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Scanning nanoindentation as an instrument of studying local mechanical

properties distribution in wood and a new technique for

dendrochronology
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The paper presents the results of scanning of mechanical properties of coniferous (common pine Pinus sylvestris)
and deciduous (small-leaved lime Tilia cordata and common oak Quercus robur) trees wood using nanoindentation

on crosscut face. Manifold increase in microhardness H and Young’s modulus E has been observed between early

and late wood in every annual growth ring. Significant differences in intraring radial dependencies of H and E have

been found among studied species. For all studied species the average values of E and H of early wood in each

annual ring are found to be independent from ring width, while such dependence for late wood is weak at most.

The ring widths measured by nanoindentation coincide with the ones measured by standard optical method within

2−3%. The developed technique and obtained results can be useful 1) to amend the understanding the origins

of macromechanical properties of various wood species and their dependence upon microstructural characteristics

and growth conditions, 2) to optimize the technologies of growing, reinforcement and subsequent usage of the

wood, 3) to develop new independent high resolution methods in dendrochronology.

Keywords: nanoindentation, nano-/microhardness and Young’s modulus scanning, tree annual growth rings,
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Introduction

In the context of material physics, wood is a natu-

ral hierarchically-structured composite material with well-

marked heterogeneity, anisotropy of all properties, and

capacity for regeneration (curing of defects). Several scale-
hierarchical levels may be distinguished (rather tentatively)
in the structure of wood (Fig. 1): atomic-molecular level,

nano- (nanocrystals and nanofibrils), micro- (microfibers,

cell walls), meso- (cells, large vessels), and macrolevels

(annual growth rings, structural macrodefects, cracks, etc.).
Each of them produces its own contribution to the entire

complex of physical and chemical properties.

Modern means and methods, which are traditionally

used in physics of the solid state and material physics,

have been applied in the studies of microstructure and

properties of wood in the last 15 to 20 years [1]. The

microstructure is examined with transmission and scanning

electron microscopes, scanning probe microscopes (primar-

ily atomic force ones), confocal laser microscopes, and

optical microscopes in various modes [2–4]. The nature and

degree of ordering of cellulose molecules in nanofibers is

determined by X-ray diffractometry [5,6], synchrotron-based
X-ray microscopy [7], and small-angle X-ray scattering.

The elemental and phase compositions are identified by

various spectroscopic techniques. Infrared (IR) and Fourier

transform IR (FTIR) [8–10], Raman [10–12], Brillouin [13],
and nuclear magnetic resonance [14] spectroscopy, X-ray

fluorescence analysis [15], and other analytical methods

are used. Comparative reviews of the capabilities of the

most widely used physical methods for examining the

molecular, subcellular, and cellular structure of wood have

been published recently [16,17].

The mechanical properties of wood at nano- and mi-

crolevels are studied, just as in other materials, via nano-

and micromechanical testing [18–21], typically with the use

of atomic force microscopes [22–25] and nanoindentome-

ters [26–34]. Specifically, the mechanical properties of

individual nanofibrils and microfibers of cellulose [2,35–
37] and cell walls [16,38–41] of various types of wood

were examined with the use of nano- and micromechanical

methods; a large set of intriguing data was obtained as
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Figure 1. Scale-hierarchical levels of the structure of wood.

a result, but it corresponded to specific locations and

elements of the nano- and microstructure and did not

envision mapping of the mechanical properties of regions

extending over several annual growth rings. Therefore,

the relation between the properties of individual nano- and

microstructural elements of wood and its macromechanical

properties, the width of annual growth rings, the fraction of

late wood in them, etc., remained unexamined.

In contrast to modern microstructural, physical, and

chemical studies of wood, the research focused on mapping

the mesostructure and examining and analyzing the annual

growth rings relies primarily on simple optical methods,

where the difference in reflectivity of early and late wood is

utilized to retrieve raw measurement data. These methods

are used both to determine the nature of wood and estimate

its strength and other service properties and to extract

dendrochronology and dendroclimatology data. It should

be stressed that purely geometrical and morphological

characteristics of the studied objects, such as the width

of annual growth rings, fractions of early and late wood,

variations of these parameters from one ring to another,

etc., are retrieved using these methods. Multiple attempts at

improving the optical dendrochronology methods (primarily

by modifying the sample preparation techniques, substi-

tuting while light with blue one, and applying machine

vision and mathematical data processing techniques) have

been made (see, e.g., [4,42–45]). However, in spite of all

this, the capabilities of an approach based on photographic

imaging and analysis of the image of a transverse section

remain rather limited, since the reflective optical properties

of wood are fairly variable and are related ambiguously or

(very weakly) to other physical characteristics (specifically,
mechanical characteristics) of this material.

Several attempts at applying modern physical meth-

ods (specifically, synchrotron scattering [7], 3D X-ray

computer tomography [46–49], and magnetic resonance

tomography [50]) to spatial mapping of the properties of

wood have already been made. However, since these

methods are complex, laborious, and require expensive or

unique equipment, they are used only rarely. The X-ray

densitometry technique is simpler, but it requires access to

both sides of a planar sample cut out strictly perpendicularly

to the major axes of cells and vessels [51].

In the present study, a simple method for scanning a

transverse wood section with the use of modern nanoin-

dentometry (NI) is detailed. This method provides an

opportunity to measure nano/microhardness H , Young’s

modulus E , and other local mechanical characteristics [27–
34] automatically in accordance with a preset program at

several hundred predefined points on the sample surface

(i.e., map mechanical properties). The proposed approach

has several advantages over the traditional one based on

the analysis of a transverse section image: it excludes

the human factor and allows one to obtain unbiased

information on local physical and mechanical properties

with high resolution (up to several nanometers or several

tens of nanometers if necessary), which may then be

used for various purposes. Specifically, the obtained

data may help, first, gain a deeper understanding of the

nature and mechanisms of formation of macromechanical

properties of wood and fiber (in particular, cellulose-

containing) composites in relation to their microstructural

characteristics; second, optimize the technologies of growth

and hardening and the conditions of subsequent application

of wood and composites containing natural fibers; and third,

develop new independent quantitative dendrochronology

and dendroclimatology methods to supplement or substitute

the traditional ones.

The specific goals of the present study were to reveal

the distribution of effective values of Young modulus E and

hardness H within annual growth rings and layers of early
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and late wood and determine their boundaries and width

by NI.

1. Materials and methods

Materials to be studied were sampled in June−September

2021 in the course of selective sanitation cutting in natural

forest stands in the Central Black Earth Region of the

Russian Federation. Sections of common pine (Pinus
sylvestris L.) 110−125 years of age came from the Ver-

nadskoe forest district of the Tambov Region (Tsna forest

expanse), while sections of common oak (Quercus robur)
90−110 years of age and small-leaved lime (Tilia cordata)
70−90 years of age were delivered from the scientific-

experimental forestry of the Morozov Voronezh State

University of Forestry and Technologies (Pravoberezhnoe
forest district).
Samples for study were 30× 30× 100mm in size and

were cut out from transverse sections of wood and dried

to a moisture content of 10−12% in a drying chamber in

the soft mode at a temperature of 75◦C. This procedure

took 24–72 h to complete. The surface preparation involved

mechanical grinding and polishing performed using a Buhler

(USA) polisher and abrasive materials with their grain size

decreasing after each processing stage. Roughness Ra of

the treated surface was measured with a di Innova (Veeco-
Digital Instruments, USA) scanning probe microscope. The

typical Ra value was 250−300 nm for pine and lime samples

and 140−180 nm for oak. The microstructure of samples

was monitored with a Tescan Vega 3 scanning electron

microscope (SEM). The surface for SEM studies was

prepared by removing a thin wood layer from the transverse

section of polished samples with the use of a microtome.

Typical images of the annual growth rings and the cell

structure in the studied samples are presented in Fig. 2.

The mechanical properties of selected wood samples

were mapped using a Triboindenter TI-950 (Hysitron, USA)
nanoindentometer (NI). This setup is essentially a precision

nano/micromechanical testing machine that records the P−h
(load−deformation) diagram with a rated resolution of

∼ 50 nN in force P and ∼ 0.5 nm in displacement h upon

indentation of a sharp (the curvature radius at the apex

is 20−50 nm) triangular diamond Berkovich indenter into

the sample surface. The provided software allows one to

program the working loading−unloading cycle (temporal

force profile), and the precision computer-controlled triaxial

table provides an opportunity to map the mechanical

properties by scanning over multiple points (up to ∼ 103)
with preset coordinates on the sample surface without

further intervention of the operator. Measurements were

performed in accordance with the recommendations of

ISO 14577 [52] and GOST 8.748-2011 [53] for NI. In

the present study, maximum load Pmax applied to the

indenter was set to 500mN. With this load, the depth of

indentations was 1.5−2 orders of magnitude higher than

roughness parameter Ra . These raw data were processed

using the Oliver−Pharr method [54–56], which is included

into international and Russian standards [52,53], to retrieve

the values of H and E .
It should be noted that the lateral size of the deformation

zone (80−130µm) corresponding to the chosen maximum

load Pmax = 500mN was 3−5 times greater than the lateral

size of cells. As a result, the mechanical characteristics

were averaged over 10−25 neighboring cells (cell walls and
capillaries included). The values of H and E measured this

way may be regarded as effective ones for a given wood

layer. Each point in the plots is the result of averaging of

5–10 individual measurements carried out for independent

indentations under the same conditions and at the same

distance from the origin of a new annual growth ring.

As is known, early (EW) and late (LW) wood may

be distinguished in the structure of each annual growth

ring in wood of any type. Early wood forms in spring

and is characterized by low density and strength values,

while late wood formed in summer and autumn has

a somewhat higher density and much better mechanical

characteristics. The intentionally chosen indenter load value

of 500mN (and the corresponding lateral size of the local

deformation zone) allowed us to reduce the spread of H
and E values compared to the data [57,58] obtained with

a much lower indenter load Pmax (2mN), while preserving

the capacity to plot E and H distributions within individual

annual growth rings reliably based on a limited number of

indentations. Analyzing these distributions, one may not

only determine the exact position of boundaries of annual

growth rings and their width, but also distinguish between

intraring wood layers. This makes it possible to relate

the mechanical properties within each annual growth ring

both to yearly variations of the growth conditions and to

variations occurring within a growth season. Traditional

methods of examination based on image analysis do not

provide such an opportunity. This technique may find

application in dendrochronology and dendroclimatology and

supplement or substitute the traditional methods, which are

based on variations of the optical properties, with objective

quantitative measures that contain, in addition to the data

on purely geometrical characteristics of the wood structure,

information on the mechanical properties of wood.

Macroscopic mechanical properties were determined in

accordance with the Brinell procedure by indenting a

ceramic sphere with a diameter of 12.7mm into the end

face of the transverse section of a tree trunk to a depth

of 1mm. The deformation zone extended over several

annual growth rings in this case. This allowed us to compare

the macroscopic and microscopic hardness values obtained

for the same sample and check them against literature data.

2. Experimental results

Typical raw data in the form of P−h diagrams obtained

in the process of indentation of three studied types of wood

are presented in Figs. 3, a, 4, a, and 5, a. These diagrams

Technical Physics, 2022, Vol. 67, No. 4
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Figure 2. SEM images of the transverse section of samples of common pine (a, b), common oak (c, d), and small-leaved lime (e, f ) under
two magnifications. The boundaries between annual growth rings, which are characterized by a jump-like change in the morphology and

the size of cells and tracheids, are aligned vertically.

are similar to σ−ε (σ is stress and ε is relative strain)
curves, which are used widely to study and characterize

macroscopic mechanical properties of materials, but are

recorded with a nanometer resolution. P−h diagrams

contain data on elastic, plastic, and viscoelastic properties

of the studied material, its Young’s modulus, hardness,

creep rate, strain-hardening coefficient, and other physical

and mechanical characteristics that may be retrieved using

different methods (specifically, the most commonly used

Oliver−Pharr method [54–56]). The nanometer resolution

in h allows one to record and analyze elementary defor-

mation events in the region that is localized under the

indenter and grows continuously as the pyramidal indenter

penetrates into the material to a depth growing from several

nanometers to several hundred micrometers. The key results

on the determination of the radial dependence of H and E in

transverse sections of wood are presented in Figs. 3, b, 4, b,

and 5, b. It is evident that the local mechanical properties

of all three types of wood are markedly periodic. Jump-

like E and H changes are consistent with the positions of

boundaries of annual growth rings identified optically by

detecting changes in the color of wood. The values of E

Technical Physics, 2022, Vol. 67, No. 4
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Figure 3. Micromechanical properties of annual growth rings of common pine wood studied by scanning nanoindentation with the

maximum load applied to a Berkovich indenter being equal to Pmax = 500mN. a — typical P−h diagrams for late (1) and early (2)
wood; b — dependences of hardness H on Young’s modulus E for seven consecutive annual growth rings; c — dependences of H and E
on distance r measured transverse to annual growth rings (for seven consecutive rings). The boundaries of annual growth rings are

indicated with dashed lines.

and H within annual growth rings vary smoothly in pine

and lime in transition from EW to LW and change abruptly

in oak. Linear relations between E and H with almost the

same slope coefficient m = 0.017 ± 0.002 were observed

in all three types of wood (Figs. 3, c, 4, c, and 5, c). In

other words, ductility ratio DR = E/H was approximately

equal to 60 in all samples. This is typical of many types of

wood (e.g., DR for eucalypts falls within the range from 54

to 68 [59] with a mean value of 61, and beech wood has

DR ≈ 55 [60]).

The values of H and E within each EW layer vary only

slightly (∼ 10%) from one annual growth ring to the other

and within the same ring, although the weather conditions

differed substantially from one year to the other. For

example, the year 2010 was very dry; this left an evident

mark on annual growth ring width w (specifically, w in

pine decreased by a factor of more than two compared to

previous years), but had almost no effect on the values

of H and E (Fig. 3, b) in EW. The transverse size of

cells in different annual growth rings also did not vary

Technical Physics, 2022, Vol. 67, No. 4
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Figure 4. Micromechanical properties of annual growth rings of common oak wood studied by scanning nanoindentation with the

maximum load applied to a Berkovich indenter being equal to Pmax = 500mN. a — typical P−h diagrams for late (1) and early (2)
wood; b — dependences of hardness H on Young’s modulus E for six consecutive annual growth rings; c — dependences of H and E on

distance r measured transverse to annual growth rings (for six consecutive rings). The boundaries of annual growth rings are indicated

with dashed lines.

radically in EW, although the thickness of cell walls differed

considerably (Fig. 2). Thus, the width variations of annual

growth rings are mostly attributable to changes in the

number of cells, which differ only slightly in size and

mechanical properties, in a layer.

The differences in mechanical properties in EW and LW

in several typical annual growth rings are presented in the

summary table. It can be seen that the averaged value of E
in LW is higher than the one in EW by a factor of 3.1

in pine, 3.5 in oak, and 1.3 in lime. The difference in

hardness of LW and EW is of the same order of magnitude:

3.7-fold in pine, 3.0-fold in oak, and 1.6-fold in lime. Such

ratios are, on average, typical of adjacent annual growth

rings as well, although the magnitudes of differences in a

specific year may deviate substantially from the average

ones. For example, the hardness of EW in the 5th and

the 6th rings in oak is approximately 3 times higher than

H in previous rings, while the hardness of LW remains

approximately the same. It is evident that such discrepancies

are attributable to the specifics of climatic conditions in

these anomalous periods. This is also evidenced by the

fact that the fifth and the sixth annual growth rings are

Technical Physics, 2022, Vol. 67, No. 4
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Figure 5. Micromechanical properties of annual growth rings of small-leaved lime wood studied by scanning nanoindentation with the

maximum load applied to a Berkovich indenter being equal to Pmax = 500mN. a — typical P−h diagrams for late (1) and early (2)
wood; b — dependences of hardness H on Young’s modulus E for six consecutive annual growth rings; c — dependences of H and E on

distance r measured transverse to annual growth rings (for six consecutive rings). The boundaries of annual growth rings are indicated

with dashed lines.

thinner. However, the yearly variation of hardness is

much greater than the difference in ring thickness that

is often used to gauge retrospectively the variations of

climatic conditions. This implies that the measurement of

hardness with a high spatial resolution may be a much more

sensitive and accurate method of dendroclimatology than

the measurement of width variations of annual growth rings.

The mechanical properties of LW are weakly sensitive to

the growth conditions and the width of annual growth rings

in pine (Fig. 6) and almost insensitive to these parameters

in oak (Fig. 7) and lime. In the case of EW, the dependence

was also lacking in all the studied annual growth rings.

Let us discuss another important mechanical parameter

of wood: nanohardness Hc of cell walls. It varies only

slightly among different layers and annual growth rings (and

even different types of wood). Let us cite the results of

several studies where nanohardness Hc of cell walls in the

longitudinal direction was determined by NI. The values

Technical Physics, 2022, Vol. 67, No. 4
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Mechanical characteristics of structural elements of pine, oak, and lime wood at different scale levels

Number

Micromechanical properties (results Macromechanical properties

research

obtained by nanoindentation)

Measured

Tabular

died Fraction of Early wood Late wood in the study

Average, without separating Early Late

annual late
into early and late wood wood

ring wood
wood

m, % Ee , He , El , Hl , HB, Et , Ht , Het , Hlt ,

GPa MPa GPa MPa MPa GPa MPa MPa MPa

Common pine (Pinus sylvestris)

1 26.6 4.39±0.04 56.7±1.6 12.35±0.68 180.1±10.9 44.1±4.6 12.1 [66] 27−31 [67] 20.6 105.4

11.3 [68] 27 [69] [68] [68]

2 38.8 3.89±0.12 52.3±2.3 12.78±0.28 201.2±9.1

3 34.8 3.75±0.25 51.9±5.7 12.78±0.69 212.2±4.3

Common oak (Quercus robur)

1 65.2 3.09±0.16 63.7±2.6 11.07±0.77 189.3±16.2 66.6±3.6 14.3 [66] 25−42 [67] 52.4 [68] 92.7 [68]

2 63.2 3.42±0.07 63.9±1.3 11.14±0.27 196.6±3.9

5 65.5 2.93±0.22 58.8±3.9 10.81±0.39 172.8±5.5

Small-leaved lime (Tı́lia cordáta)

1 34.9 6.68±0.14 75.4±3.5 8.59±0.84 118.4±16.4 46.5±2.5 − 19 [69] − −

2 32.9 5.99±0.21 73.5±0.9 8.59±0.88 126.3±16.9

3 48.6 6.68±0.14 87.9±4.3 8.81±0.17 137.6±0.9
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Figure 6. Dependences of hardness H (a) and Young’s modulus E (b) for early and late wood of common pine on width w0 of an

annual growth ring measured optically.

of Hc determined in [40] in juvenile common pine (Pinus
sylvestris L.) wood (the 7th annual growth ring) were

439MPa in EW and 466MPa in LW; in mature wood (the

74th annual growth ring), the nanohardness was 469MPa

in EW and 489MPa in LW. The hardness of cell walls

in pine (Pinus massoniana Lamb.) wood in [61] varied

within the 0.35−0.42GPa range regardless of whether the

cell lumen was filled with plastic in the course of coating

with a lacquer or not. The authors of [62] reported a

cell wall hardness in Masson pine wood of 0.41−0.53GPa

and found no difference between EW and LW within the

spread of data, and the authors of [63] examined loblolly

pine (Pinus taeda) wood and found Hc = 0.34−0.54GPa

(without differentiating into early and late wood).

Technical Physics, 2022, Vol. 67, No. 4
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Figure 7. Dependences of hardness H (a) and Young’s modulus E (b) for early and late wood of common oak on width w0 of an

annual growth ring measured optically.

The above data on Hc suggest that the structures of cell

walls of different layers and types of wood are similar. The

relative differences between them are significantly smaller

than the corresponding differences for effective macroscopic

parameters E and H measured in our experiments, Brinell

macrohardness HB, and tabular macroscopic properties.

However, the absolute value of Hc is always higher than

the absolute value of microhardness H measured in the

present study (and certainly higher than the values of

macrohardness and macrostrength). This may be regarded

formally as a manifestation of the size effect (SE) in the

mechanical properties of wood. However, the issue of

determination of specific fractions of this SE attributable

to solid wood and to pores warrants a separate study.

3. Discussion

Consistent data on the nature of physical and mechanical

properties and size effects in wood at different scale-

hierarchical levels are rather scarce. Let us review the

most interesting typical data. The calculated strength of

elementary cellulose nanocrystals and nanofibrils 3−15 nm

in diameter is 4.9−10GPa [1]. The results of processing of

Raman spectra and three-point bending tests with atomic

force microscopes agree with these values [2]. The strength

of microfibers 8−12µm in diameter is approximately an

order of magnitude lower: 0.8−1.57GPa [36,37,64]. The

nanohardness of cell walls with a typical thickness of

2−5µm falls within the 0.3−0.6GPa range [38–41,59,65];
i.e., it is 3−5 times lower than the strength of cellulose

microfibers. It follows from the table that the local values

of H measured by NI in our experiments were several (2–
4) times lower than the nanohardness of cell walls in all

three types of wood both in EW and in LW layers. At

the same time, the measured H value was several times

higher than Brinell macrohardness HB measured for the

same samples and than the reference values of hardness

and uniaxial tension strength obtained in macrotests [66–
69]. These data agree with the results of [70], where

Brinell macrohardness HB = 0.029± 0.005 GPa of jack

pine (Pinus banksiana Lamb.) was found to be an order

of magnitude lower than the average microhardness of cell

walls (H = 0.297 ± 0.034GPa). The mechanical properties

of beech wood in [60] were also measured at two scale

levels: in cell walls (by NI) and in annual growth rings

(by Brinell indentation of a sphere 2.5mm in diameter

with the application of force Pmax = 100N). It was found

that Hc = 400−500MPa was almost an order of magnitude

higher than HB = 65−70MPa. It is evident that the above-

described degradation of mechanical characteristics with

an increase in characteristic size R∗ of the studied object

may be regarded as a natural corollary of SEs detected in

various types of wood. They are phenomenologically similar

to SEs that are observed in metals and alloys, ceramics, and

composite materials and characterized by the Hall−Petch

relation: σy = σ0 + A(R∗)−0.5, where σy is the yield stress

and σ0 and A are material constants. Similar relations

are valid for hardness. Naturally, the reasons behind the

hardness and strength reduction with an increase in R∗ in

different groups of materials, just as in nano/microcellulose,

cell walls, and layers of early and late wood, may differ.

Their mechanisms require separate study. At the same time,

these SEs may also have common causes.

For example, it is evident that the reduction in the

effective Young’s modulus and hardness at meso- and

macrolevels is affected strongly, in addition to the internal

mechanisms governed by the molecular and supramolecular

structure of nanofibrils and cellulose microfibers, by the

nano- and microporosity of wood that is associated with

the presence of pores, capillaries, and larger tracheids with

a greater aspect ratio. These structural features account

for several significant differences in mechanical behavior
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Figure 8. Results of measurement of the width of annual growth rings by nanoindentation wNI and optically w0 (a) and deviations

between these methods (b).

between wood and solid materials. First, the Tabor rule,

according to which the yield or ultimate strength is approx-

imately equal to the hardness of soft materials divided by 3,

is almost always violated. In contrast, the macrohardness

of most types of wood is typically several times lower

than the yield or ultimate tensile strength. Apparently,

all such phenomena are attributable to the loss of stability

of the honeycomb structure of wood under indentation

and uniaxial compression that occurs much earlier than

inelastic deformation and breaking under tension. In view

of the anisotropy of mechanical properties of wood, these

phenomena depend strongly on the direction of application

of load relative to the major axis of cells and tracheids.

Whatever the case might be, it follows from the table

and literature data that wood features well-marked SEs,

which are manifested in the reduction of strength/hardness

from ∼ 10GPa in nanocrystalline cellulose to ∼ 0.1GPa

in macroscopic volumes of wood. This implies that

all cellulose-containing materials have strong potential for

hardening, which may be unleashed by optimizing their

nano- and microstructure via the application of appropriate

techniques.

4. Application in dendrochronology

The presence of an abrupt hardness jump at the bound-

aries of annual growth rings allowed us to determine

their width wNI based on the scanning NI data. The

obtained values were then compared to width w0 that

was determined optically (based on the photographic image

contrast) using a method similar to the one applied in

common LINTAB equipment. The results of comparison of

these two methods for determination of the width of annual

growth rings are presented in Fig. 8. It can be seen that

the differences between them are no higher than 2−3%

in pine wood and do not exceed 4−5% in oak and lime.

The deviation averaged over 6−7 rings was approximately

two times lower. This essentially implies that the scanning

indentation method may serve as an alternative to the optical

one or provide supplementary data on the local mechanical

properties.

Conclusion

Scanning indentation with different maximum loads

makes it possible to obtain multiscale data on the mechan-

ical properties of wood at different structural levels (from
nano- to the macrolevel). The comparison of detailed data

on the distribution of mechanical characteristics within an

annual growth ring and in adjacent rings with macroscopic

characteristics provides an opportunity to gain a better

understanding of the nature and mechanisms of formation of

macroparameters. This, in turn, may offer new approaches

to optimization of the growth conditions of wood with

predetermined mechanical properties (e.g., high strength

and elasticity, needed acoustical characteristics, or low

creep rate) and to the development of physically grounded

methods of wood hardening.

It is important to note that the proposed method of

scanning without preselection of indentation points and

targeting of cell walls, the chosen value of Pmax = 500mN,

and the simplified surface treatment procedure, which leaves

a fraction of ground microfibers in capillaries of the sample

prepared for measurements, do not preclude one from

determining the effective E and H values and even have

several advantages over the earlier methods for E and H
measurement in individual cell walls at much lower Pmax

values. First, this technique allows for high-throughput

inspection of large surface areas (∼ 104 mm2 and greater

instead of just several mm2 prepared with a microtome)
second, the ratio of effective microhardness values in LW

and EW (with the influence of porosity and capillaries
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and their partial filling with polishing products taken into

account) is much higher than the ratio of E and H values

in cell walls in LW and EW. The above implies that

the measurement of effective H and E values may be

a much more sensitive method of dendrochronology and

dendroclimatology than the use of local H and E values in

cell walls and the measurement of width variations of annual

growth rings.

The method of 1D scanning NI in the radial direction

or 2D mapping of a transverse trunk section may serve

as a highly informative alternative or supplementary (with

respect to the traditional optical examination) technique

for dendrochronology and dendroclimatology. In contrast

to the traditional method, it provides an opportunity

both to determine purely geometrical characteristics of the

annular growth structure (width of annual growth rings

and layers of early and late wood) and to map several

intraring parameters of wood (nano- and microhardness,

Young’s modulus, contact stiffness, and other mechanical

characteristics) with a high resolution. This makes it

possible to estimate not only the average annual climatic

changes, but also intraseasonal changes that are of interest

for dendrochronology and dendroclimatology. Since the

average size of cells in a transverse section of wood is

30−50µm and the average width of an annual growth

ring is 1−3mm, 50−100 cells lie within a single ring.

Nanoindentation potentially allows one to measure the me-

chanical characteristics of each cell. Therefore, the ultimate

temporal resolution of NI applied in dendrochronology may

be estimated at approximately 1 week.
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Bioresources, 10 (3), 6230 (2015). DOI: 10.15376/biores.10.3
[4] A. Balzano, K. Novak, M. Humar, K. Čufar. Les/Wood,
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