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Introduction 

Adhesives have been used for a hundred years in the 
fabrication of structural wood components such as glued 
laminated beams and panels, trusses, and propellers. Ad­
hesive penetration into the wood, which can occur at both 
nanometer and micrometer scales, is an important factor 
in producing durable adhesive–wood bonds. At the mi­
crometer scale, adhesives penetrate and fill cell lumens to 
provide a mechanical interlock. At the nanometer scale, 
some adhesives diffuse into cell walls and possibly react 
with polymeric components of wood, but how this diffu­
sion affects mechanical properties of the cell wall is not 
clear. Studying the effects of interactions between adhe­
sives and the nanosized composite structure of cell walls 
using nanoindentation can provide valuable insight to­
wards understanding the durability of wood bonds. 

Nanoindentation is a mechanical testing technique in 
which an indenter, typically a pyramid or sphericonical 
diamond probe, is pushed into a material and then with­
drawn while the load and displacement of the probe are 
continuously recorded. The size and precise shape of the 
probe, along with the precision with which load and dis­
placement can be controlled, allow the method to be used 
for testing volumes of material with dimensions as small 
as 0.1μm. 

Wimmer et al. [1] were the first to prove the capabil­
ity of nanoindentation to determine mechanical properties 
of cell walls in wood. Since their work, a number of stud­
ies around the world have employed nanoindentation to 
characterize wood cell walls, including Konnerth and 
Gindl, [2] who examined cell walls in the interphase of 
adhesive–wood bonds. The four adhesives used in this 
study were melamine-urea-formaldehyde (MUF), phenol-
resorcinol-formaldehyde (PRF), polyvinylacetate (PVAc), 
and one-component polyurethane (PUR). The reported 
hardness and modulus of the cells in the MUF and PRF 
interphases increased as compared with reference cells 
outside the interphase region, while the same cell wall 
properties in the PUR and PVAc interphases decreased. 
This decrease in cell wall hardness and modulus were 
attributed to the PUR and PVAc adhesives’ inability to 
penetrate the cell wall and repair the damage caused by 
the machining used to prepare the surface.  

Wood nanoindentation studies in the literature have 
several features in common. First, experiments are per­
formed on cross sections prepared on the transverse plane 
of cell walls. In all but one study in the literature, speci­

mens were first embedded in Spurr’s epoxy [3] to aid in 
microtoming and to support the cell structure during test­
ing. This embedment may have introduced changes in 
properties through chemical modification. The exception 
was Zickler et al. [4], who embedded wood specimens in 
PMMA and prepared the surface by grinding and polish­
ing. Scanning electron microscopy (SEM) images re­
vealed that the lumens were still open, but grinding and 
polishing may have caused a large amount of mechanical 
damage on the surface.  

To calculate hardness and modulus, experimenters 
usually employ the standard Oliver and Pharr [5] method 
of data analysis in which the area of the indent is calcu­
lated based on depth of the indentation and an area func­
tion, usually with no independent verification that the 
areas are correct. Also, almost all authors [1,2,4] specify 
the hardness and modulus from a specific load. This begs 
the question of whether or not properties depend on size 
of the indent, especially given that properties at the near-
surface might have changed due to surface preparation 
technique and due to the fact that nearby features, such as 
cell lumens and middle lamella, might influence measured 
properties when indents become comparable in size to the 
thickness of the cell wall (see Figure 1). Typical indents 
on the S2 layer of the cell wall range from 0.1 µm to 2 µm 
across.  
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Figure 1. Scanning electron micrograph of trans­
verse plane of S2 cell wall layer (A), middle la­
mella (B), and lumen (C). (SEM courtesy of Jim 
Beecher, FPL.) 
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Objectives and Scope 

The purpose of this work was to test some of the as­
sumptions underlying methods currently employed to 
investigate nanoindentation properties of wood. We ex­
amined whether hardness and modulus depend on load. 
We employed a surface preparation technique that mini­
mizes alterations of cell wall properties. Areas were de­
termined using both (a) Oliver-Pharr method and (b) a 
calibrated atomic force microscope (AFM). 

Experimental Work 

Specimen preparation 
Nanoindentation experiments must be performed on a 

properly prepared surface. An ideal surface preparation 
technique creates a sufficiently smooth surface without 
altering material properties. As stated previously, others 
[1,2,4] have used embedments and microtoming or grind­
ing and polishing. To limit the amount of mechanical 
damage on the surface and eliminate the possibility of 
undesired chemical modifications, we developed a surface 
preparation method that avoided embedment, grinding, 
and polishing. On a 10-mm cube of loblolly pine, we pro­
duced a gently sloping pyramid-shaped surface on the 
transverse plane (Figure 2). Steps were taken to ensure 

that the apex was posi­
cutmicrotome cutmicrotome tioned in the latewood. 

Next, a sled microtome 
fit with a custom-built 
diamond knife holder 
was used to cut the tipmm10 mm10 of the apex. This pro­
cedure revealed an 
exceptionally smooth 

Figure 2. Specimen geometry. surface of area 0.25– 
0.5 mm2. Best results 

were achieved when the clearance angle and cutting angle 
were both set to approximately 5º. Figure 1 shows an 
SEM image of the resulting surface. We anticipated that 
this surface preparation technique would allow measure­
ment of the in situ mechanical properties of the wood 
cells with fewer artifacts than possible with other surface 
preparation techniques. 

Nanoindentation method 
Load-controlled indents were performed on trans­

verse planes of latewood cells in loblolly pine using a 
Hysitron Triboindenter equipped with a Berkovich tip. 
Indents consisted of a 5-s loading segment followed by a 
5-s hold at maximum load and 5-s unload. Eight indents 
were performed in a series on one side of a cell wall con­
sisting of 50-, 100-, 150-, 200-, 250-, 500-, 750-, and 
1,000-µN indents. From the initial portion of the unload­
ing slope, the stiffness was calculated. In nanoindentation, 
the Meyer hardness H is 

AL (1)H =

where L is load at the end of the 5-s hold and A is area of 
the indent. Likewise, we calculate the ‘reduced’ elastic 
modulus Er from the unloading compliance C according 
to 

C = π 1 . (2)+ Cm2Er A 

where Cm is machine compliance. Recent calculations on 
rate-sensitive materials (of which wood is one) suggest 
that the numerical factor π / 2 = 1.128 should be closer 
to 1.18 [7], but 1.128 is used widely in the literature so we 
employ it here. 

Experimental data were analyzed using two methods. 
The first, which we call “machine analysis” because it is 
automatically performed by the nanoindenter software, 
employs the Oliver–Pharr [5] approach to calculate area 
as a function of depth. This method assumes that the ma­
chine compliance is the same as that measured using the 
fused-silica calibration standard. As we show below, the 
machine method introduces some artifacts. The second 
method employs AFM images of the indents to measure 
the areas directly. We also use Equation (2) along with an 
area-independent analysis [6] to estimate machine com­
pliance directly from the experimental data. We refer to 
this second method as the “improved analysis.” 

Results and Discussion 

Indent areas were measured from AFM images such 
as the ones shown in Figure 3. In this figure, the smallest 
and largest indents of the series are displayed. The meas­
ured areas are 0.087(6) µm2 and 2.46(3) µm2, respec­
tively. 

For the loads employed in this study (50–1,000 µN) 
and to within experimental error, we find no strong evi­
dence that an indentation size effect is present in either H 
or Er. This result is illustrated in Figure 4 for two series of 
indents (eight indents each) placed on the S2 layer of the 
cell walls. Here, the hardness and modulus remain rela­
tively unchanged when AFM areas are used to calculate 
these parameters according to the improved analysis. 
When the machine analysis is used, the hardness and 
modulus appear to increase slightly at low loads. But as 
discussed below, these increases are artifacts. 

Hardness values calculated using the improved 
analysis and machine analysis agree at high loads in Fig­
ure 4, but they deviate from each other at small loads. The 
reason for the discrepancy is that the nanoindenter has 
difficulty detecting the surface and therefore is not able to 
calculate areas accurately for low loads. For instance, for 
our instrument the noise in the load is about 1 µN. This 
corresponds to an indent approximately 50 nm across, 
which is over 10% of the diameter of the smallest indent 
in Figure 3. In other words, by the time the load can be 
detected there is already a sizeable indent in the material, 
and the depth of this indent may not be taken into account 
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Figure 3. AFM images of the 50-µN (upper 
left) and 1,000-µN indents 
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In Figure 4, the modulus obtained using the improved 
analysis is nearly flat, independent of load. The modulus 
based on machine analysis decreases with increasing load. 
Again, the discrepancy at low loads results from the in-
denter’s inability to detect the specimen surface, which 
results in underestimation of area using machine analysis. 
At high loads, however, there is still a discrepancy be­
tween the two methods even though the areas obtained 
using the machine analysis are correct. In this case the 
discrepancy is caused by an added compliance not ac­
counted for in the machine analysis, as explained below. 

A series of indents can be analyzed using Equation 
(2) by plotting C vs. 1/√A. According to Equation (2), the 
slope is inversely proportional to Er and the intercept is 
the machine compliance. This is displayed in Figure 5 for 
one series of indents. Machine compliance from this plot 
is approximately 3 µm/N. In previous experiments per­
formed on fused silica, the machine compliance was only 
1 µm/N. Figure 5 suggests that an additional compliance 
is present in the experiment. We believe this compliance 
might be from flexing of the wood cell walls. Another 
possibility is that thermal drift is not being accounted for 
properly during the experiment, and that it shows up as a 
spurious compliance in the experimental data. We are 
currently investigating these two possibilities. In Figure 4, 
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Er calculated employing the improved analysis accounted 
for a machine compliance of 3 µm/N. The machine analy­
sis utilizes a machine compliance of 1 µm/N. This differ­
ence accounts for the discrepancy between the reduced 
modulus values at high loads in Figure 4.  
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Figure 4. Hardness (H) and reduced modulus (Er) val- Conclusions 
ues calculated using areas determined from AFM im­
ages and the area function. We have developed a method to prepare surfaces 

suitable for nanoindentation on the transverse plane of 
140 wood cell walls without embedment or grinding and pol­

ishing. For this sample preparation method and to within 
120 experimental error, no indentation size effect is apparent 

in either hardness or modulus for the S2 cell wall layer. 
100 Area measurements determined from the area function 

and AFM images are in agreement for the deeper indents 
80 in this experiment but deviate at shallower indents, possi­

bly because of difficulty in detecting surface contact. 
60 
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