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ABSTRACT

Since the start of nanoindentation in wood, cell walls have been supported by epoxy resin during the
microtoming of surfaces. However, wood embedding in epoxy resin was initially developed to harvest
thin sections destined for transmission electron microscopy. In nanoindentation, embedding can affect
the identified mechanical properties and might be difficult for modified wood samples. For this reason,
we propose a protocol that does not involve resin within the wood specimen, uses a more robust miller
to achieve surfaces with root means squared roughness of around 35 nm, and can exclude invalid edge
indents through a novel evaluation procedure based on fitting 2D histograms with a linear combination
of bi-variate lognormal probability density functions. We examined twelve samples of Norway spruce
(Picea abies) late wood and their counterparts soaked with a biological preservation pretreatment. A
nanoindentation protocol on every sample led to a mean reduced modulus and mean hardness of around
12 % and 26 %, respectively, lower than those found in the literature for embedded Norway spruce. These
results agree well with previous results found for Loblolly pine (Pinus taeda L.) when comparing embed-
ded and non-embedded specimens.
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1. Introduction

[1] Wood is a biological material with a highly hierarchical
organization in which the ultra-structural scale plays a crucial role
in defining the macroscopic material properties [2]. Furthermore,
the material’s high porosity makes wood prone to impregnation
with water and other chemical solvents or compounds. The first
and foremost consequence of this property of wood is its hygro-
scopic behavior, deeply affecting its behavior [3,4]. This property
is extensively exploited for several purposes, e.g., for wood preser-
vation [5], consolidation of archaeological artifacts [6], and modifi-
cation of wood’s physical properties [7]. However, any change in
chemical composition deeply affects the mechanical properties.
For example, the consequences of impregnation with polyethylene
glycol are well-known and deeply investigated, both from chemical
and mechanical points of view [6]. Also, other preservative treat-
ments significantly impacted the material’s mechanical properties
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[8]. still, most of the research on preservatives fittingly focuses on
biological, toxicological, and environmental aspects [5], usually
neglecting mechanics. On the contrary, impregnation effects on
the mechanical properties are crucial for nanoindentation tests.
Nanoindentation in wood started with the pioneering work of
Wimmer et al. [9,10]. The standard experimental protocols allow
embedding the sample in a material (usually an epoxy resin), fill-
ing all the pores [11,12]. This facilitates the preparation of the
indentation surface, avoiding micro-cracks and other damages dur-
ing milling and polishing [13]. However, the resin might chemi-
cally interact with the sample material, modifying its mechanical
properties [14,15,16,17]. Unfortunately, chemical interaction is
facilitated by (i) the high surface vs. volume ratio in wood samples
and (ii) curing treatments that are required for the polymerization
of the resin but can also promote other undesired reactions. The
challenges of adequately choosing the embedding material and
defining a non-invasive preparation of the wood sample have
already been discussed. Anyway, the literature provides diverging
conclusions, making the topic controversial. In their investigation
on Norway spruce (Picea abies), Wagner et al. [12] concluded that
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“Using different embedding materials did not result in changes of
the measured mechanical properties of the S2 cell wall layer. Also,
the indentation of apparently non-embedded wood cell walls did
not yield significantly different reduced modulus and hardness.
Due to the lack of support of the cell walls by an embedding mate-
rial during microtome cutting, the wood cell walls are frequently
damaged, leading to higher variability of the obtained results.”.
Conversely, considering a sample of Gray poplar (Populus
tremula x Populus alba), Coste et al. [17] concluded: “that the use
of resin embedding media to characterize plant cell walls at the
nanoscale, although helpful to avoid damages, can lead to mislead-
ing analyses”. Anyway, it has to be noticed that Wagner et al. [12]
obtained a “non-embedded wood” sample by just avoiding vacuum
treatment in the sample preparation procedure, resulting in “limited
resin penetration into the cell lumina and in a substantial number of
apparently non-embedded tracheids in the center of the specimen”.
Furthermore, [18,1,19] proposed innovative protocols that use resin
and a microtome but with the samples not being in direct contact
with resin. Meng et al. [1] wrapped a film between samples of
Loblolly pine (Pinus taeda L.) or Red oak (Quercus rubra) and the resin.
Compared to embedded specimens, they detected an increase in
reduced elastic modulus when embedded of 14.2 % and 15.6 % for
Loblolly pine and Red oak, respectively. Similarly, the hardness
increased by 32 % and 11.3 %, respectively. Zelaya-Lainez et al. [20]
proposed a novel milling polishing and indentation protocol for ana-
lyzing the micromechanical properties of non-embedded spruce
wood. Preliminary results seem promising; however, several
aspects still need to be appropriately addressed. This paper aims
to further develop the sample preparation for nanoindentation.
Our protocol makes it possible to use no resin at all to support the
cell walls during microtoming or use a microtome at all. Moreover,
we examine the usability of our method by comparing natural wood
vs. wood that was treated with a commercial biological preservation
solution. Last, we could identify the cell wall’s reduced modulus and
hardness values for both natural and treated wood with a novel pro-
cedure based on fitting 2D histograms with a linear combination of
bi-variate lognormal Probability Density Functions (PDFs).

2. Materials and methods
2.1. Sample preparation

Twelve specimens of Norway spruce (Picea abies) with dimen-
sions of approximately 20 mm x 20 mm x 40 mm in radial, tan-
gential, and longitudinal directions (r x t x [) were harvested
from various boards using a panel circular saw with a 2.5 mm wide
blade (Holzprofi Pichlmann, Austria). Subsequently, each cuboid
was cut into halves resulting in two similar samples per specimen
(twenty-four in total) by means of a table saw with a 0.5 mm wide
blade (Proxxon, Germany), sketched in Fig. 1(a,b). Twelve sample
halves were stored for one year in a climate chamber (Binder, Ger-
many) set at 21 degrees centigrade and 35 % relative humidity.
Their twelve counterpart sample halves were introduced into a
commercially available biological preservation treatment solution
for six months. The weights of each immersed sample were mon-
itored monthly by means of a precision balance (model PGH403-
S from Mettler-Toledo Inc., Switzerland) until no mass change
was recorded, and the samples were regarded as fully saturated
with the treatment. The excess moisture was removed with a
paper towel, and the samples were later stored in the before-
described climate chamber at 21 degrees centigrade and 35 % rel-
ative humidity for six months. Subsequently, the 24 samples were
attached to microscope glass slides with a thickness of 1.7 mm
through a 2-component epoxy resin (Struers, Denmark). The resin
was used only to secure the specimen in place. Thus, the resin was
never in contact with the sample’s surface. Nevertheless, other
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holding mechanisms without resin could also be employed. The
1.7 mm thick glass benefits the polishing protocol by reducing
vibrations that may be introduced during the process of material
removal. The surfaces orthogonal to the samples’ longitudinal axis
were milled by a Leica SM2500 heavy-duty sectioning system and
the Leica SP2600 ultramiller (Leica Biosystems, Germany) with a
diamond blade rotating at 1500 rpm, sketched in Fig. 1(c). A pre-
miller was first used to remove most of the zone affected by the
sawing protocol. The surface was further polished with a finishing
miller until a mirror-like finish. The result-finishes of the sample
surfaces attained by the milling protocol were observed by means
of a Zeiss Axiolmager light microscopy (Carl Zeiss, Germany). Pho-
tographs were recorded by means of an AxioCam MRc5 (Carl Zeiss,
Germany), as seen in Fig. 2. Thereafter, the samples were stored in
the climate chamber at 21 degrees centigrade and 35 % relative
humidity until further tested.

2.2. Nanoindentation

The roughness of each sample was measured by means of scan-
ning probe microscopy (SPM) in areas measuring 20 by 20 pm?. An
exemplary topological scan is given in Fig. 2(b). The roughness can
be quantified as the root mean squared (RMS) roughness (R;) and
computed as:

J |

where z is the profile height given by the coordinates x and y. z is
the average profile height and I; =, = 20 pm.

] 12
S. 3 [z(x, y) — z] dxdy
Ll ’

Ry = (1)

2.3. Length scales

With nanoindentation protocols, material properties at nano-
and micro-scales can be identified. However, the intended length
scale must be carefully defined to correctly characterize the elastic
and hardness properties of the material system we intend to inves-
tigate. The relationship among the relevant length scales can be
obtained from the classical separation of scales [21] as follows:

2)

where d is the characteristic length of the microheterogeneity and is
a lot smaller than the characteristic length of the representative vol-
ume element (RVE), which is a lot smaller than the structural length
scale Z.

According to Konigsberger et al. [22], we can relate the argu-
ments from Drugan and Willis [23] on d to lgys, and combine them
with results from ultrasonic campaigns [24] to obtain a quantita-
tive relationship from Equation (2), as follows.

(2---3)d < e < £/10

d< lRVE L&

3)

Furthermore, according to Kénigsberger et al. [22], in Equation
(3), 2 is approximately related to the characteristic length of the
Berkovich indenter tip projected area A.. This evolves into the rela-
tionship between the size of the RVE and the projected area, and
this is computed as follows:

(2---3)d < lve < VA/10 4)

The projected area of a perfect Berkovich tip is related to the
contact depth h. as follows:

A. = 245k (5)

Equations (4) and (5) allow us to link the characteristic length of
the microheterogeneity, the contact depth, and the RVE size as
follows:
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Fig. 1. Sample preparation (a) cuboid saw into two similar halves (b) one half was left untreated, and its counterpart was treated with a biological preservation treatment (c)
the surface of both halves was polished by means of an ultramiller.

(d)

Fig. 2. Sample imaging: (a) Light microscopy image (100-fold magnification) of the polished surface of untreated spruce wood. The right part is the early wood and the left
part is the late wood. (b) Topographic image (20x20 um?) of surface measured through SPM with a roughness of approximately 35 nm. (c) Light microscopy image (500-fold
magnification) of sample U4 (untreated) late wood (d) Light microscopy image (500-fold magnification) of sample M7 (treated) late wood.

Trve < hov245 ‘1%4'5 ~he/2 6) Re< % ~ lpye (8)

Furthermore, this goes by the observation made by Donnelly

d< 7’% (7) et al. [25], who gave h./R; minimum ratios ranging from 1.7 to

(4---6) 2.8. We obtained h, of approximately 270 nm and R, of roughly

The RVE size has to be related to the maximum surface rough- 35 nm. Therefore, fulfilling the indentation depth and roughness
ness that permits physically reasonable measurements, as follows: requirement ratio by at least seven times.

The nanoindenter probe half-space 2 defined by Konigsberger
et al. [22], is considered to be at least ten times the indentation
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depth. Considering our indentation depth measures approximately
270 nm means ¢ is contemplated to be about 2.7y m. Through
light microscope images like the one in Fig. 2, we conclude that
only indents far away from any lumen, crack, or other imperfection
by a minimum of 2.7u m can be considered. It is safe to say that
most of the indents that fall in the earlywood section will not fulfill
this criterion. Thus, just the latewood was considered for the
indentation protocol.

2.4. Protocol of indents

Two locations at latewood sections of each sample (natural and
treated) were indented in 10 x 10 grids by means of a Triboinden-
ter with an attached three-sided pyramid Berkovich diamond tip
(Hysitron, USA). All the 4800 indents were performed in a
displacement-controlled fashion with a maximum indentation
depth (hje) of 300 nm. The indents were analyzed according to
the Oliver and Pharr method [26].

2.5. Data analysis

Indentation modulus of the material E, and indentation hard-
ness Hhave been extracted from the indentation procedure output
and collected in two separate sets according to the treatment of
wood (unmodified and modified wood data are labeled with super-
script unmod and mod, respectively). The data distribution for each
sample has been qualitatively compared, aiming at excluding sys-
tematic errors on single samples. If the data distribution for a
specific sample looked substantially different with respect to the
others, the data have been discharged, and the polishing and the
indentation protocol on the sample are repeated as described in
Section 2.1. Furthermore, if an experiment provides a clearly inva-
lid result (E; > 50GPa or H > 1.2GPa), both indentation modulus E,
and indentation hardness H have been deleted from the database.
As a result of this procedure, 2400 (0 invalid results) and 2396 (4
invalid results) values constitute the datasets for unmodified and
modified latewood, respectively.

Table 1 reports the results of the preliminary statistical analysis
of the measured indentation modulus E, and hardness H. The
preservative treatment slightly increases the stiffness of the mate-

rial (mean (ET”d) > mean(E;‘”’""d> and max(ET”d) > max(Eﬁ‘"”“’d> )
but also the data dispersion (std (ET°d> > std (E;‘”mOd)). Contrarily,
the mean value of the hardness decreases for treated wood
(mean (H’""d) < mean (H"”’””d>), but both the maximal value and

the standard deviation significantly increase
(max (H"'"d) > max (H“"’""d> and std (H’””d> > std <H”’”"°d) ).
The lower bound of the 99.7% confidence interval

(mean(E,) — 3std(E,)) turns out to be negative for all the considered
data sets. Conversely, indentation modulus E, and hardness H are
positive by definition. This contradiction indicates that Gaussian
PDF does not correctly represent the stochastic distribution of
the data we are considering, despite being widely used in literature
for similar problems [27]. We decided to describe the distribution
of data using a linear combination of lognormal PDFs, aiming at
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improving the consistency of the statistical model with the physics
of the material.

A well-established approach for data analysis consists of treat-
ing stiffness and hardness data separately, fitting separate his-
tograms with linear combinations of PDFs representing the
different phases constituting the analyzed material [28,29]. How-
ever, the standard approach applied to the specific problem under
investigation produces controversial results: Fig. 3(b) and 3(c)
depict E; and H histograms for unmodified latewood. On the one
hand, three different phases compose the material (see Table 2).
On the other hand, while in Fig. 3(b) it is possible to qualitatively
recognize two local maxima, Fig. 3(c) allows only one identifica-
tion. The overlapping of populations with similar statistical proper-
ties (as sketched in Fig. 3(a)) can justify such behavior in E, and H
histograms.

Aiming at bypassing the problem mentioned above, we run data
analysis interpolating 2D distribution of data (E,, H) with a linear
combination of three bi-variate lognormal PDFs

h(E.H):i
i=1

-1
~Pi)

Ci

a2 + OFi )
Ei Hi Ei hi

((huf)—pm)z (n(H)—p)* 1n<EJ—uE,1n<H>—nH,))
2 o2 —4pi

Vit (i

27O Ohi

9)

where, for every, i lognormal distribution, W; and oy for
j = E;,H are the mean and standard deviation of the variable’s nat-
ural logarithm, respectively, p;are the correlation coefficients, and
the weights of the PDF c; have to satisfy the following conditions:
0<c <1 and Z?:]ci = 1. From a practical point of view, such a
choice is equivalent to considering normal PDFs of the variables
In(E) and In (H). Thereafter, the 2D histogram of the new variable
was created using a mesh of 100 x 100 bins. Finally, we assumed
N = 3 on the basis of a simple physical consideration: In clear wood,
we are able to distinguish at least three phases with significantly
different mechanical properties, as indicated in Table 2.

Surface fitting, i.e., the searching of optimal parameters in Equa-
tion (9) has been done using the function fit available in MATLAB.
The function requires bounding of the parameter values, allowing
to enforce constraints in the optimization problem. For the prob-
lem we are analyzing, the parameters have been bounded as fol-
lows: O<c<1, —1<p;<1,min(In()) < p; < max(In()),
0 < 0j < (max (In(j)) — min (In(j)))/6. The advantage of this oper-
ation is twofold. On the one hand, we limit the size of the space
where the algorithm has to search for the solution, simplifying
the problem and reducing the computational cost. On the other
hand, the option allows the implementation of physical and math-
ematical bounds, like limitations of the weight coefficients. The
MATLAB function is available in the supplementary material.
Among the solutions we found, we choose the one with the lowest
RMS error (RMSE).

3. Results & discussion

Table 2 reports the properties of phases constituting the late-
wood. Fig. 5 reports the 2D fitting for modified and unmodified
wood.

Table 1
Raw data statistics of indentation modulus E, and hardness H for unmodified and modified latewood.
unmod mod unmod mod
mean(E, ) [GPa] 10.610 10.763 mean(H) [GPa] 0.332 0.261
max(E; ) [GPa] 28.342 36.339 max(H) [GPa] 1.048 1.217
std(E; ) [GPa] 5.156 6.559 std(H) [GPa] 0.124 0.169
mean(E; ) — 3std(E; ) [GPa] —4.858 -8.914 mean(H) — 3std(H) [GPa] —0.040 —0.246
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Hr unmod late

Er unmod late ©

(b)

Fig. 3. Comparison of standard data analysis method and the proposed one: (a) Sketch of typical data analysis (histograms on the axis) and approach presented in this paper
(2D plot). (b) Histogram of the indentation modulus E; for unmodified wood. (c) Histogram of the indentation hardness H for unmodified wood.

Table 2

Mechanical properties of phases constituting latewood. The tracheid volume fraction has been estimated by analyzing Fig. 2. Indentation stiffness and hardness E.sand H,,; have
been obatined from [11]. Ratios between embedded and non-embedded material have been taken from [1], referring to Loblolly pine.

phase vol frac [%] PDF # Ci Eres[GPa] Emb/non-emb ratio E,eq [GPa] E,[GPa]
Hyer[GPa] Hieq [GPa] H[GPa]
Unmodified wood tracheid lumen 40-50 1 0.51 0.00 - - -
0.00 - - -
S2 layer 10-25 2 0.25 17.1 1.14 15.0 15.1
047 1.32 0.356 0.348
CWC 25-50 3 0.23 - - - 8.8
- - - 0.32
Modified wood tracheid lumen 40-50 1 0.46 0.00 - - 1.29
0.00 - - 0.026
S2 layer 10-25 2 0.08 17.1 1.14 15.0 144
047 1.32 0.356 0.234
CWC 25-50 3 0.46 - - - 9.60
- - - 0.234

The area of tracheid lumens in latewood has been estimated on
light microscope images, such as Fig. 2. The obtained estimation of
tracheid volume fractions ranges between 40 and 50 %, with values
at the upper limit identified at the transition zone to the early
wood. Conversely, the region that we define cell wall compound
(CWCQ) -i.e., primary wall, middle lamella, and cell wall in the
neighborhood of lumen- should occupy approximately 25 to 50 %
of the indentation surface, according to estimates provided in Sec-
tion 2.3 and assuming a cell wall thickness of 7um (see Fig. 2(c)
and 2(d)). Consequently, the indents of the properly called S2 layer
are expected to be 10 to 25 % of the results, as reported in Table 2.

Fig. 3(b) and 3(c) show the 1D histograms of indentation stiff-
ness and hardness of latewood, considered separately. Based on
these histograms, no distinct mechanical phases can be identified.
A reasonable justification for the obtained results is depicted in
Fig. 4: The indenter tip enters the tracheid lumen until the indenter
edge touches the tracheid wall, leading to detect a force that, how-
ever, is not the consequence of the assumed experimental mecha-
nism. Consequently, the results obtained from these indents are
invalid and must not be considered in the analysis. The correct

,I

Fig. 4. Representation of the assumed invalid indentation mechanism.

identification of spurious data represented an insurmountable
obstacle in data analysis based on 1D histograms. Conversely, the
analysis described in Section 2.5 allows identifying a population
of data whose characteristics (PDF weight, mode, and standard
deviation) can be associated with invalid data produced by impro-
per contact of the indenter with the sample surface.

Indeed, in Fig. 5 (a), PDF #1 weighs 0.51, and it is characterized
by a low stiffness and hardness (6.04 and 0.234 GPa, respectively),
which is far away from values reported in the literature for spruce
wood) and a large standard deviation. Furthermore, it largely over-
laps with both PDFs #2 and #3. PDFs #2 and #3 have similar
weights (0.25 and 0.23, respectively). Consequently, they can be
interpreted as the results of indentation into the S2 layer and
CWC since these two phases may have similar volume fractions.
PDF #2 provides the highest indentation stiffness and hardness
(15.1 and 0.348 GPa, respectively) and also the highest correlation.
Therefore, it can be associated with the indentation of the S2 layer.

Fig. 2(d) shows that in treated wood, the tracheid lumens are
filled by residuals of preservative liquid. Consistently, in Fig. 5(b)
PDF #1 has a weight of 0.46, the characteristic stiffness and hard-
ness are one order of magnitude smaller than the one of the other
phases (1.29 and 0.026 GPa, respectively), indicating that the
indentation procedure correctly detects the solid phase in lumens
and the filling material is exceptionally soft compared to other
phases.

PDFs #2 and #3 have a weight of 0.08 and 0.46, respectively. In
particular, PDF #2 again presents the highest characteristic values
(14.4 and 0.23 GPa, respectively) and correlation. Therefore, it can
be associated with the indentation of the S2 layer. Different
weights between unmodified and modified latewood may result
from greater noise in modified wood data.

Gindl et al. [11] documented an indentation modulus E.f and
hardness Hys of 17.1 GPa and 0.47 GPa, respectively, for embedded
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Fig. 5. 2D fitting of the indentation results, done with three bi-variate lognormal PDFs on (a) the natural samples (unmod late), (b) treated samples (mod late).

Norway spruce (Picea abies). The latter information is available in
Table 2. Meng et al. [1] noted a 14% decrease in indentation mod-
ulus and a 32% decrease in hardness when comparing embedded
Loblolly pine (Pinus taeda L.) samples to their non-embedded coun-
terparts. We hypothesized that a similar reduction would be
observed in the embedded and non-embedded samples of Norway
spruce (Picea abies). Consequently, we introduced the variables
“reduced” indentation modulus E,g;and hardness H,4, which
account for the absence of embedding material in the tracheid
lumens. These reduced values are derived by dividing the reference
values E. and H,s by the embedded-to-non-embedded ratios
obtained from [1].

Table 2 displays our experimental results, indicating that the E,
value of 15.1 GPa we obtained for the S2 layer aligns closely with
the reduced value E,4, with a relative difference of just 0.7%. How-
ever, our H value of 0.348 GPa for the S2 layer exhibits a 2.2% dif-
ference when compared to the H,4 value. Ultimately, our E, and H
values are 12% and 26% lower, respectively, than the reference val-
ues of indentation modulus E,; and hardness H,,; found in the lit-
erature for embedded Norway spruce [11].

4. Conclusions

This paper presents a protocol that does not involve resin
within the wood specimen and uses a more robust miller to
achieve surfaces with RMS roughness of around 35 nm. Twelve
pieces of Norway spruce (Picea abies) and their counterparts trea-
ted with a biological preservation pretreatment have been ana-
lyzed. After repeating the nanoindentation protocol 100 times on
late wood of every sample, we determined indentation stiffness
and hardness with a novel procedure based on fitting 2D his-
tograms with a linear combination of bi-variate lognormal PDFs.
Data analysis accounted for the presence of three phases and loose
mathematical constraints of parameters only. However, the result-
ing PDFs can be easily associated with specific material phases,
with high accuracy of all the parameters. We obtained indentation
modulus and hardness values, which are around 12 % and 26%
respectively lower than the ones found in the literature for embed-
ded Norway spruce. The results on E, agree well with previous
results found for Loblolly pine or Red oak when comparing embed-
ded and non-embedded specimens. Preparation protocols, indenta-
tion protocols, and reliable evaluation algorithms for non-
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embedded samples are necessary to test certain modified wood
samples reliably.
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