high-resolution imaging are shown in Fig. 3.

For medium-resolution imaging, scratched areas of
samples 63, 64, 65, and 69 were cut into subsamples
(12 mm x 12 mm x 5 mm) containing all three scratches
generated under different normal loads (4, 10 and
20 N) in one of the directions (R, T or L). For high-
resolution imaging, subsamples from 64 and 69 were
further cut into smaller pieces (2 mm x 2 mm x 10 mm),
each containing approximately 2 mm-long scratch seg-
ments. To stabilise these fragile subsamples and max-
imise the visible scratch length, each piece was glued
at both ends to a semi-cylindrical carbon fibre rod.
The rods were then ground to a round shape (1.8 mm
diameter) using a custom-made grinding device, to
ensure proper fit within the reconstruction field of
view (2.2 mm in diameter).

Determination of scratch dimensions
The twelve subsamples from samples 63, 64, 65, and 69

(Fig. 3c) were imaged using an in-house-built JTomo
microtomograph (University of Jyvaskyld) with a
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Medium-resolution uCT

High-resolution uCT

Figure 3 Sample preparation for X-ray microtomography. Two
samples were imaged a before and b after the scratch tests in
their entirety. ¢ Four samples were imaged only after the scratch
tests by extracting subsamples containing the scratches. d Two
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subsamples were further cut into smaller pieces, attached to car-
bon fibre rods, and trimmed to a smaller size to fit into the recon-
struction volume (RV) for high-resolution uCT.



voxel size of 7.0 um. The X-ray tube (Hamamatsu
L12161-07) was operated at 40 kV and 200 pA (small
focus mode), without a filter. A flat-panel detector
(Teledyne Dalsa Shad-o-Box 6K HS) recorded a total
of 3000 projection images of size 2940 x 2304 pixels,
each with an exposure time of 2 s, during a continu-
ous rotation of 360°. This resulted in a total scan time
of approximately 2 h for each subsample, including
beam stabilisation and the acquisition of reference
images. Reconstructions were performed using the
filtered back-projection algorithm, implemented in
the in-house-developed pi2 software [24].

The reconstructed volume images (Fig. 4a and b)
were converted to binary images (air =0 and wood
material = 1) slice by slice using 2D median filtering
(radius =10 pixels) followed by manual thresholding
(Fig. 4c). For each cross-sectional slice, the surface pro-
file was calculated by summing the pixel values in
each column. As the surface profiles were slightly
curved in most cases, they were straightened by fitting
quadratic polynomials to the profiles, excluding data
at the scratch locations. This fit also defined the base-
line level for determining scratch depth, since the
original surface level at the scratch locations was not
known. To obtain the dimensions of the scratches, a
sum of Gaussian functions

y= él d; - exp[—(x - xc,l-)2/(201.2)] was fitted to each

straightened profile (Fig. 4d). The amplitude d; directly
represented the depth of scratch i. Repeating the pro-
cess for each cross-sectional slice then gave the scratch
depth as a function of position along the scratch.

2mm
—

Figure 4 Measurement of the residual scratch depth pro-
files based on a uCT images analysed b slice by slice along the
scratches. ¢ Each slice was converted into a binary image, d

)

Residual depths of the scratches generated in samples
63, 64, 65, and 69 were used for analysis of the scratch
test results.

To verify the reliability of the depth profile meas-
urement method based on post-scratch images, two
additional samples, 8 and 23, were included for valida-
tion. These samples were imaged both before and after
scratch tests using JTomo with the same settings as
above, but now at a resolution of 12.7 um (Fig. 3a and
b) to ensure that the entire sample fitted within the
reconstruction volume. The pCT images taken before
and after scratch tests were registered and binarised,
and a difference image was calculated, leaving only
the scratches visible (pixel values 1 for the scratch
groove and 0 elsewhere). For each cross-sectional
slice perpendicular to the scratches, scratch depth
was calculated by summing the pixel values in each
column and taking the maximum value of the result-
ing set. This two-image method was considered more
accurate and suitable for validation, since it directly
measured the distance from the bottom of the scratch
to the known surface of the pre-imaged sample. How-
ever, it was more complex and labour-intensive, since
aligning the images in three dimensions with respect
to translations and rotations was challenging and
required both visual inspection and digital volume
correlation techniques. Furthermore, the samples had
slightly shrunk between the images, so scaling was
needed in each dimension, and even after this, each
scratch area had to be aligned separately.

Comparison of the two methods showed reason-
able agreement between residual depth profiles

1d —— Profile -== Fit

0 2 4 6 8 10
X [mm]

which was used to calculate the surface profile. The depth and
width of each scratch were determined by fitting a sum of Gauss-
ian functions to the profile.
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(Appendix 1, Figs. 17, 18 and 19), confirming that
depths determined from post-scratch images alone
were sufficiently reliable for the purposes of this study
and allowing the scratch depth measurements to be
performed more efficiently using only post-scratch
images. However, irregular and splintered scratches,
particularly in some regions of certain scratches,
remained challenging for accurate depth determina-
tion with both methods.

High-resolution uCT images to investigate deformation
mechanisms

The voxel size of 7-13 pum, used in the medium-reso-
lution uCT scans, was insufficient to resolve the indi-
vidual cell structure of the wood required for analysis
of the deformation mechanisms of wood cells. There-
fore, high-resolution uCT imaging was performed for
the twelve subsamples from samples 64 and 69 that
contained segments of each of the three scratches rep-
resenting different normal loads and scratch directions
(Figs. 3d and e). The scratches were imaged using an
Xradia MicroXCT-400 microtomograph with a voxel
size of 2.2 pm (10 X objective). The X-ray tube was
operated at 40 kV and 100 pA without a filter. A total
of 753 projection images with a size of 1000 x 1000 pix-
els (binning 2) were acquired with an exposure time
of 2 s over a stepwise rotation of 188°. As only one
scratch fitted in the field of view (2.2 mm x 2.2 mm) at
a time, each sample was scanned three times, resulting
in a total scan time of approximately 7 h. All twelve
scans were reconstructed into high-resolution volume
images using the same pi2 software as employed for
medium-resolution imaging.

Finite element modelling of wood structure

To simulate the scratching experiment, a two-dimen-
sional finite element (FE) model was developed using
high-resolution uCT images processed in the software
OOF2 [25]. The model was based on the uCT image of
heartwood sample number 64 (Fig. 5a). It represents
the specimen’s cross section perpendicular to the tra-
jectory of the scratching indenter. Due to the conical,
axisymmetric shape of the indenter’s tip, its motion
through a single fixed cross section during scratching
can be modelled in 2D as an indentation process. This
formulation is considered to be a good approximation
of the processes occurring within a single cross section
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during the physical scratching experiment, offering a
simplified yet insightful perspective on the deforma-
tion process in wood on the microstructural level.

To obtain a 2D analogue of the force applied with a
3D indenter in the physical experiment, a series of aux-
iliary problems was solved (Fig. 5b). A piece of bulk
material, with material properties equivalent to those
used for wooden cells, was indented in a 3D formula-
tion by a rigid indenter under applied forces F3p of
4,10, and 20 N. For each of these load cases, the cor-
responding maximum penetration depths were calcu-
lated. Then, analogous problems were solved in 2D to
achieve the same penetration depths and to determine
the reaction forces. The values of these reaction forces
are considered as the equivalent 2D loadings, F,p, and
were found to be 18.5, 31.3, and 62.0 N, respectively.

The image-based FE model from Fig. 5a was repli-
cated six times, and these segments were seamlessly
connected by manual merging of the finite elements,
as presented in Fig. 5d. The interfaces between these
segments are indicated by black dashed lines. Sym-
metric boundary conditions (restriction of normal dis-
placements) were applied on the edges highlighted
in blue, constraining displacements normal to those
edges. The applied loads, although depicted as a
concentrated force, were in fact distributed along the
line (surface in 3D) representing the outer edge of the
indenter tip. The type of elements corresponds to the
plane strain formulation. Abaqus/Explicit was used as
the FEM solver [26].

A simple elastoplastic material model was
employed for wooden cells (Fig. 5¢), with the Young's
modulus of E = 5.3GPa and Poisson ratio v = 0.3. The
yield stress was defined as oy, = 80MPa, and plastic
behaviour was modelled as linear hardening with a
plastic modulus H = 2GPa. The rigid indenter was
modelled using the elastic properties of diamond
(E = 1050GPa, v = 0.2). The chosen values for mate-
rial parameters were in the range of those reported
in the literature ([12], [27], [20]. The material values
of wood depend drastically on factors such as age,
humidity, and temperature. The values determined
via nanoindentation measurements are very depend-
ent on the location of the indents and on the structural
layers, and the macro-scale measurements of wood
provide values for Young’s modulus from some units
of GPa to some tens of GPa, and yield in the range
of 50-100 MPa, which introduces uncertainty into the
modelling approach. Additionally, the 2D formulation
itself tends to make the material stiffer than in reality,
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Figure 5 2D Finite element model of the wood cell structure
representing heartwood sample 64. a uCT image and the corre-
sponding finite element model. b Auxiliary problem formulation
used to translate experimental 3D loading into the 2D model.
¢ Tensile curve of the wooden cell material used in the FEM

which may dictate the use of slightly lower values of
Young's modulus to achieve realistic results.

To demonstrate the applicability of the model,
two supplementary problems were solved. In these
cases, the solution domain was rotated and accord-
ingly trimmed to obtain rectangular shapes that were
constrained by the same symmetric boundary con-
ditions considered above. The domain was oriented

Radial
wood
direction

simulations. d 2D FEM problem formulation of the scratching
process; blue lines indicate symmetric boundary conditions. e
Two additional problem configurations with indentation loading
applied parallel to the radial wood direction and parallel to the
tangential wood direction.

such that the indenter loaded the wood structure in
the radial wood direction in one case and in the tan-
gential wood direction in the other case, see Fig. 5Se.
This approach allowed for the investigation of the
model’s response under loading conditions aligned
with the material wood directions. The 2D loading
equivalent of F3p = 4N was applied to the indenter
in both cases.
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Results
Shear strength

Shear strength on the Scots pine heartwood and sap-
wood samples is presented in Table 2. The results
were comparable to shear strength values for wood in
different regions of Finland and Sweden reported by
Grekin and Surini [28]. They obtained average shear
strength values of 7.7-8.3 MPa and 8.3-9.5 MPa in
Scots pine heartwood and sapwood, respectively. In
comparison, it should be taken into account that in
this study, the data were collected from only one tree,
unlike the study carried out in [28], where the total
number of trees was 180.

Scratch tests

The friction force evolution differed between scratch
directions, as presented in Fig. 6. Scratching in the
radial direction resulted in the highest variation in
friction force, as the indenter was moving across the
growth rings of the wood. This phenomenon is very
distinct for the sapwood sample 69, which shows the
fluctuation of the friction force increasing with increas-
ing normal load applied. The heartwood sample 65
had similar performance, but with a lower rate of
fluctuation. Comparison of those two samples also
showed the difference in the distance between the
growth rings, reflecting the density difference between
the samples. For scratches performed in the tangential
direction, the structural features of the wood were less
pronounced, and the fluctuation of the friction force
was reduced for all normal loads. In the longitudinal
direction, the variation was further reduced, result-
ing in relatively smooth friction force curves during
testing.

The penetration depth measured during the scratch
testing had similar trends compared to the friction

Table 2 Shear strength of wood measured parallel to the grains
(longitudinal wood direction) for sapwood and heartwood sam-
ples

Number of  Shear Min Max SD
specimens  strength
(MPa)
Sapwood 23 10.00 720 1236 1.19
Heartwood 12 7.95 5.03 999 144
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force values, as can be observed in Fig. 7, where the
penetration depth evolution during scratching of sam-
ples 65 and 69 in the radial direction is presented. The
wood structure in radial direction consists of growth
rings with alternating hardness, which influences both
penetration depth and friction force performance.
Typically, the penetration depth increased as the
indenter moved across the softer regions of the wood
structure, and the friction force decreased simultane-
ously. Conversely, the penetration depth decreased,
and the friction force increased when the indenter
passed over harder regions.

To enable comparison between different samples,
the measured friction force and penetration depth val-
ues were averaged along the scratch length. The aver-
age values, together with their standard deviations for
all measured samples, are presented in Appendix 1
(Tables 4 and 5). Due to fluctuations associated with
the structural features of the wood, the scatter of the
average values ranged from 11 to 44% in the radial
direction, from 8 to 32% in the tangential direction,
and from 3 to 20% in the longitudinal direction.

When the averaged friction force values were plot-
ted as a function of wet density (Ru) for all 25 sam-
ples, a slightly decreasing trend friction force was
observed as the density was increased. The trend was
most pronounced for the tests with normal loads of 4
and 10 N, yet the scatter remained relatively high, as
can be observed for the tests with 4 N normal load in
Fig. 8. Although a decreasing trend can be identified,
the coefficient of determination (R-squared) of the lin-
ear equation was low. The increase in density appears
to restrict the penetration of the scratch tip into the
wood structure, thereby reducing the ploughing fric-
tion. For the tests with the highest normal load of 20 N,
no clear trend was observed, as the high normal load
seemed to override the effect of density.

The average friction force values measured for the
heartwood samples (64 and 65) and the sapwood sam-
ples (63 and 69) in scratch tests performed with normal
loads of 4, 10, and 20 N in the R, T, and L directions are
presented in Fig. 9. The penetration depth Pd (Fig. 9a),
measured during the scratch testing, represents both
elastic and plastic deformation of the wood under
the applied load. The residual depth Rd of the scratch
grooves was determined by puCT after the scratch tests
as described in Sect. “Determination of scratch dimen-
sions”. The residual depth (Fig. 9b) represents the
remaining plastic deformation of the wood structure.
The elastic deformation Ed (Fig. 9c) was determined by
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Figure 6 The friction force (Fu) evolution during scratch testing
of sample 65 (heartwood) in a R, b T, and ¢ L directions, and of
sample 69 (sapwood) in d R, e in T, and f in L directions. The

subtracting the residual depth of the scratch grooves
from the penetration depth measured during testing.
Figure 9 shows that increasing the normal load gener-
ally increased the penetration depth and the friction
force in a predominantly linear manner.

With respect to the penetration depth, the heart-
wood experienced higher friction forces compared to
sapwood in all scratch directions and at all normal
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normal loads applied during testing were 4 N (blue line), 10 N
(orange line), and 20 N (green line).

loads applied. This was most evident in the R direc-
tion, where the penetration depth was clearly higher
than that of sapwood as shown in Fig. 9a. Similar
trends were also observed for the T and L directions.

When comparing the plastic deformation perfor-
mance (Fig. 9b), the less dense heartwood samples
exhibited greater residual depths and thus a greater
share of plastic deformation in all directions. At the
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Figure 7 The penetration depth (Pd) evolution during scratch testing in the R direction of a sample 65 (heartwood), and of b sample 69
(sapwood). The normal loads applied during testing were 4 N (blue line), 10 N (orange line), and 20 N (green line).
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same time, the higher density sapwood had higher
elastic deformation, indicating higher elasticity and
improved recovery of the wood structure (Fig. 9c).
The elastic deformation of wood represents the
capability of this material to recover after the load is
released. Since the elastic and plastic deformation dif-
fer, the ratio of elastic deformation to plastic deforma-
tion for heartwood samples (64 and 65) and sapwood
samples (63 and 69) was determined for different
loads and scratch directions. The sapwood samples
had higher density compared to the heartwood, and
they also had more pronounced elastic deformation
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as observed in Fig. 10. This is evident particularly for
the R and T directions, whereas in the L direction, the
ratios are at a similar level.

Results of X-ray microtomography

The residual depth and scratch width values of the
scratches were determined via the medium-resolution
uCT post-scratch images of samples 63, 64, 65, and
69. The determined residual depths of the scratches
as a function of position along the scratches were
also compared to the penetration depth. The results
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Figure 9 Friction force
during scratch testing for
heartwood samples (64 and
65) and sapwood samples
(63 and 69) for normal loads
(4, 10 and 20 N) and in the
different scratch directions R,
T, and L as a function of the
a elastic and plastic deforma-
tion (penetration depth Pd), b
plastic deformation (residual
depth Rd), and c elastic
deformation (Ed). The linear
trendlines are presented with
the equations and the R?
values. The trendlines for
heartwood samples are pre-
sented with solid lines, and
the trendlines for sapwood
samples are presented with
dashed lines.
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are presented as graphs in the additional information
Appendix 2 (Figs. 17, 18 and 19). The values averaged
over the scratch length for all samples are presented
in the additional information in Appendix 3 (Table 6).

The residual depth values of the scratch grooves
of the samples 63 and 69, representing sapwood,
and of the samples 64 and 65, representing heart-
wood, measured with pCT, are presented as average

Figure 11 The residual
depth of the heartwood
samples (64 and 65) and the
sapwood samples (63 and 69)
measured with uCT on the
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values of the samples in Fig. 11. The graph shows
that in most cases, the heartwood had a larger resid-
ual depth compared to the sapwood. Only for the
L direction, the difference was not consistent in all
cases. For some samples, the deviation of results was
rather high, which is related to the structural differ-
ences between otherwise similar samples.
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Figure 12 presents high-resolution uCT images of
heartwood sample 64 (lower density), scratched in
the longitudinal (L) direction. The images show the
densification of the cell structure of the wood with
increasing width of the densified layer on the surface
as the scratch load was increased. This can be veri-
fied by the solid fraction graphs accompanying the
images. The densification occurs only near the surface
of the scratch, whereas the cell structure deeper inside
remains mostly intact.

The uCT images in Fig. 13 illustrate the scratch
grooves generated in the heartwood sample 64. The
images show the horizontal cross sections taken
0.1-0.2 mm below the sample surface representing
the scratches made in the radial, tangential, and lon-
gitudinal directions with normal loads of 4, 10, and
20 N. Prominent crack formations appear on the sides
of the scratch grooves perpendicular to the scratches
when the scratching direction was radial and tangen-
tial, whereas in the longitudinal direction similar crack
formations were not observed. The performance was
influenced by the structural orientation of wood, since
scratching in radial (tangential to the growth rings)
and tangential directions (along the growth rings)
goes perpendicular to the grain structure of the wood,
whereas the longitudinal direction (along the length of
the wood) goes parallel to the grain structure.

R
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Figure 12 High-resolution uCT images of wood sample 64 after

scratch testing in the L direction under three different normal
loads (4, 10, and 20 N). The accompanying graphs show the solid
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10 N

The figure also shows that the scratch-induced
cracks appear strongest when the indenter penetrates
deeper, indicated by a wider scratch groove. These
areas correspond to the softer areas of wood that typi-
cally represent the early wood. On the harder regions
representing the late wood, the penetration of the
indenter is lower, which corresponds to findings of a
previous study [4].

The different failure mechanisms are revealed in the
high-resolution uCT image in Fig. 13b showing the
cross section of the scratch groove in the longitudinal
scratch. The densification of the wood cells under the
scratch load can be clearly seen, including complete
collapse of some cells. The cracks due to shear action
caused by the movement of the scratch indenter also
propagate to generate large fractures in the wood cell
structure leading to detached wood fragments.

The differences between the heartwood and sap-
wood samples can be observed in Fig. 14. The heart-
wood sample 64 suffered severe fractures, particularly
along the scratch groove length. The fractures became
more pronounced as the normal load was increased,
showing pull-out of fractured material. Cracking and
fractures can also be observed around the scratch in the
cross-sectional areas. Also, the scratch depth increased
with increasing normal load. Sample 69, representing
the sapwood, with higher density, had similar structural

=

o

.0

Solid fraction
=)
(7]

0.0 0.5 1.0 1.5j
x [mm]

fraction profiles across the wood sample (indicated by dashed

lines), indicating a sharp-edged densification layer near the sur-
face of the scratch.
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(b)

Figure 13 The uCT images of heartwood sample 64 after
scratch tests showing a the horizontal cross sections with
medium resolution taken 0.1-0.2 mm below the sample surface,
corresponding to scratches made in the radial (R), tangential (T),

fractures along the scratch groove, yet the fractures were
most visible only with the highest load, and they were
not as severe as those observed in sample 64, represent-
ing heartwood. The cross-sectional image shows that the
depth of the scratch groove was much smaller compared
to sample 64, and with less cracking of the wood struc-
ture. These results suggest that the density of the wood
structure has a strong influence on the scratch resistance
of the wood and the failure mechanisms of the wood
under scratch loading.

Finite element modelling of deformation
of wood structure under scratch load

A series of 2D finite element simulations was con-
ducted to model the scratching process under three
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and longitudinal (L) directions with normal loads of 4, 10, and
20 N represented from left to right in each image. b The cross
section of the longitudinal scratch groove corresponding to the
position indicated by a solid line in (a).

different loads. Figure 15a presents the results for one
of the loading cases of 62 N (corresponding to 20 N
in 3D; see Sect. “Finite element modelling of wood
structure”), showing the von Mises stress field in
the deformed wood structure at the moment when
the load on the indenter reaches its maximum. The
stress distribution was highly non-uniform, with pro-
nounced concentrations that could potentially act as
sites for damage nucleation. The residual strains after
load release and relaxation are presented in Fig. 15b.
Similar to the stress distribution in Fig. 15a, distinct
localizations were observed, although the affected
areas were smaller. Regions with plastic strains of 10%
and above extended to a depth of about two times the
residual penetration depth (visible as greenish and
reddish areas).



64R, 20

Figure 14 High-resolution uCT images of scratched heart-
wood sample 64 and sapwood sample 69. The scratching was
performed in the R direction with normal loads of 4, 10, and
20 N. The upper row shows cross sections perpendicular to the

A comparison of the residual scratch depth values
from the experiment and simulation is presented
in Table 3 for all three considered loadings. In all
cases, the obtained numerical results were consid-
ered acceptable, with a maximum deviation of 12%
observed for the lowest load. The residual displace-
ment fields are depicted in Fig. 16. As in Fig. 12, the
results are accompanied by solid fraction plots to
illustrate densification. Although the residual defor-
mations were of similar magnitude, the material
densification was less localised in the contact area
and extended deeper into the material in the simula-
tions compared with the experimental observations.

To complement the main simulations, two aux-
iliary problems were solved to assess the influ-
ence of material orientation on scratch resistance,
as described in Sect. “Finite element modelling of
wood structure”. The residual scratch depth values
for the radial orientation were 0.112 mm, whereas
for the tangential it was 0.105 mm. These values
can be compared with the depth of 0.110 mm for
the arbitrary orientation in the main problem (see
Table 3).

scratch groove, and the lower row cross sections along the scratch
grooves (scratching direction upwards). Each image covers a
0.90 mm X 1.35 mm area.

Discussion

The performance and deformation of wood under load
were studied by scratch tests, X-ray microtomography,
and finite element simulations. In the scratch tests
carried out with a diamond indenter in three scratch
directions, the inhomogeneous structure of wood
caused a complex evolution of the friction force and
the penetration depth during scratch testing. Particu-
larly in the R direction, high fluctuations in friction
force and penetration depth values occurred due to the
indenter travelling through the annual ring structure.

Friction is the force resisting the relative movement
of a component on the surface, and it can be divided
into adhesive and ploughing mechanisms. Adhesive
contacts between the solid surfaces cause adhesive
friction to occur, and deformation of the surface causes
ploughing friction ([29, 30]). Concerning the scratch
tests on wood samples, the ploughing mechanism had
a major effect on the friction performance. The wood
structure is heterogeneous, with growth rings consist-
ing of soft earlywood and harder latewood. Therefore,
the scratching, particularly in the radial direction,
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Figure 15 Results of Finite Element Modelling for the loading equivalent to 20 N. a von Mises stress at the moment of maximum load
and deformation. b Maximum in-plane principal plastic strain after relaxation.

Table 3 Comparison of residual scratch depth [mm] between
experimental measurements and simulation results for all consid-
ered load cases

Loading 4N 10N 20N
Experiment 0.125 0.223 0.313
Simulation 0.110 0.210 0.323
Difference —12.0% -5.8% 3.2%

The percentage difference is calculated for the simulation with
respect to the experimental values

against the growth rings, caused high variation in
the friction force. The friction force was connected to
the evolution of penetration depth that followed the
structural features of the wood structure. The variation
in friction force and penetration depth was most evi-
dent in the radial direction of the wood, whereas the
tangential and longitudinal directions showed more
even performance in scratch testing along the scratch
groove.

@ Springer

The density of wood samples influenced the per-
formance in scratch tests, showing reduced friction
force with increasing density as depicted in Fig. 8.
The density also influenced the penetration depth, as
observed for higher density sapwood that experienced
both lower penetration depth and friction force com-
pared to heartwood, as observed in Fig. 9a. A higher
shear strength value was measured for the sapwood,
which suggests that higher density was also associated
with higher shear strength.

The friction force and the penetration depth meas-
ured during the scratch tests increased with increasing
normal load. The ;CT imaging provided data on the
depth of the scratch grooves generated in the wood
surface. The penetration depth measured during
scratch testing represented the entire deformation dur-
ing scratch testing, consisting of both plastic and elas-
tic deformation of the wood, whereas the uCT imaging
of the scratched samples provided information on the
residual deformation of the wood, representing the
non-recoverable plastic deformation. The difference
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Figure 16 Finite element simulation results showing the residual
deformation [mm] in the samples for all considered loadings (4,
10, and 20 N). The accompanying graphs show the solid fraction

between these two represented the elastic deforma-
tion, showing the recovery of the wood structure. The
results showed that the sapwood with higher density
experienced mostly elastic deformation during scratch
testing, as observed in Figs. 9 and 10. This suggests
that the higher density of wood favours elastic defor-
mation and higher recovery of wood after the scratch
load is released. The heartwood exhibited higher plas-
tic deformation compared to sapwood, as observed in
Fig. 11, where the residual depth values are presented.
The slope in the graph describing the friction force as
a function of plastic deformation in Fig. 9 shows that
sapwood has a higher slope compared to heartwood,

profiles across the wood sample (indicated by dashed lines). See
Fig. 12 for a comparison with the experimental results obtained
by uCT.

which can be related to the higher scratching resist-
ance of denser sapwood compared to heartwood. This
trend is most evident for scratches generated in the
radial and tangential directions of the wood samples.

The wood structure influenced the deformation
performance in different scratch directions. When the
scratch test was carried out in the radial or tangen-
tial direction, elastic deformation was dominant for
all samples, but scratching in the longitudinal direc-
tion showed more plastic deformation. This differ-
ence in behaviour can be clearly observed in Fig. 10
which shows the ratio of elastic deformation to plastic
deformation for heartwood and sapwood samples in

@ Springer



different directions and normal loads. Thus, higher
density wood can be more tolerant to different types
of scratching mechanisms or mechanical wear of wood
surfaces and has therefore better scratch resistance.
The uCT imaging proved to be a good tool to deter-
mine the residual depth of the scratch grooves. Vali-
dation showed that the fitting processes in the image
analysis were accurate for the scratches with well-
defined cross-sectional shapes (as shown in Fig. 4).
However, highly irregular scratches, resulting from
the performance of the wood structure under the
scratch load, could lead to some inaccuracies. The
main limitation of the yCT method comes from the
long imaging time, and therefore faster techniques
such as, e.g. 3D profilometry could be applied if appli-
cable for the material. Previously used methods for
detecting scratch resistance of wood have been mostly
based on scratching with different normal loads and
visually detecting the generated scratches on the wood
surfaces ([31, 32]). In this study, the combination of
scratch test and uCT imaging provided a quantitative
method for measuring the residual plastic deformation
of the scratch groove, which provided a quantitative
means of determining the scratch resistance. Sapwood
with higher density had lower residual depth of the
scratch grooves thus showing higher scratch resistance
compared to heartwood. The sapwood had also higher
shear strength, which suggests that higher density
wood is related to higher shear strength and further
to more elastic deformation under scratch loading.
The puCT imaging of the scratched samples revealed
the densification of the wood structure under scratch
load. With the increase in the normal load, the depth of
the densified layer increased. With the highest applied
load, even in the longitudinal direction, some fractures
in the cell structure were observed, as shown in Fig. 12.
When the scratches were made in the radial and tan-
gential directions against the growth rings, the load-
ing conditions were more severe, causing structural
failures. Besides densification, the wood structure
experienced cracking and fracture generation beneath
and around the scratch groove as observed in Figs. 13
and 14. The uCT images revealed that deformation
and fracture mechanisms in wood under scratch-type
loading were highly complex and strongly direc-
tion-dependent. Fracturing was more pronounced
when scratching was applied perpendicular to the
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grain (radial and tangential directions) compared to
scratching along the grain (longitudinal direction).
The orientation of fractures, both along and against the
scratching direction, suggests that multiple stress com-
ponents contribute to the initiation and propagation of
failures. The fractures along the scratch groove were
more severe for heartwood, showing large, fractured
fragments detached from the surface along the scratch
groove. Similar failure features can also be observed
for the sapwood, but at a lower intensity, as observed
in Fig. 14, suggesting that higher density wood is more
resistant to crack and fracture generation. In scratch
testing, the contact area under the indenter experi-
ences compressive, tensile and shear stresses. These
complex loading conditions facilitate crack initiation
and growth in the cell structure leading to fractured
fragments to be released from the cell structure. The
uCT images show that almost all plastic deformation
occurs in a layer near the (deformed) surface, agree-
ing well with the everyday observation of restoring
scratched wood surfaces by removing a thin layer, for
example, by sanding.

Concerning the finite element modelling, although
the values of residual depths from modelling are
similar compared to experimental values, the overall
deformations are much more localised around the con-
tact area with the indenter as can be observed when
comparing the solid fraction plots in Figs. 12 and 16.
Overall, plastic deformation predicted by the model-
ling was distributed over a relatively large volume,
but the values of the strains remained in the range
of 1-3%. It was also observed that during deforma-
tion the gaps between cells were not fully closed, and
despite clear densification around the area of con-
tact between the material and indenter, the structure
retained its cellular character after the relaxation of
elastic strains, even in the presence of significant local
plastic deformations. The simulations also tended to
underestimate the level of densification of the wood
structure, which is evident in the uCT images.

The additional simulations conducted when the
structure is oriented such that the indenter loads
are in the radial and tangential wood directions,
provided some evidence of the applicability of sim-
ple models for assessing the role of anisotropy in
scratch resistance. It is worth mentioning that the
model still represents the behaviour in the cross



section normal to the longitudinal scratching direc-
tion, as described in Sect. “Finite element modelling
of wood structure”, while the material is effectively
“rotated” within this cross section, thereby chang-
ing the wood direction of indentation. The residual
scratch depth in the tangential wood direction is
about 6% lower than in the radial wood direction
and about 5% lower than in the arbitrary orientation
used in the experiment.

The authors would like to emphasise that the pre-
sented finite element simulation was intended as a
demonstration of the applicability of the approach
and represents an initial attempt. Although it pro-
duced reasonably good results in terms of residual
deformation, further improvements are necessary.
For example, in the 2D model, it is not possible to
evaluate shear stresses and strains, since during
scratching they develop in the third direction, which
coincides with the movement of the scratching
indenter and is not represented in the model. The
modelling options include more sophisticated mate-
rial models for wood cell structures incorporating
nonlinear plasticity, viscoelasticity and appropri-
ate damage initiation and propagation models, e.g.
the multisurface failure criterion used by Lukace-
vic et al. in [33] or Hill’s failure criterion discussed
by Akter and Bader [34], as well as a full-scale 3D
model. To complement the study, two types of 3D
models could be considered: a micro-scale model,
similar to the presented 2D version, to further inves-
tigate micro-effects, and a microstructure-informed
homogenised macro-scale model to simulate the
scratching process at full.

Compared to previous scratch test studies on
wood [4, 12], the presented methodology allows
for a detailed analysis of both the elastic and plas-
tic performance of wood under scratch loads, spe-
cifically at the cellular level, by utilising uCT and
numerical models. The confocal microscopy used
in [4] could not capture the scratch induced crack
initiations. On the contrary, in the present research
the high-resolution yCT images could detect in
detail the crack formations in the vicinity of the
scratch grooves. By considering how the material
behaves microscopically under compressive, tensile,
and shear stresses that affect deformation and fail-
ure mechanisms, these findings can be applied to

various disintegration processes in the construction
industry. Furthermore, the precision of yCT images
before and after scratching allowed the creation of
a first numerical model for wood scratch testing.
Additionally, developing reliable numerical models
is crucial for future investigations into other micro-
scale disintegration mechanisms, such as cutting
wood and wood-based composites.

Conclusion and future work

In this research, scratch testing on untreated pine
wood samples and investigation of scratches by uti-
lising uCT were introduced as a new methodology to
assess plastic deformations in scratched wood. These
outcomes extend the understanding of the perfor-
mance of wood under scratch loads.

Basic research findings are the following:

¢ The friction force between the scratch tip and the
pine wood decreased with increasing density of the
wood in the range of 400-550 kg/m°.

o The friction force increased with increasing load
and increasing penetration depth.

e Higher density of sapwood was associated with
higher shear strength and higher elastic deforma-
tion under scratch loads.

¢ Higher density also resulted in lower penetration
depth and friction force in scratch testing.

¢ The residual depth of scratches described the plas-
tic deformation of the wood, thus representing the
directly measurable scratch resistance of the wood.
The higher density of wood favoured lower resid-
ual depth thus providing higher scratch resistance
for sapwood in this case.

e The combination of scratch testing and yCT imag-
ing can be used for detecting the wood perfor-
mance under scratch loads and to verify the scratch
resistance of the wood.

¢ uCT imaging provided accurate insights into the
complex deformation and fracture mechanisms of
wood under scratch-type loading, including densi-
fication, cell collapse, crack and fracture propaga-
tion beneath and around the scratch groove.
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e uCT imaging combined with modelling enhanced
the understanding of the performance of the wood
structures under different loading conditions.

The presented methodology can be used for the
evaluation of scratch resistance of different wood-
based products, especially for products where the
scratch resistance is relevant, also for aesthetic reasons,
e.g. flooring and decking boards, cladding boards and
panels. The methods can also be applied for the devel-
opment of new wood-based composites, such as the
transparent wood [35], for different industrial sec-
tors, such as automotive, construction, furniture and
electronics.

This study has confirmed that the friction force
under scratch test loads exhibits a linear depend-
ence on the penetration depth in terms of both the
total depth (elastic and plastic deformation) and the
residual depth (plastic deformation). A similar lin-
ear dependence was found in cutting tests of wood
where the cutting force, and therefore the cutting
resistance, is defined as a linear function of the uncut
chip thickness [36]. In the 5G-Timber project [37], it
was argued that a relationship between the scratch
resistance and the cutting resistance in wood should
exist. Even if more research is needed to establish
such a relationship, the results presented in this
paper could be used as a reference for future stud-
ies on cutting resistance of wood, with focus on the
effects of wood directions, density and wood type, in
order to optimise cutting operations with consequent
energy saving in sawmills and other woodworking
industries.

Finally, the same pCT technology adopted in this
work was used by some of the authors in [38] to accu-
rately measure the total water in wood and the free
water in lumens and to predict the bound water in
wood cell walls under moisture variations, along
with the assessment of a multi-phase moisture trans-
port model for the same pine wood investigated in
the present study. Based on this, the scratch resist-
ance of wood products under moisture effects could

@ Springer

be accurately investigated by further developing the
methodology proposed in this paper.
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Table 4 The average and standard deviation values of friction force (Fu) measured from three similar samples

Friction force, Ft [mN]
Density
Sample Ru Scratch direction R Scratch direction T Scratch direction T
ne kg/m® 4N 10N 20N 4N 10N 20N 4N 10N 20N
average | stdev average | stdev average stdev average | stdev average | stdev average stdev average | stdev average | stdev average | stdev

44 499 1918.0 576.5 5102.6 1761.8 9720.0 3592.3 2294.9 269.6 6181.3 1205.9 11890.1 1944.7 2280.9 299.3 5379.6 649.8 10122.4 | 1066.0
45 529 2696.9 480.4 6612.5 1225.2 13162.6 | 2459.6 1931.9 296.3 5396.6 761.6 10320.0 | 1605.6 | 2245.7 291.0 6613.6 665.9 12561.3 | 1709.8
46 538 2122.7 449.5 5371.1 1476.1 7593.8 1202.9 2179.1 453.2 5826.6 925.2 10659.0 | 1901.2 | 2099.9 186.8 5060.8 703.8 8991.2 1066.5
47 470 2941.3 603.4 6931.7 1616.3 11791.6 | 2887.0 1541.7 354.8 4593.4 590.2 9333.1 1105.7 | 2478.8 436.8 6607.0 758.7 11475.4 | 1923.4
48 469 2843.8 509.3 7144.8 1414.8 | 13696.4 | 2989.1 2495.7 387.8 4921.3 1077.8 8770.2 1734.4 | 2249.7 291.7 5082.2 724.7 8354.6 1344.0
49 530 2635.7 491.1 5292.7 1233.9 11559.7 2068.4 2315.8 711.6 5708.8 1420.3 11351.8 2748.0 2144.8 354.5 4001.4 533.7 9179.7 1277.5
50 484 1981.5 492.3 4365.9 758.8 9751.6 1514.6 2203.3 709.6 6129.3 1736.8 | 11652.5 | 3347.7 | 2326.4 228.4 5988.3 880.9 11897.5 | 1840.4
51 493 2094.1 822.4 6080.2 2003.6 | 13572.7 | 3480.9 2513.3 408.3 6175.1 1092.8 | 11002.0 | 1763.3 | 2314.0 285.2 6362.3 1059.3 | 11255.9 | 2152.1
52 445 2736.8 673.0 6692.6 1668.5 10577.7 | 2746.2 3012.6 615.0 6277.3 1137.5 9465.3 1384.3 | 2855.0 275.1 4620.6 652.6 8122.1 826.7
53 454 2478.1 518.2 6771.9 1074.6 13796.8 2265.2 2641.9 468.1 6949.6 906.3 13183.2 2297.1 3246.4 452.8 6491.9 841.7 12507.6 | 1219.8
54 469 2130.7 656.6 6304.4 1773.6 | 13106.3 | 3599.0 2588.9 617.1 5722.2 773.5 9348.7 1644.4 | 3572.0 356.7 5969.5 538.8 7338.7 555.7
55 462 2179.3 786.9 5744.4 1915.0 | 11069.6 | 3476.3 2589.3 406.4 5912.9 889.2 8519.9 1613.1 | 2343.5 287.7 5753.5 641.3 8915.6 1024.6
57 516 2306.9 984.2 6048.6 2349.7 11142.6 | 3584.5 2478.4 526.3 5295.0 808.0 11425.9 | 1805.3 | 2057.3 209.3 4633.6 354.4 11321.1 | 1303.9
58 399 3096.2 567.6 7283.4 1250.4 | 12191.1 | 2126.6 2627.6 693.9 6743.5 1236.9 | 12453.8 | 1815.5 | 2400.0 170.8 6000.1 632.4 7389.1 620.1
59 422 2953.8 929.8 6540.8 1624.5 12161.3 3225.8 2475.1 620.1 6867.7 1286.1 11338.9 2336.9 2663.4 231.2 4801.1 311.0 11370.0 | 1142.9
60 484 2684.0 753.5 7089.9 1856.3 12545.4 | 3221.6 2496.5 420.0 5851.1 1054.6 | 11824.1 | 2070.0 | 2872.4 368.9 6718.9 662.7 12181.6 | 1073.0
61 501 2040.3 626.9 3453.4 377.3 8535.8 2145.6 2553.2 550.8 3603.1 121.3 11414.0 | 1213.1 | 2395.9 266.8 3599.9 174.9 8513.2 907.9
62 506 2040.1 805.2 5390.5 1881.7 10641.8 | 3648.9 2209.3 537.2 6662.1 1058.6 | 13023.9 | 1913.4 | 2041.3 186.2 4501.6 526.3 8496.9 964.0
63 548 2202.2 966.9 6226.3 2419.6 13512.5 4528.3 2356.2 356.4 7233.9 1031.2 13282.7 21423 2142.7 213.2 5260.5 552.9 10315.9 | 1069.3
64 420 3133.3 466.0 8721.5 1365.1 14977.9 | 2953.3 2840.1 621.7 7595.3 1743.2 | 14323.5 | 2807.2 | 2899.6 270.2 5576.9 955.2 11330.4 | 1394.6
65 419 2791.8 622.9 6789.9 1391.5 11471.5 | 2163.7 2836.4 402.1 7707.4 877.5 11725.9 | 1113.6 | 2603.7 279.5 5774.6 877.4 9842.2 1022.0
66 484 2829.8 637.1 7235.2 1826.2 11786.4 | 2742.0 2287.4 432.2 5712.4 785.9 7536.5 851.6 3323.2 366.4 5728.6 1150.3 | 10290.9 935.0
67 496 2286.2 490.1 5689.4 1148.9 9782.5 2383.6 2371.2 303.1 6423.7 794.1 11705.2 1272.6 | 1866.0 152.4 4836.5 467.9 7894.3 613.3
68 519 2299.7 448.0 7232.6 1720.2 14982.1 4685.2 2203.6 179.0 6699.7 573.0 13960.1 1281.7 2318.6 249.9 5346.4 524.6 9315.7 917.1
69 556 1970.8 516.3 3525.7 616.5 11040.4 | 3225.4 2078.2 306.1 3739.8 220.6 8378.4 734.0 2216.3 292.0 3591.3 106.0 7536.6 969.3

Table 5 The average and standard deviation values of penetration depth (Pd) measured from three similar samples

’ Penetration depth, Pd [um]
Sample Density A A L
Ru Scratch direction R Scratch direction T Scratch direction T

ne kg/m3 4N 10N 20N 4N 10N 20N 4N 10N 20N

average | stdev average | stdev average | stdev average | stdev average | stdev average | stdev average | stdev average | stdev average | stdev
4 499 188.8 72.4 290.7 78.2 391.6 69.5 189.4 66.3 330.9 94.4 683.1 109.3 336.2 66.3 282.5 37.0 483.6 61.7
45 529 230.8 62.4 420.5 53.2 618.3 88.9 151.1 71.5 263.8 91.4 411.4 109.4 166.9 45.1 354.4 65.4 709.3 91.7
46 538 288.1 35.6 316.0 94.8 358.3 58.9 173.6 62.0 295.5 109.5 455.4 104.3 313.1 20.6 261.7 65.9 567.6 96.0
47 470 208.0 75.3 327.8 85.0 443.2 70.3 86.1 14.6 162.1 16.7 298.2 28.5 334.9 44.0 481.4 45.2 460.1 94.3
48 469 327.6 58.8 377.7 76.4 580.3 101.8 259.9 105.8 334.7 87.4 407.2 55.8 306.6 45.2 495.9 53.6 641.7 59.1
49 530 280.9 42.8 362.0 60.2 476.9 71.8 196.5 63.7 323.9 105.9 435.6 106.2 320.1 74.7 425.9 46.8 566.2 49.0
50 484 280.9 42.8 362.0 60.2 476.9 71.8 196.5 63.7 323.9 105.9 435.6 106.2 320.1 74.7 425.9 46.8 566.2 49.0
51 493 173.6 74.2 314.1 97.2 678.0 98.3 275.0 56.8 416.4 90.9 526.7 101.1 346.8 46.2 443.8 58.0 490.9 61.5
52 445 201.0 71.7 370.8 109.5 452.8 68.7 250.7 41.1 392.1 44.2 462.4 35.1 295.4 79.3 402.4 47.7 497.1 54.4
53 454 246.9 74.1 371.7 118.5 564.3 124.7 194.8 63.6 321.1 110.6 472.0 125.7 281.8 28.3 477.2 52.7 327.8 54.3
54 469 202.1 72.8 329.0 111.1 482.0 104.4 326.3 80.0 550.2 77.1 492.7 110.4 266.5 63.4 274.0 313 519.5 19.3
55 462 202.7 87.9 382.3 107.3 432.6 72.4 310.1 56.8 408.5 74.0 440.4 62.7 125.9 23.1 286.7 31.4 464.3 34.8
57 516 187.6 64.4 321.9 96.0 485.5 83.8 287.5 105.1 366.0 99.3 524.1 121.9 178.8 44.2 3375 22.6 339.5 13.3
58 399 236.3 61.4 411.1 85.4 557.1 78.8 229.7 114.1 3713 166.5 737.2 154.9 97.5 10.4 688.3 43.4 582.9 39.5
59 422 230.8 86.3 317.2 94.2 450.7 94.0 424.4 96.8 721.6 85.8 806.3 119.2 259.9 10.5 429.4 13.0 447.4 14.3
60 484 220.7 63.4 381.4 102.8 782.2 121.4 309.8 77.1 354.8 91.9 642.8 131.2 128.4 17.7 304.1 32.4 453.9 32.4
61 501 229.2 72.7 332.7 64.3 455.3 68.4 215.1 82.9 348.2 118.3 492.4 140.7 114.4 32.3 210.5 22.8 320.6 10.7
62 506 193.2 69.9 312.6 97.4 453.9 81.1 313.7 47.6 471.5 110.4 846.5 104.5 310.3 20.0 356.8 17.1 451.9 12.4
63 548 172.1 61.8 257.9 67.5 667.6 73.5 199.2 99.9 421.1 127.0 720.5 148.8 144.2 18.8 325.6 92.5 369.3 28.1
64 420 180.5 39.4 343.3 58.8 778.4 54.4 317.2 43.3 489.9 58.7 760.5 47.2 176.3 45.0 297.4 29.7 434.9 26.7
65 419 249.4 34.1 422.8 72.1 559.2 82.1 176.1 41.8 358.3 66.6 479.2 60.7 140.7 19.3 349.0 17.7 465.3 23.5
66 484 218.7 45.7 363.8 99.7 484.2 100.1 252.5 63.3 414.2 85.5 549.5 123.5 241.4 25.9 407.1 61.9 396.0 39.4
67 496 217.3 64.7 338.8 74.8 435.0 68.3 174.2 38.4 321.4 51.4 506.4 69.9 217.9 9.8 442.2 42.6 498.9 33.9
68 519 231.6 57.0 344.4 108.3 498.3 104.9 107.0 5.8 196.4 11.0 313.4 15.7 287.4 26.9 421.1 14.0 486.7 17.4
69 556 187.8 59.3 270.1 92.5 397.2 96.1 290.2 59.8 392.8 32.2 553.4 55.9 80.7 13.4 336.0 23.5 472.1 10.8

Appendix 2

See Figs. 17, 18 and 19.
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Figure 17 Penetration depth and residual depth profiles of all indicated in each subfigure. Subsamples from sample 63 were
scratches on samples 63 and 64. The penetration depth (Pd) was inadvertently cut for high-resolution uCT scans before medium-
obtained from the scratch test device, and the residual depth (Rd) resolution uCT scans, and therefore, the residual depths of the
was measured from the medium resolution uCT post-scratch scratches could not be measured along the entire length of the
images. The scratching direction (R=radial, T=tangential, scratches.

and L =longitudinal) and the normal load (4, 10, and 20 N) are
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Figure 18 Penetration depth and residual depth profiles of all
scratches on samples 65 and 69. The penetration depth (Pd) was
obtained from the scratch test device, and the residual depth (Rd)

Position [mm]

Position [mm)]

Position [mm]

cated in each subfigure.

was measured from the medium resolution uCT post-scratch

images. The scratching direction (R =radial, T =tangential, and
L =longitudinal) and the normal load (4, 10, and 20 N) are indi-
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Figure 19 Penetration and residual depth profiles of all scratches the residual depth (Rd*) by utilising the puCT images taken
on samples 8 and 23. The penetration depth (Pd) was obtained both before and after the scratching. The scratching direction
from the scratch test device, and the residual depth (Rd) was (R=radial, T=tangential, and L=Ilongitudinal) and the normal
measured from the medium resolution uCT post-scratch images. load (4, 10, and 20 N) are indicated in each subfigure.

For these samples, another method was also used to determine
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Appendix 3

See Table 6.

Table 6 The values of the residual depths (Rd) and the widths of
the scratch grooves generated in the wood samples in the scratch
tests, measured with uCT

Sample  Scratch Fn Rd Sigma Width Area
no direction [N] [mm] [mm] [mm] [mm?]
4 0.037 0.272 1.279 0.0253

R 10 0.062 0.319 1.504 0.0499

20 0.102 0.358 1.688 0.0914

4 0.047 0.232 1.091 0.0271

63 T 10 0.084 0.220 1.038 0.0466
20 0.105 0.359 1.689 0.0942

4 0.081 0.098 0.463 0.0200

L 10 0.165 0.235 1.109 0.0976

20 0.199 0.222 1.048 0.1107

4 0.088 0.183 0.862 0.0403

R 10 0.223 0.290 1.367 0.1623

20 0.310 0.358 1.687 0.2785

4 0.147 0.228 1.074 0.0841

64 T 10 0.252 0.320 1.508 0.2025
20 0.316 0.398 1.874 0.3151

4 0.124 0.150 0.705 0.0467

L 10 0.185 0.193 0.911 0.0897

20 0.289 0.300 1.414 0.2178

4 0.093 0.263 1.240 0.0613

R 10 0.203 0.367 1.729 0.1866

20 0.289 0.441 2.077 0.3200

4 0.087 0.252 1.187 0.0550

65 T 10 0.173 0.354 1.668 0.1539
20 0.215 0.402 1.892 0.2162

4 0.100 0.230 1.083 0.0577

L 10 0.180 0.186 0.877 0.0838

20 0.291 0.326 1.537 0.2380

4 0.068 0.199 0.937 0.0340

R 10 0.131 0.245 1.153 0.0803

20 0.186 0.329 1.551 0.1539

4 0.087 0.200 0.943 0.0436

69 T 10 0.126 0.284 1.338 0.0899
20 0.202 0.363 1.708 0.1837

4 0.093 0.266 1.253 0.0622

L 10 0.209 0.201 0.945 0.1052

20 0.253 0.242 1.141 0.1534

4 0.056 0.249 1.171 0.0347

R 10 0.105 0.414 1.952 0.1091

20 0.154 0.324 1.524 0.1247

4 0.064 0.434 2.045 0.0696

8 T 10 0.074 0.719 3.386 0.1340
20 0.136 0.377 1.776 0.1281

4 0.129 0.156 0.736 0.0504

L 10 0.062 0.635 2.993 0.0981

20 0.224 0.296 1.393 0.1660

4 0.079 0.174 0.820 0.0344

R 10 0.188 0.278 1.309 0.1308

20 0.267 0.362 1.704 0.2426

4 0.101 0.176 0.828 0.0444

23 T 10 0.182 0.242 1.138 0.1101
20 0.224 0.276 1.300 0.1553

4 0.166 0.233 1.099 0.0969

L 10 0.200 0.205 0.966 0.1025

20 0.317 0.353 1.662 0.2800
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