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Abstract 

Wood has several levels of hierarchical structure, spanning from the configuration of 
growth-rings down to the configuration of the base polymers (cellulose, hemicellulose, and 
lignin). The bulk properties of wood result from the culmination of interactions over all 
length scales. Gaps presently exist in the fundamental knowledge relating the contribution 
of wood properties at each structural level to the resulting bulk properties. The advent of 
nanoindentation has facilitated mechanical property measurement at the cell wall layer; 
however, there is limited understanding of how and to what extent the properties at the cell 
wall level influence the bulk properties. 

This paper summarizes some preliminary work relating hardness measurement by 
nanoindentation to macroindentation. Nanoindentation was used to measure hardness 
within the cell wall S2 layer of radiata pine (Pinus radiata) latewood (LW) cells, whereas 
macroindentation was used to indent the same LW band from which the nanoindentation 
specimens were obtained. Meyer hardness measured via nanoindentation was found to be 
~5 times larger than that measured by macroindentation. The differences in measured 
hardness between the two scales of indentation has been consider to result from differences 
in woody material volume fraction and the structure of the material being deformed. 
Additionally, the effects of a wood chemical modification treatment on the measured 
hardness for nanoindentation and macroindentation hardness demonstrated how changes in 
cell wall latewood properties propagate though to bulk hardness measurements of latewood. 

Introduction 

For further advancement of wood chemical treatments there is a need to understand the 
mechanism of wood property modification at the microscopic level and relate this to 
changes in bulk wood properties and performance. Additionally, considering interactions 
between chemical modifications with the hierarchical structure of wood may offer 
opportunities for further bulk property improvements. Bulk material properties of 
hierarchical structured solids are directly affected by the structural hierarchy (Lakes, 1993). 
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For example, laminated fiber-reinforced matrix composites have two levels of hierarchical 
structure. The first structural level is within a single lamina, which has properties that 
result from the reinforcement-matrix structure and its interfacial properties and the 
properties of each material. The second structural level results from the stacking sequence 
of each lamina where the fiber orientation within each lamina is systematically varied. The 
bulk composite properties are based on the response from both levels of structure. A 
similar effect occurs in natural structures (bone, wood, and plants) though there are several 
more structural levels. 

The unique properties of wood are a direct result of wood's hierarchical structure. The 
structure of wood spans many length scales (Fig. 1): meters for describing the whole tree, 
centimeters for describing structures within the tree cross section (pith, heartwood, 
sapwood, and bark), millimeters for describing growth rings (earlywood, latewood), 
micrometers for describing different wood tissues (tracheids), and the layer structure within 
cell walls (primary, S1, S2, and S3), nanometers for describing the configuration of 
cellulose-fibrils in a matrix of hemicellulose and lignin, and the sub-nanometer scale for 
describing the molecular structures of cellulose, hemicellulose, and lignin and their 
chemical interactions. The bulk properties of wood are considered to be influenced by six 
general structural levels, corresponding to a unique set of identifiable features or structures. 
Note that the properties of larger features are influenced by the properties of all lower size 
features. For example, bulk wood properties are effectively based on growth ring 
properties and their relative configuration, which are based on earlywood (EW) and 
latewood (LW) properties, which are based on wood cell properties, which are based on 
cell wall properties, which are based on fibril-matrix properties within each cell wall layer, 
which are based on properties of cellulose, hemicellulose, and lignin domains. The 
challenge has been to understand the role of each structural level on bulk properties. 

Extensive research has been conducted on structure-propertyrelationships investigating 
wood dimensional stability and elastic properties (Kelsey, 1963; Neagu et al., 2006; Pang, 
2002) and wood compression strengths (Gindl and Teischinger, 2002). Most studies on 
hierarchal structural effects have typically considered two or three levels of structure: 
relating ultrastructural (cellulose fibrils in a matrix of lignin and hemicelulose) to 
preparation of a single cell wall layer, which are related to the multilayered, multicell wall 
properties and then to properties of a single wood cell (Bergander and Salmen, 2002; 
Neagu et al., 2006). Studies investigating additional levels of hierarchal structure have 
used multi-level homogenizations schemes where each level accounts for a particular 
structure (hemicellulose-lignin effective properties, cellulose-fibrils in matrix, wood 
cellular structure) to model bulk material properties (Hofstetter et al., 2005). These studies 
have advanced the fundamental knowledge regarding the contribution of each wood 
structural level on resulting bulk properties. In particular, laminate theory has been 
effective in modeling wood cell wall structure, accounting for fibril-matrix ultrastructure 
within each layer and layer stacking of the cell wall. However, there is a need to provide 
experimental confirmation of these models and their contribution to the bulk properties of 
wood. 
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Fig.1. Hierarchical structure of wood. Six levels of structure influence bulk properties: Growth ring, 
earlywood and latewood, cellular structure, layer structure of cell wall, fibril-matrix structure, and the 
structure/configuration of the main polymer components (cellulose, hemicelluse, and lignin). 

The advent of nanoindentation has facilitated mechanical property measurement at the 
cell wall layer (Jakes, 2007; Moon et al., 2006; Tze et al., 2007). Nanoindentation has been 
used to investigate ultrastructural effects on measured hardness and elastic modulus as a 
function of cellulose fibril angle (Gindl and Schöberl, 2004; Gindl et al., 2004; Tze et al., 
2007), lignin content (Gindl et al., 2002; Gindl et al., 2004), extractive content (Tze et al., 
2007), growth ring location (Tze et al., 2007), earlywood vs. latewood (Wimmer et al., 
1997), and chemical modification (Gindl and Gupta, 2002; Gindl et al., 2004). The cell 
wall longitudinal elastic modulus as measured by nanoindentation was different from that 
predicted by laminate theory (Gindl and Schoberl, 2004; Tze et al., 2007) and is less than 
half of that measured by the tensile modulus of single wood fibers (Gindl and Schoberl, 
2004). The origins of these disparities can be attributed to inaccuracies in model input 
variables (material properties, fibril stackmg and orientation, boundary conditions), 
differences in loading conditions (in model and in experiments), the nanoindentation 
technique employed, and the contribution of material anisotropy. The challenges for wood 
modification research will be to address the above-mentioned disparities and then relate 
changes in cell wall modulus caused by chemical treatment to changes in the modulus of 
bulk wood. 

The complex nature of permanent deformation of hierarchical structures has hindered 
systematic investigations (experimental testing and modeling) comparing the deformation 
modes of nanoindentation and macroindentation. However, experiments have shown that 
the change in hardness as a function of cellulose-fibril angle follows a similar relationship 
for nanoindentation of cell walls to macroindentation of bulk wood (Holmberg, 2000; Tze 
et al., 2007). This suggests a possibility of relating changes in measured hardness at the 
cell wall layer to the hardness of bulk wood. If this mechanism can be understood, it may 
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offer a new technique for investigating wood chemical treatments targeting particular wood 
cell wall modification. Additionally, for development of better predictive models for wood 
hardening applications, we need to develop an understanding of the relative contribution of 
each hierarchical level of structure to bulk deformation properties and to identify 
experimental techniques that can be used to do this. 

This paper summarizes preliminary work comparing cell wall hardness of individual 
LW cells (as measured by nanoindentation) to the macroscopic hardness measurement of 
the same LW band. Additionally, a bio-based wood chemical modification treatment was 
used to evaluate how changes in hardness within the cell wall coincide with changes in 
hardness within LW bands. The ultimate aim of this research is to understand the 
mechanism of property change at the micron and submicron level and correlate this to the 
mechanism that changes the bulk properties and performance. 

Indentation of Homogeneous Structured Solids 
Indentation techniques have been widely used for measuring mechanical properties of 

materials because of the ease and speed of conducting the tests. The basic premise of all 
indentation techniques is that an indenter (e.g., hard material of specified shape) is pressed 
into the surface of a softer material with sufficient force that the softer material deforms. 
The measured properties are based on the deformation response of the softer material. The 
volume of deformed material beneath the indenter (interaction volume) is assumed to have 
homogeneous structure and properties, and the resultant mechanical properties describe the 
average deformation response. Deformation can occur by several modes: elastic, 
viscoelastic, plastic, creep, and fracture. These deformation modes are described 
respectively by the following properties: elastic modulus, relaxation modulus, hardness, 
creep rate, and fracture toughness. By modifling the applied load and/or the indenter size 
and shape, the interaction volume size can be modified. When the interaction volume is 
decreased, mechanical properties of smaller sized features can be measured. Fig. 2 shows 
the approximate range of feature sizes that can be measured for macroindentation, 
microindentation, nanoindentation, and atomic force microscopy (AFM). 

A phenomenon that complicates property comparisons between indentation techniques 
is indentation size effect (ISE), for which there is an increase of hardness with decreasing 
indention size or indentation depth (Manika and Maniks, 2006; Tze et al., 2007). ISE is not 
well understood but has been widely studied for metals, ceramic, and polymers, resulting in 
several mechanisms that may account for its occurrence: surface effects, strain gradient 
effects, changing elastic-plastic deformation contribution, friction between the indenter and 
the specimen, and structural non-uniformity of the deformed area. For wood, the concept 
of ISE is more complicated and may be inappropriate because as the indentation size 
increases there may be large changes in wood structure within the interaction volume, 
which will dominate the deformation response. However, when indenting on similarly 
structured materials, such as nanoindentation of the wood cell wall S2 layer, ISE has been 
shown to be relatively small (Jakes et al., 2007; Tze et al., 2007). 
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Fig. 2. The size scale of atomic force microscopy (AFM), nano, micro, and macroindentation related to the 
wood structural scale. 

Indentation of Hierarchical Structured Solids 
Indentation techniques offer an approach for investigating mechanical properties at 

several structural levels. Solids with internal structures (grain size, layers, composition 
variations) require additional consideration as to the effect of the structure on uniformity of 
the interaction volume. The interaction volume needs to be appropriately scaled to the 
structural feature of interest. By using an interaction volume smaller than the feature, the 
properties of that feature can be measured, whereas by increasing the interaction volume to 
several times the feature size, the specific contribution of that feature to the bulk 
deformation response may be identified. However, if the interaction volume is between 
these extremes, artifacts may be induced by structural variability within the interaction 
volume. For example, when investigating effects of growth ring orientation on hardness, 
the interaction volume should include several growth rings to minimize artifacts associated 
with changes in volume fraction of EW and LW within the interaction volume for each 
indent, regardless of growth ring orientation. 

Macroindentation is considered in this study for indentations greater than 1 mm. The 
Janka hardness technique (ASTM, 2085; Green et al., 2006), having an 11.3-mm-diameter 
sphere indenter, was developed for measuring bulk wood hardness, in which the interaction 
volume includes several growth rings. Several macroindentation investigations have shown 
the influence of different material parameters on wood bulk hardness, such as wood species, 
density, moisture content, wood structural orientation (radial, tangential, transverse), and 
grain direction (Doyle and Walker, 1985; Green et al., 2006; Holmberg, 2000). For fine-
grained wood, the interaction volume has similar EW/LW ratio between indents, and a 
more consistent bulk hardness measurement can be achieved. However, for wide-grained 
wood typical of plantation-grown trees, there is increased variability of the EW/LW ratio 
within the interaction volume, resulting in a large distribution on measured hardness based 
on indentation location. 
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Smaller indenter sizes have been used to measure hardness variation across single 
growth rings (Hirata et al., 2001), where the growth ring contribution is removed (Fig. 3a). 
The interaction volume encompasses many wood cells of a more consistent wood structure 
(all cells are EW or LW). The higher hardness of LW compared with EW can primarily be 
attributed to higher wood density (increased volume fraction of cell wall material to lumen 
as shown in Fig. 3a). The hardness of LW has been shown to be 2 to 10 times larger than 
EW and is dependent on wood species and wood structural orientation (Hirata et al., 2001). 

Microindentation (e.g., Vickers and Knoop) typically uses small pyramidal-shaped 
indenters that have corresponding indent sizes of 30 to 1000 µm. However, the 
corresponding interaction volume size is similar to the transverse wood cell size, and great 
care is needed to ensure a homogeneous structure within the interaction volume. For 
example, when indenting on transverse cell wall sections, the indent should be several 
times larger than the cell size. Otherwise, a vastly different deformation response will 
occur if the indenter tip lands in the center of a lumen rather than the cell wall. For the 
current study, microindentation was not completed because the size of the interaction 
volume did not scale well with the wood cell structure investigated. 

Fig. 3. The corresponding interaction volume related to the wood structure for a) macroindentation of 
latewood band (cellular structure), and b) nanoindentation of the S2 layer within the a tracheid cell wall 
(fibril-matrixstructure). Indentation is parallel to the longitudinal axis. 

Nanoindentation, also referred to as depth-sensing indentation, uses much smaller 
indenters and applied loads resulting in a much smaller interaction volume, which allows 
the mechanical properties of much finer features to be measured. For wood-based materials, 
the interaction volume is sufficiently small that mechanical properties within cell walls, in 
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particular the S2 and middle lamella, can be measured. This allows the deformation 
response of cellulose-fibrils in a matrix of hemicellulose and lignin to be investigated (Fig. 
3b). This type of mechanical-properties measurement provides information about wood 
cell-wall properties. Unlike other indentation techniques, there is currently no direct 
applicability of this measurement technique to deformation of bulk wood. 

Experimental Procedures 

Specimen Preparation 
Plantation-grown radiata pine (Pinus radiata) with a growth-ring spacing of 10 to 20 

mm was used in this study. The average LW band was - 3 to 5 mm wide, whereas the 
combined EW and transition wood bands were ~ 7 to 15 mm wide. The wood was 
preconditioned at 24°C and 65% relative humidity. Macroindentation tests were completed 
on the transverse surface having a surface roughness that resulted from the cut. In addition 
to untreated material, testing was also conducted on radiata pine that was chemically 
modified by a proprietary starch-based wood-hardening treatment. 

Nanoindentation requires ultra-smooth surfaces free from surface preparation artifacts. 
A gently sloping apex was microtomed on the transverse surface of a wood cube such that 
the apex was positioned in the LW band (Fig. 4). A sledge microtome fit with a custom-
built diamond knife holder was used to cut the tip of the apex. The result was an 
exceptionally smooth surface having an area of ~0.5 mm2. Best results were achieved 
when the clearance angle and cutting angle were both set to approximately 5°. This surface 
preparation technique did not require specimen embedment, eliminating the possibility of 
cell wall chemical modification by the embedment medium. Note that only smooth 
surfaces were produced for latewood specimens. The specimen base was bonded to a 1-cm 
diameter steel disk that could be magnetically clamped to the nanoindenter specimen stage. 

Fig. 4. Schematic showing a) specimen configuration for surfaces produced by microtoming un-embedded 
wood, b) higher magnification of representative smooth surface having empty lumina. 

All indention tests were completed on transverse sections, where the measured hardness 
from macroindentation and nanoindentation were completed on the same LW band. 

Macroindentation Measurements: 
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Macroindentation was completed with a spherical indenter having a diameter of D = 
3.18 mm. The fixture was attached to an InstronTM (Model 5566, Norwood, MA, USA) 
testing machine. Load was measured using a calibrated load cell having a maximum range 
of 8900 N. The machine crosshead movement, having precision to nearest 0.0024 mm was 
used to measure the indenter displacement. The load was applied continuously throughout 
the test at a uniform rate of 6 mm/min. The load, L, and indentation displacement, h, were 
continuously recorded at a rate of 50/s, and test was completed at displacement slightly 
greater than D/2. The Meyer hardness was calculated for two different indenter depths: 0.5 
mm and D/2. Both have sufficient indentation depth to minimize surface roughness 
artifacts. 

Meyer hardness, HM, is the ratio of applied force to the projected contact area, Aproj, and 
was calculated using the following equations. 

(1) 

(2) 

where d is the impression diameter for a given indentation depth, and for 0.5 mm indenter 
depth, Equation (2) was used to calculate the indenter diameter. For the D/2 indentation 
depth, the indent diameter was measured using digital images of the surface, in which the 
average indent diameter from two orthogonal measurements of the indent were used. 

Nanoindentation Measurements: 
A Hysitron (Minneapolis, MN, USA) Triboindenter® equipped with a diamond 

Berkovich tip (~100 nm tip radius) was used in this study. A force-control loading 
sequence was used for all indentations: a 5-second ramp up to 400 µN applied load, a 5-
second hold, and then a 5-second ramp down. During the nanoindentation process, the 
applied load and indenter displacement were simultaneously recorded as the indenter is 
driven into and withdrawn from a material. As part of standard Hysitron procedure, 
thermal drift was also calculated by holding the tip against the surface at 1 µN load and 
recording the displacement for 300 seconds prior to making an indent. A linear fit to the 
data from the last 50 seconds of this hold was used to measure thermal drift. 

During unloading, surface displacements perpendicular to the loading direction are 
negligible (Sakai and Nakano, 2002); therefore, residual indent areas can be considered 
equivalent to contact areas during maximum load. The projected indent area, Aproj, was 
measured from images taken by a Quesant (Agoura Hills, CA, USA) AFM that was 
attached to the same loading frame as the nanoindenter. The AFM was operated in contact 
mode and was calibrated using an Advanced Surface Microscopy Inc.a (Indianapolis, IN 
USA) calibration standard with a pitch of 292 ± 0.5 nm. Successive 4 µm scans and 

a www.asmicro.com 
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calibration routines revealed the reproducibility of the AFM calibration was ±1 %. 
Individual 4 µm by 4 µm scans of each indent for both z-height and lateral force 
measurements were used to manually measure the projected indent areas using ImageJa 

image analysis software. The areas were measured by carefully outlining the edges of 
contact as illustrated in Fig. 5. 

Nanoindentation was used to calculate the Meyer hardness, HnM, 

(3) 

where Lmax is the load at maximum depth. 

Fig. 5. Atomic force microscopy (AFM) images of an indent in a tracheid wall (S2 layer), both a) lateral force 
and b) z-height images are used to conjunction to confirm indent contact areas. Note the outline shows the 
contact area that was used for this indent. 

Results and Discussion 

Hardness Measurement 
Nanoindentation was completed on the LW cell wall S2 layer as shown in Fig. 6, for 

untreated and treated radiata pine, respectively. Indents within the S2 cell wall layer were 
used for analysis. Variations of the indent shape on measured hardness were accounted for 
as indent areas were individually measured rather than calculated from indentation depth. 
Nanoindentation hardness for untreated radiata pine (URP) was 358 MPa and 387 MPa for 
treated radiata pine (TRP, Table I). These hardness values are within the range that has 
been measured for other wood species using nanoindentation (Gindl et al., 2002; Gindl and 
Gupta, 2002; Gindl et al., 2004; Jakes et al., 2007; Jakes, 2007; Tze et al., 2007). Note that 

a hm://rsb.info.nih.gov/ij/ 
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LW specimens of URP and TRP came from different trees and the differences in hardness 
between the two may not necessarily be a result of the treatment process. Subsequent 
studies will investigate URP and TRP from the same growth rings. 

Fig. 6. Atomic Force images of a) untreated radiata pine and b) treated radiata pine after nanoindentation. 
Indents mark with astericks were used in the analysis. 

Table 1. Latewood hardness measured by nanoindentation. 

Treatment 

Untreated 
Nanoindentation 
Macroindentation 

0.5mm depth* 
D/2 depth** 

Treated 
Nanoindentation 
Macroindentation 

0.5mm depth* 
D/2 depth** 

* calculated contact diameter 

Number of Meyer hardness Standard Growth 
indents (MPA) deviation ring 

12 358 30 a 

7 

14 

7 

66 
67 

1 
2 

387 23 

87 
94 

12 
2 

a 

b 

b 

**measured contact diameter 

Macroindentation was completed on the same LW band from which the 
nanoindentation specimens were obtained. Fig. 7 shows a typical indent within the LW 
band, after D/2 indentation depth, of untreated and treated radiata pine. The effective 
contact diameter for the 0.5 mm indentation depth was 2.32 mm, whereas the average 
measured contact diameter for the D/2 indentation depths were URP = 3.05 mm and TRP = 
2.92 mm. The importance of measuring the contact area is demonstrated for the D/2 
indentation depths, in which the estimated contact diameter calculated from Equation 2 
would have been 3.18 mm and would have resulted in artificially low calculated hardness. 
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Since the contact area at both indentation depths was smaller than the typical LW band 
widths, the resulting interaction volume will have a uniform structure and the measured 
properties will be representative of that structure. The average hardness from the 0.5 mm 
indentation depth was URP = 66 MPa and TRP = 87 MPa (Table I). For D/2 indentation 
depths, the calculated hardness was URP = 67 MPa and TRP = 94 MPa. Difference 
between the two indentation depths may have resulted from inaccuracies of contact 
diameter calculated for 0.5 mm indention depth (as a result of load-frame compliance, etc.) 
and from errors in the measured contact diameter for the D/2 indentation depths. Note that 
for the indentation depth and applied load ranges used for macroindentation (500-700 N), 
0.1-mm error in measured contact diameter corresponds to an error of ~6 MPa in hardness. 

Fig. 7. Optical images of final indent impressions of 3.18 mm ball indenter within the latewood band of a) 
untreated radiata pine b) treated radiata pine. Note that the entire indent is within the latewood band with little 
contribution of transition wood. 

Nanoindentation vs Macroindentation: 
The hardness measured by macroindentation was ~20% of that measured by 

nanoindentation (Table I). The large deviation in measured hardness can be associated with 
difference in deformation response within the corresponding interaction volumes of 
macroindentation and nanoindentation (Fig. 3). Both indentation tests were completed in 
the longitudinal direction and on the same LW band; therefore, minimizing differences in 
grain orientation, cellulose micro-fibril angle, and extractive content. Any small changes in 
these factors would not have resulted in a large hardness difference between the two 
techniques (Tze et al., 2007). The differences in deformation response are considered to 
result from differences in the material density and the structure within the interaction 
volume. 

The interaction volume for nanoindentation is the cell wall material comprised of 
cellulose, hemicellulose, and lignin and has a fiber-matrix structure (Fig. 3a). In contrast, 
the interaction volume for macroindentation is composed of several hundred wood cells, 
and because of the cellular structure of wood cells (i.e., open pore structure of the lumen), 
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there is a lower material density. It is reasonable to expect that the lower material density 
within the macroindentation interaction volume, as compared with nanoindentation, results 
in less woody material to resist deformation and results in lower measured hardness. This 
would be consistent with studies that have investigated the effects of wood density on 
properties, in which lower wood density has been shown to decrease bulk wood mechanical 
properties, hardness (Green et al., 2006; Holmberg, 2000), and compression strength (Gindl 
and Teischinger, 2002). Additionally, indentation studies in other material systems have 
shown that increased porosity results in much lower measured properties (Ferranti et al., 
2004; Jang and Matsubara, 2005; Khor et al., 2003). Interestingly, one wood hardening 
mechanism used in industry is to fill wood cell lumen with a hardener resin, which 
effectively increases the amount of material to resist deformation. This mechanism has 
been used to more than double wood hardness (Ibach and Ellis, 2005). 

Based on the above discussion, one contributing factor in the difference in measured 
hardness between nanoindentation and macroindentation is a result of the differences in 
woody material volume fraction within the indentation interaction volume. The 
contribution of the woody material volume fraction on hardness may be estimated by 
normalizing density within the interaction volume to the density of cell wall material 
according to Equation 4, 

(4) 

where 1.5 g/cm3 is density of the cell wall material (Kelloge et al., 1975) and ρ is density of 
the material within the macroindentation interaction volume and was measured for LW to 
be URP = ~0.62g/cm3 and TRP = ~0.66g/cm3. The estimated macroscopic hardness for 
completely dense woody material was then calculated using nanoindentation hardness, 
Equation 4 and the respective UPR and TRP densities. The resulting estimated 
macroscopic hardness was URP = 148 MPa and TRP = 160M Pa, which is nearly twice that 
measured by macroindentation but still demonstrates that woody material volume fraction 
has a large contribution to measured hardness. The difference between estimated and 
measured macroscopic hardness may then be attributed to differences in structure within 
the interaction volume. 

There are considerable differences in structure within the interaction volumes for 
macroindentation and nanoindentation, which will dictate deformation response. However, 
the specific effect of these structures on deformation is not currently well understood. The 
deformation mechanism during nanoindentation would likely occur preferentially by shear 
deformation along the weak fibril-matrix interface where hydrogen bonding connects the
cellulose fibrils to the hemicellulose and lignin matrix. 

In contrast, the macroindentation of wood cellular structures has additional deformation 
mechanisms: shear deformation across cell walls, shear deformation between wood cells
along the middle lamella, and crushing or bowing of wood cell structure. The dominant 
deformation mechanism is difficult to assess as it is likely to be different during initial 
deformation vs. “steady-state” deformation. Compression tests of wood specimens along 
the axial direction have shown that initial deformation of wood cells occurs by localized 
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shear deformation within the cell wall (Gindl and Teischinger, 2002), in which compressive 
strength of wood is dictated by the shear yield strength of the composite cell wall. 
Subsequent deformation was dominated by crushing of the cells. For macroindentation, 
having a large component of compressive loading within its interaction volume, initial 
deformation might be strongly related to cell wall shear yield strength, whereas subsequent 
deformation is related to cell crushing. This suggests that by understanding cell wall 
deformation, we can gain insight into the initiation mechanism of macroscopic deformation. 
For permanent deformation, nanoindentation may be related to macroindentation based on 
the deformation response of cell wall material. This may partially explain a similar 
relationship exists for nanoindentation and macroindentation of hardness as a function of 
cellulose-fibril angle (Holmberg, 2000; Tze et al., 2007). This discussion suggests that 
nanoindentation may be used to investigate cell wall deformation response, and this may be 
related to at least one deformation mechanism in macroindentation. 

Untreated vs. Treated Radiata Pine 
For this preliminary study, only general comparisons can be made between URP and 

TRP specimens because the LW bands measured were different, and the exact contribution 
of the chemical treatment cannot be assessed. Indentation results were consistent in that 
there were increases in both nanoindentation (~8%) and macroindentation hardness (~32%) 
for the TRP as compared with URP. What the true mechanism was for this increase in 
macroindentation hardness is unclear, but it may have resulted from changes in cell wall 
chemistry (natural or via chemical treatment) or by changes in material density in the 
interaction volume (natural or via chemical treatment). Nanoindentation demonstrates an 
increased resistance to cell wall deformation; its contribution to the 32% increase in 
macroindentation hardness is unclear. The TRP LW band had a higher density (0.66 g/cm3) 
compared with the URP LW band (0.62 g/cm3). Fig. 6b shows partial filling of a lumen by 
the hardener resin, demonstrating that this is a contributing mechanism for the increase in 
material density within the interaction volume and would have contributed to the increase 
in the macroindentation hardness. Since the indent-projected contact areas were measured 
directly, the filled lumenia would not have influenced the nanoindentation hardness 
measurements. Interestingly, this relatively small change in density would not likely cause 
such a large change in macroscopic hardness (Green et al., 2006; Holmberg, 2000), 
suggesting a different dominant hardening mechanism. It is unclear at this point whether 
cell wall modification is the dominant mechanism; however, this comparison effectively 
demonstrates that for chemical modification of wood, nanoindentation provides the unique 
opportunity to investigate the relative contributions of cell wall property modification to the 
bulk property change. 

Summary 

The relation of nanoindentation to macroindentation is much different for wood than for 
other material systems because of the hierarchical structure of wood. The two indentation 
techniques resulted in deformation volumes that contain different structure and different 
dominant deformation mechanisms; thus, a direct comparison in hardness values was 
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inappropriate. However, we considered that nanoindentation may be used to investigate 
cell wall resistance to deformation, which then can be related to at least one of the 
deformation mechanisms in macroindentation (i.e., cell wall deformation of cellular 
structure). Comparisons between untreated and treated radiata pine samples demonstrated 
that nanoindentation can offer a new approach for investigating cell wall chemical 
modification mechanisms and their relative contributions to bulk wood properties. 
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