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Abstract: For wood and forest products to reach their full potential as structural materials, experimen-
tal techniques are needed to measure mechanical properties across all length scales. Nanoindentation
is uniquely suited to probe in situ mechanical properties of micrometer-scale features in forest prod-
ucts, such as individual wood cell wall layers and adhesive bondlines. However, wood science
researchers most commonly employ traditional nanoindentation methods that were originally devel-
oped for testing hard, inorganic materials, such as metals and ceramics. These traditional methods
assume that the tested specimen is rigidly supported, homogeneous, and semi-infinite. Large system-
atic errors may affect the results when these traditional methods are used to test complex polymeric
materials, such as wood cell walls. Wood cell walls have a small, finite size, and nanoindentations can
be affected by nearby edges. Wood cell walls are also not rigidly supported, and the cellular structure
can flex under loading. Additionally, wood cell walls are softer and more prone to surface detection
errors than harder inorganic materials. In this paper, nanoindentation methods for performing
quasistatic Berkovich nanoindentations, the most commonly applied nanoindentation technique
in forest products research, are presented specifically for making more accurate nanoindentation
measurements in materials such as wood cell walls. The improved protocols employ multiload
nanoindentations and an analysis algorithm to correct and detect errors associated with surface
detection errors and structural compliances arising from edges and specimen-scale flexing. The
algorithm also diagnoses other potential issues arising from dirty probes, nanoindenter performance
or calibration issues, and displacement drift. The efficacy of the methods was demonstrated using
nanoindentations in loblolly pine (Pinus taeda) S2 cell wall layers (S2) and compound corner middle
lamellae (CCML). The nanoindentations spanned a large range of sizes. The results also provide new
guidelines about the minimum size of nanoindentations needed to make reliable nanoindentation
measurements in S2 and CCML.
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1. Introduction

Over the past 25 years, nanoindentation has become a valuable tool in wood science
and forest products research. Nanoindentation is a type of instrumented indentation
experiment used most often to measure mechanical properties, such as elastic modulus
and hardness [1,2]. Elastic modulus quantifies a material’s stiffness or resistance to elastic
(recoverable) deformation under stress. Hardness quantifies a material’s resistance to plas-
tic or permanent deformations. An advantage of nanoindentation over other mechanical
testing techniques is its ability to probe micrometer-scale volumes of materials in situ with
a minimal amount of sample preparation. This makes nanoindentation ideally suited for
probing individual wood cell wall layers, such as the S2 cell wall layer (S2) and compound
corner middle lamella (CCML) (Figure 1), and other micrometer-scale features in wood-
based materials, such as wood-adhesive bondlines in laminated structures, wood-matrix
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interphase regions in wood-based composites, and coatings on engineered wood prod-
ucts. Often, nanoindentation is the only technique suitable for studying the mechanical
properties and effects of treatments in these small volumes of material.
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Figure 1. Schematic showing wood cellular structure and cell wall layers. Wood is an open cellular structure consisting
mostly of longitudinally-oriented cell fiber or tracheid cells, which can be thought of as hollow tubes with multilayer walls.
Cell wall layers include the secondary (51, S2, and S3) and compound middle lamella (CML). The larger volume CML in the
corner between multiple cells is termed the corner CML (CCML). Secondary cell walls are nanofiber-reinforced structures
with highly oriented, helically wound cellulose fibrils embedded in a matrix of amorphous cellulose, hemicelluloses, and
lignin [3,4]. The angle the helically wound cellulose fibrils make with the longitudinal cell axis is the microfibril angle
(MFA). The S2 is the thickest secondary cell wall and has a relatively constant MFA, typically between 5° and 30°. The CML
is a lignin-rich material with some polysaccharides [5]. Berkovich nanoindentations are typically placed in the S2 and
CCML. The S2 is anisotropic because of the oriented cellulose fibrils. The anisotropic properties can be probed by preparing
nanoindentation S2 surfaces with different planes, such as the parallel-longitudinal (||-L), perpendicular-longitudinal
(L-L), and transverse (T) planes. The parallel and perpendicular orientations refer to how the plane is oriented in the S2

with respect to the lumen surface.

Since the pioneering work of Wimmer and co-workers, who first used nanoindentation
to measure the mechanical properties of the 52 and CCML [6,7], nanoindentation has been
extensively employed to measure micromechanical properties in wood and forest products.
These efforts provide valuable information over a wide range of research areas, including
fundamental cell wall properties [8-17], reaction wood [18-21], moisture-dependent prop-
erties [22-27], temperature-dependent properties [28,29], wood-adhesive bondlines [30-38],
coatings [39-42], wood—plastic composites [43—47], chemical modification [48-53], thermal
modification [54-59], biodegradation [60-63], chemical degradation [64-68], enzymatic
degradation [69,70], pyrolysis [71-73], hot water extraction [74,75], kiln drying [76], archae-
ological wood [77-80], and petrified wood [81].

Most often, forest products researchers have made hardness and elastic modulus
measurements by employing quasistatic Berkovich probe nanoindentations analyzed using
the traditional Oliver—Pharr analysis method [2]. In quasistatic nanoindentation, only loads
and depths are measured as a function of time during the experiments, and mechanical
properties are determined from an analysis of the resulting load—depth trace. This contrasts
with dynamic nanoindentation, in which a small sinusoidal signal is superimposed on the
static load to facilitate the measurement of stiffnesses, and therefore mechanical proper-
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ties, continuously during the experiment [2,82-84]. The Berkovich probe is a three-sided
pyramid defined by a 65.27° angle between the pyramid longitudinal axis and a pyramid
face [85]. The “Oliver-Pharr method” has become synonymous with the traditional nanoin-
dentation analysis used to calculate hardness and elastic modulus, which is described in
detail in Section 2.2, even though not all components of the analysis come directly from
the original Oliver—Pharr paper published in 1992 [2]. The traditional nanoindentation
analysis generally consists of performing fused silica calibration experiments to calculate
the nanoindenter machine compliance and probe area function. Then, these calibrations
are used in an analysis of the test material load-depth trace to calculate hardness and
elastic modulus.

The traditional nanoindentation method includes both experimental protocols for
performing nanoindentation and an analysis for the load—depth trace. These methods
were originally developed to test hard, inorganic materials, such as metals and ceramics.
Additionally, these methods assume the tested specimen is either a bulk, homogeneous
material or a thin-film-substrate configuration in which the film-substrate interface is
parallel to the tested surface. In contrast, wood cell walls are much softer than metals
or ceramics and are more prone to surface detection errors. Nanoindentations placed in
unembedded wood cell walls are also always near interfaces and edges, such as the free
edge formed by the cell wall and empty lumen, and the entire wood cellular structure can
flex under loading. Both edge effects and specimen-scale flexing violate the assumptions of
the traditional nanoindentation analysis.

Nanoindentation probes also have a much higher propensity to pick up debris and
become dirty during nanoindentation in wood than in experiments in traditional hard
materials. Traditional material surfaces are relatively free of debris because they are either
pristinely deposited thin films or have been thoroughly cleaned with solvents following
polishing. Wood nanoindentation surfaces cannot be similarly cleaned, and any debris
created during surface preparation will remain on the surface. Additionally, in traditional
bulk materials, nanoindentations can often be performed in regular arrays without having
to target specific features on the surface. In this case, the probe tip is lifted off the surface
between nanoindentation sites, and contact with the surface is only made during the
indentation measurement. In contrast, in wood, the probe tip is typically raster-scanned
over the surface under a small load to create topographic scanning probe microscopy (SPM)
images that are used to precisely place nanoindentations in the regions of interest. The
probe tip has many more opportunities to pick up debris and become dirty during raster
scanning than during traditional array experiments. During a series of nanoindentations,
the tip may sporadically pick up debris during some indents and then release the debris
during others. Detecting randomly dirty probes during nanoindentation in wood cell walls
is very difficult using traditional methods.

Traditional nanoindentation methods applied to wood cell walls can result in large
errors. The largest potential sources of error that are not adequately addressed in the
traditional methods are dirty probes, surface detection errors, and structural compliances
arising from edges and specimen-scale flexing. Unfortunately, these errors often occur
unbeknownst to the experimenter because the traditional methods are not designed to
even detect them, much less correct for them. The traditional testing protocol is to perform
and analyze a series of single load-hold-unload quasistatic nanoindentations all performed
to the same maximum load. Most errors in nanoindentation of concern to the study of
wood become evident only by examining the assessed mechanical properties as a function
of size of the nanoindentation. By performing experiments to a single value of maximum
load, and therefore all measurements are from a single-sized indent, it is impossible to
detect systematic errors. Additional potential sources of error include incorrect machine
compliance, incorrect probe area function, malfunctioning transducer, and displacement
drift. Consequentially, while apparently very repeatable measurements are often obtained
when performing a series of nanoindentations to one maximum load, their accuracy is
unknown in complex materials, such as wood cell walls.
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The aim of this paper is to provide improved quasistatic Berkovich nanoindentation
methods, including experimental protocols and an analysis algorithm, designed to improve
the accuracy of measurements in complex polymeric materials, such as wood cell walls.
The improved methods are built off the traditional ones. However, the key is employing
multiload nanoindentations in which mechanical properties are measured as a function
of nanoindentation size in each nanoindentation location. These size-dependent data are
used in the analysis algorithm presented in Section 4.

An alternative to using multiload-quasistatic nanoindentation is to rely on continuous
stiffness measurements (CSM). In principle, CSM could be used to obtain more data and
in less time. Nevertheless, CSM possesses some unresolved issues when applied to time-
dependent materials, such as wood, which creeps under load. Errors in CSM analyses,
such as loading rate effects and the recently described plasticity error [84], can create
artifacts in the size-dependent CSM data that would adversely affect our proposed analysis
algorithm. Recent efforts to improve the precision and accuracy of CSM, such as correcting
for the plasticity error and designing how the superimposed sinusoidal signal needs to be
controlled during loading, have thus far only been developed for CSM in relatively time-
independent materials [84]. Further efforts are needed before CSM can be reliably used to
produce data needed for our analysis algorithm in complex (and relatively time-dependent)
polymeric materials, such as wood cell walls. We believe the CSM method has a promising
future, but we do not rely on it in this time.

Berkovich probes are the focus of this paper despite some of the uncertainties in
the physical meaning of their measurements. Polymeric materials, such as wood cell
walls, have time-, temperature-, pressure-, and moisture-dependent mechanical proper-
ties. From contact mechanics, Berkovich nanoindentations pose interpretation problems
when applied to polymers because the characteristic strain beneath the probe is about
8%, which lies in the transition between viscoelasticity and viscoplasticity. Thus, in us-
ing a Berkovich probe, one has more difficulty isolating viscoelastic from viscoplastic
processes. Viscoelasticity and viscoplasticity refer to time-dependent reversible and time-
dependent irreversible processes, respectively. Here, we use the terminology “elasticity”
interchangeably with “viscoelasticity” and “plasticity” interchangeably with “viscoplas-
ticity”, recognizing that in polymeric materials, time and rate effects are strong and that
the classical treatments for time-independent elastic and plastic deformation largely carry
over to time- and rate-dependent processes. Nevertheless, substantial progress is being
made developing the relationships between properties measured using Berkovich nanoin-
dentation and conventional mechanical tests [86-91]. It is now understood that Berkovich
hardness and elastic modulus are not unique values in polymers because the values will
depend on the time scales of the nanoindentation load function. For example, trends of
increasing elastic moduli with increasing frequency can be reproduced by decreasing the
unloading time in quasistatic Berkovich nanoindentations [88]. Although a simpler probe
geometry, such as a punch, would be easier to interpret in polymers, punches cannot be
made small enough with sufficient quality to probe individual wood cell walls. Berkovich
probes have the distinct advantage in that they can probe arbitrarily small volumes by
simply decreasing the load, which is likely why they remain the most employed probe
in wood science. Additionally, a self-similar probe, such as the Berkovich, is needed to
employ the structural compliance method to correct for edge effects and specimen-scale
flexing [92,93]. If material property indices are independent of length scale, then Berkovich
probes should be able to identify this because there is no length scale associated with the
probe other than the depth of indentation. Conversely, if properties measured are not
independent of load, then the experimenter may suspect that there is an experimental
error, or the properties are size-dependent, or both. What is even more perplexing is if the
properties appear independent of load, it might be because, by coincidence, experimental
error counteracts the load-dependence of the properties. The procedures and analysis we
provide below are meant to help untangle all these possibilities. It is not easy or even
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possible to do this with probes that are not self-similar, such as with spherical indenter
probes or cylindrical punches.

In addition to quasistatic hardness and elastic modulus, other types of mechanical
property measurements that have been made using Berkovich nanoindentation in wood
include creep [66,68,94], viscoelastic properties, such as storage and loss moduli [23,95,96],
fracture [97], and property mapping [98,99]. Although these other types of measurements
are not specifically addressed in this paper, they all rely on accurate measurements of load
and depth of penetration. As the underlying effect of the improved methods presented in
this paper is to improve the accuracy of load and depth measurements, these other types
of measurements would also benefit from incorporating the improved methods presented
in the paper.

The rest of the paper is organized into five parts. In the first part, the basics for
wood cell wall nanoindentation are reviewed, including instrumentation, Berkovich probe
contact mechanics, traditional nanoindentation analyses, structural compliance analysis,
design of load functions and testing protocols, and techniques for preparing unembedded
wood specimens. This review of nanoindentation basics provides the needed foundation
for the remaining parts. Second, materials and methods are presented for fused silica
calibration experiments and experiments in the S2 and CCML of loblolly pine. The loblolly
pine experiments were designed to demonstrate both the utility and limitations of the new
protocols and analysis algorithm. Third, the analysis algorithm is presented, which includes
an analysis of the fused silica calibration nanoindentations, followed by a series of steps
designed to improve the reliability of nanoindentation measurements made in wood cell
walls. Fourth, results and discussion are given for the experiments in the 52 and CCML. The
results are used to develop improved guidelines for designing and reporting experiments
in the S2 and CCML. Finally, we conclude by summarizing our recommendations.

2. Nanoindentation Basics
2.1. Instrumentation

The basic requirements of a nanoindenter include instrumentation to separately deter-
mine load and displacements, an actuation mechanism to perform a prescribed loading
function, and the ability to precisely locate a nanoindentation in the specimen. Nanoin-
denters are also housed inside engineered enclosures to provide vibration isolation and
environmental stability with regard to temperature and relative humidity (RH). Commer-
cial nanoindenters are available and have successfully utilized multiple transducer designs,
including the two examples shown in Figure 2. Displacements are typically measured using
either a capacitance or inductance sensor. Load actuation is achieved using an electrostatic,
magnetic, or piezoelectric transducer. The load is actuated by applying a known voltage
or current, which, through calibrations, are used to calculate the created loads. In many
transducer designs, the nanoindentation probe is attached to a shaft suspended by springs.
In these designs, some of the actuated load is used to deflect the support springs. The
spring deflection load is calculated using the spring constant and measured displacement,
and it is then subtracted from the actuated load to calculate the load pressing the probe
into the material. The placement of nanoindentations is accomplished by either employing
the optical microscope incorporated into the nanoindenter, or by using an SPM image
produced using the nanoindentation probe as an imaging probe and raster scanning the
specimen over the area of interest. Further details of the different nanoindenter designs are
described in Fischer-Cripps [1].

For Berkovich nanoindentation of wood cell walls, the nanoindenter should be able to
apply up to a 2 mN load and measure depths up to 1 um. Displacements and loads should
be measured with sub-nm and sub-puN precision. To place nanoindentations in wood cell
walls, the instrument also needs to be able to accurately place a nanoindentation to within
about 1 um of the targeted location. This is most easily achieved when nanoindentations
are placed using SPM images made using the nanoindenter probe. There are multiple
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commercial nanoindenters that meet these requirements for nanoindentation of wood

cell walls.
Tribolndenter Nano Indenter G200
Piezo Coil/magnet
scanner Support assembly

spﬂngs\\\\\\\

Capacitance
gauge

(@)

~————Nanoindenter probe —

(b)

Figure 2. Two example designs of transducers used in commercial nanoindenters. (a) The standard transducer of Bruker’s

Hysitron (Minneapolis, MN, USA) TriboIndenter is a three-plate capacitive force/displacement transducer. The probe is

attached to the center plate, which is suspended between the two outer plates by leaf springs. To measure displacement,

an AC signal 180° out of phase is applied to the two outer plates, creating an electric field potential between the two

outer plates that is zero in the center. The voltage measured from the middle plate is calibrated to measure displacement.

Force is applied to the center plate by applying a large DC offset to the bottom or top plate, which creates an electrostatic

attraction with the center plate that can be calibrated as a force. The transducer is attached to a piezo scanner, which

allows the nanoindenter probe to also be used as an imaging stylus. (b) The KLA-Tencor Corporation (Milpitas, CA, USA)

Nano Indenter G200 uses an electromagnetic force transducer and capacitance gauge to measure displacement. The probe

assembly is also supported by leaf springs.

Berkovich nanoindentation can also be performed using an atomic force microscope
(AFM). In AFM-based indentation, a Berkovich probe is attached to the end of an AFM
cantilever. Piezo actuation is used to press the probe into a material surface while the
cantilever deflection is measured using a laser. The measured deflection is used as the dis-
placement, and the load is estimated by using the cantilever spring constant and measured
deflection. However, the loads typically involved in AFM-based nanoindentation are too
low to make the wood cell wall measurements described in this paper. Indenter tips are
rarely and truly self-similar at the low loads and small length scales associated with AFM
measurements; therefore, it is difficult to isolate and remove many of the errors described
herein. Additionally, lateral forces may form in addition to the usual normal forces as
the cantilever deflects. These lateral forces are not accounted for in the nanoindentation
analysis. Whenever possible, a dedicated nanoindenter should be used.

2.2. Contact Mechanics and Basic Load—Depth Trace Analysis

A basic quasistatic nanoindentation experiment consists of a loading segment, a hold
at maximum load, and an unloading segment. In many treatises on the subject, the hold
segment is not included in the drawing of the load—depth trace; therefore, novices in
nanoindentation get the wrong impression that the hold segment is unimportant, and
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they neglect to include it in their experiment. To the contrary, it is always important to
include this segment because it is necessary to minimize the effects of creep and plastic
deformation on the unloading segment, as will be further discussed in Section 2.4.2.

Figure 3 shows a resulting load—depth trace for a basic experiment and schematics
of the probe penetrating a material surface. In this ideal load—depth trace, it is assumed
that the load P is the load pressing the probe into the material, and the depth # is the
displacement of the probe tip measured from the initial undeformed material surface.
A crux of accurately measuring mechanical properties using nanoindentation is accurately
calculating P and h from the actuated load and displacement measured in the transducer.
For example, in all nanoindentation experiments, a portion of the displacement measured
by the transducer is the deflection of the instrument under loading. The instrument
deflection must be subtracted from the transducer displacement measurement. This is
accomplished using a calibrated constant called the machine compliance, which is defined
as the instrument deflection divided by applied load, assuming that the instrument acts
as a Hooke’s Law spring. In practice, the machine compliance is determined for each
instrument configuration before the experiments are run and used to estimate the instru-
ment deflection at a given P. The instrument deflection can then be subtracted from the
transducer displacement measurement. Machine compliance has an inherent uncertainty,
which can introduce experimental error, which becomes worse for higher loads and stiffer
materials, such as metals and ceramics. Multiple other factors will affect the accuracy of
P and h in real experiments, including displacement drift, structural compliances, and
surface detection errors. These other factors will be addressed later in this paper after a
description of the basic P-h trace analysis.

Load, P

(@)

Probe
Hold at maximum load (ho, Po)
// Surface
(b)
S
Qo
SQ Plastic \ e ]]:2'3
(] - c
9 zone 8 L
~ /§ ©
—\/
Depth, h (d)

Figure 3. (a) Load-depth trace of a basic quasistatic nanoindentation experiment. The depth immediately prior to unloading
(ho), load immediately prior to unloading (Py), and contact stiffness (S) are indicated. (b—d) Schematics of the Berkovich
probe penetrating a material surface (b) prior to loading, (c) immediately prior to unloading, and (d) after unloading. The

depth of the elastic surface deflection (he), contact depth (i), and plastic zone are shown in (c). Plastic deformations occur

in the plastic zone. The elastic deformations occur in the plastic zone and extend beyond the plastic zone.

A material surface elastically deforms as the nanoindentation probe is pressed into it.
When the stress in a material beneath a probe exceeds the yield strength of the material,
such as when a Berkovich probe is pressed into an unmodified wood cell wall layer, plastic
deformation occurs in addition to elastic deformation [100]. In standard analyses, the way
to handle this combination of elastic and plastic deformation is to assume that / includes
both plastic and elastic components and that these deformations sum together to give the
total depth. The elastic component is represented by the elastic surface deformation /. in
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Figure 3c. The plastic component is represented by the Oliver-Pharr contact depth . in
Figure 3c [2]. The h, is calculated using

hC:hO—he:ho—s% 1)
where ¢ is a numerical factor set to 0.75 [82], hg is the depth immediately prior to unloading,
Py is the load immediately prior to unloading, and S is the contact stiffness calculated as
the initial slope of the unloading segment (Figure 3a). S is calculated by fitting a portion of
the unloading segment in a P-h trace, such as 40-95% of Py, to the Oliver—Pharr [2] power
law function

P = A(h —Iy)" @)

where A, iy, and m are fitting parameters. Contact stiffness is calculated at the initial
portion of the unloading segment by differentiating Equation (2) with respect to & and then
substituting hg for /1, as shown in Equation (3).

S= %J = mA(hg — he)" ©)
Nanoindentation measurements usually rely on calculating the area of the indent
immediately prior to unloading (Ag) from the depth k. using a known probe area function
Ap = f(he). This approach distinguishes nanoindentation from microhardness measure-
ments, such as Vickers and Knoop [101], which rely on “optical” or imaging methods to
determine area. With nanoindentation, the indents can also be imaged directly, usually
with a high-resolution scanning electron microscope or AFM. The Meyer hardness (H) is
then defined as

=2 @

The elastic properties are evaluated by an analysis of the unloading segment. It is
assumed that the unloading segment is an elastic deformation, which contrasts with
the loading and hold at maximum load segments, during which both elastic and plastic
deformations are occurring. The hold at maximum load segment is included to allow
plastic deformations to dissipate and better ensure that the unloading is an elastic response.
It is generally thought that some plasticity effects cannot be avoided in the initial unloading,
which is why the initial 95-100% of Py portion of the unloading slope is typically excluded
from the fit to the Oliver—Pharr power law in Equation (2). The elastic properties are
assessed using the contact compliance (Cp), which is the inverse of S and is the compliance
attributable to the specimen and indenter probe. The C; is related to the “effective”
modulus of contact (Eg) through

1 1
Ch= == — 5
P Eefng)/z ®

To account for the diamond probe contributions to E.¢ and assess the Young’s modulus
Es, the contact equation
1
1 w2 1-12 1-13
— =l ey ©)
Eetf 26 Es Eq

is used, where E4 is the Young’s modulus of diamond (1137 GPa), v4 is the Poisson’s ratio of
diamond (0.07), and vs is the tested specimen’s Poisson’s ratio. The value of the numerical
factor B is often assumed to be 1, but its numerical value is debated [92,102-105]. In this
paper, § =1 will be assumed. The material isotropy assumption implicit in Equation (6)
is violated in S2 nanoindentations because the cellulose microfibrils cause orientation
effects [106]. Therefore, Es is replaced with EsN! when applying Equation (6) to nanoin-
dentation of S2 to indicate that the elastic modulus assessed is not the Young’s modulus
typically calculated with Equation (6).
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2.3. Structural Compliance Method

Thus far in this description of basic nanoindentation, it has been assumed that the
material tested is a homogeneous, rigidly supported half-space. Nanoindentation in
unembedded wood cell wall layers violate these assumptions. The solid component of
wood is heterogeneous with its multiple cell wall layers (Figure 1). A wood surface
cannot be considered a half-space because of the numerous holes created by cell lumina.
Additionally, the cellular structure of wood may flex when a probe is pressed into a cell
wall layer, violating the rigid support assumption.

Figure 4 schematically shows the effects on nanoindentation of specimen-scale flexing,
nearby free edges, or nearby heterophase interfaces. Both specimen-scale flexing and
nearby free edges can result in an overestimated & measurement and an underestimate in
ESNL In contrast, nanoindentations placed next to a heterophase interface with a stiffer
material result in a constraining effect, an underestimate of &, and an overestimate in ENL
The error in h consequentially leads to an error in H as well.

Probe

Heterophase
interface

Figure 4. Schematics illustrating potential sources of structural compliances in wood cell wall nanoindentation, including
(a) specimen-scale flexing represented by deformations in the wood cellular structure, (b) a free edge, such as with an empty
lumen, and (c) a heterophase interface, such as between the CCML and S1 secondary cell wall.

The effects of nearby free edges and heterophase interfaces on nanoindentation mea-
surements have been studied using analytical modeling [107,108] and finite element mod-
eling [109-111]. However, modeling does not provide a convenient solution to removing
the edge effects from experimental nanoindentation measurements in materials with com-
plex geometries, such as wood cell walls. Fortunately, Jakes and co-workers discovered
a way to simplify the problem and developed the experimental structural compliance
method to correct P-h traces for both specimen-scale flexing and edge effects [92,93,112].
They found that the main consequence of placing a nanoindentation near a free edge, near
a heterophase interface, or in a specimen that can flex under loading is to introduce a
structural compliance Cs into the measurement. The C; is like the machine compliance Cy
in that is it independent of nanoindentation size and adds to the total measured compliance
Ct. However, in contrast to Cr,, which is a property of the nanoindenter, the sources of
Cs are highly dependent on specimen and where the nanoindentation is placed within
the specimen. Therefore, to accurately assess mechanical properties in wood cell wall
layers, the Cs needs to be measured at each nanoindentation location. Using quasistatic
nanoindentation, this can be achieved by employing a multiload nanoindentation to assess
Ct as a function Py for each nanoindentation. Then the modified Stone-Yoder-Sproul (SYS)
equation [92,113]

Gy =GR 2 + Iy @)
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can be used where Jy1/2 = CpPol/ 2 = HY2/E 4 is the square root of the Joslin—Oliver
parameter [114]. In Equation (7), C; is determined from a P-h trace that has been cor-
rected for C, but not for Cs. Additionally, all different sources of structural compliance
can be summed into a combined Cs. If Jj is independent of nanoindentation size, then
CtPy!/? plotted as a function of Py!/? forms a straight line with a slope equal to Cs. The P-h
trace is then corrected by subtracting the product PCs from the corresponding h. The H and
Es can then be determined from the corrected P-h trace using the basic nanoindentation
analysis described above in Section 2.2.

Berkovich H and EsN! of S2 and CCML have been reported to be independent of
nanoindentation size [92,93,115]. Therefore, the constant ], assumption is expected to be
valid for experiments in wood cell walls, provided their plastic zones can be reasonably
expected to be contained within the individual cell wall layer being tested. For nanoin-
dentations in the transverse wood plane or the S2 1 -L plane (Figure 1), based on wood
anatomy, the nearby edges are expected to be perpendicular to the surface, and it can
be reasonably assumed that the material below the surface is the cell wall of interest.
Therefore, the plastic zone should be contained within that cell wall layer if the residual
nanoindentation impression does not overlap with another cell wall layer on the surface.

The constant ]y assumption may or may not be valid if the tested material has a
heterophase interface immediately below the specimen surface, such as when testing a
wood particle in a composite in which the particle thickness is not known, or the S2 ||-L
plane in which a lumen or CML may be immediately below the tested surface. Whenever
possible, specimens should be prepared to maximize the tested material thickness because
the assumption of a constant [y will be valid for adequately thick materials [116]. If the
material is not adequately thick, the plastic zone may unknowingly be affected by the
sub-surface feature, resulting in a size-dependent H or Es. As a result, Jo would also depend
on size, and the SYS plot will not form a straight line. Therefore, a straight-line fit can no
longer be used to determine Cs using Equation (7). However, it is often not possible to
determine the material thickness and, even if the specimen thickness is known, it is not
straightforward to determine what can be considered as adequately thick. Most often, the
only option is to perform the experiments and examine the SYS plot. If SYS plots do not
form the expected straight line, then the data are highly suspect and likely not reliable. It
might be that the specimen needs to be tested in another orientation, such as the S2 | -L.
plane instead of ||-L plane when testing transverse S2 properties. If SYS plots do form
the expected straight line, then the material is likely adequately thick, and the analysis
can proceed.

2.4. Load Functions and Testing Protocols

The user must design nanoindentation load functions and experimental protocols to
obtain P and / as accurately as possible. As previously described, P and & are not directly
measured in an experiment. The P and h are calculated from transducer displacement
measurements and loads actuated in the transducer. These transducer displacements and
actuated loads are based on careful calibrations performed by the instrument manufacturer.
Although the user typically does not have the ability to directly verify or modify these
manufacturer calibrations, regular experiments on calibration materials, such as fused
silica, are useful for indirectly detecting potential issues with the manufacturer calibrations.
The manufacturer may also prescribe protocols for the user to perform regularly to improve
accuracy, such as performing nanoindentations into air to account for slight variations
in the electrostatic force constant caused by changes in temperature or humidity in the
Hysitron TriboIndenter’s three-plate capacitive force/displacement transducer (Figure 2).

2.4.1. Pre-Nanoindentation

Different instruments employ different pre-nanoindentation protocols. However, the
general goals are to stabilize the nanoindenter to minimize displacement drift, define P = 0,
and to accurately detect the initial undeformed material surface for establishing h = 0.
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When the probe is out of contact and suspended in the air, P = 0 because any actuated load
is used to extend the springs supporting the probe shaft. If the instrument records P and
h as the probe approaches the surface, this pre-nanoindentation portion of the P- trace
should be a horizontal line with P = 0. The / at which an increase in P can be detected in
the approach is used to determine the contact of the probe tip with the surface and defining
h=0.

A stabilized instrument and specimen are critical because & must be calculated with
nm-scale precision and accuracy. Any changes in temperature can cause thermal expansion
or contraction in the test material or nanoindenter. For hygroscopic materials, such as wood,
absorbing or desorbing water during RH fluctuations will also cause moisture-induced
swelling or shrinking. Without sufficient time for stabilization, displacement drift caused
by thermal or moisture effects can easily exceed hy during the experiment and prevent
meaningful measurements.

Numerous factors affect stabilization. Nanoindenters require time to stabilize when
first powered on, after the enclosure is opened, if the laboratory temperature or humidity
is changed, or even after motors and piezos are used to position the probe and specimen
for a nanoindentation. Specimens placed in the enclosure also need time to condition and
stabilize to the enclosure temperature and RH. Stabilization times vary depending on the in-
strument, specimen, and circumstances. By monitoring displacement drift for each nanoin-
dentation, an experimenter can develop the needed experience to optimize stabilization pro-
tocols and minimize the impacts of displacement drift on nanoindentation measurements.

One method to assess displacement drift is to measure it while holding the probe in
contact at a small preload, typically 1 or 2 uN, prior to the nanoindentation. During this
preload holding segment, feedback control is used to move the nanoindentation probe
up and down to maintain the preload. The first couple of minutes are used to allow the
nanoindenter to settle. The settle time allows the thermal expansion caused by the heat
generated during motor movements to dissipate. In systems with piezos, the settle time
also minimized the impact of piezo wander and hysteresis. These pre-nanoindentation
settle times are important for system stability and data reproducibility. After the settle
times, the displacements required to maintain the preload are measured as a function
of time t. The displacement drift rate is calculated by fitting a straight line to the h—t
data, typically to the 30 s immediately preceding the nanoindentation. The measured
displacement drift rate is used to assess the level of stabilization. As some displacement
drift is unavoidable, the displacement drift rate is also used to correct the experimental h—f
data by assuming that the displacement drift rate is constant during the nanoindentation.

An issue that arises during the preload settling and drift monitoring segments is that
the probe penetrates the surface, which can cause errors in defining / = 0. Even though
the preload is very small, stresses are high because the contact area is also very small.
Some elastic deformation is expected even for hard materials, such as fused silica. In softer
materials, such as wood cell walls, the stress may also exceed the material’s yield strength,
causing plastic deformation and the creation of a preload nanoindentation impression in the
surface. The effects of elastic and plastic deformations during preload have been addressed
in the literature with proposed corrections based on theory and modeling [1,117,118].
These proposed corrections are especially useful for anticipating surface detection issues
and can be used to correct nanoindentation data. However, the corrections are not very
reliable because of uncertainties in the probe tip geometry, material surface properties, and
applicability of the employed models.

In practice, nanoindentation experiments need to be designed to minimize the surface
detection error. If preloads are used, they should be set as small as possible. The minimum
preload is typically controlled by the noise in the P and & measurements. Therefore,
minimizing noise by maintaining optimal nanoindenter performance is important for
keeping the preload as small as possible. If the nanoindentation is performed directly from
the preload, there will always be some uncertainty in determining the / = 0 because the
nanoindentation will begin at some unknown depth into the material.
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Some uncertainty in & = 0 can be removed by doing a liftoff and reapproach immedi-
ately prior to the nanoindentation. During the liftoff, elastic deformations will rebound,
and & = 0 can be defined where an increase in P can be detected in the reapproach P-/ trace,
as will be shown in Section 4.4 of the analysis algorithm. However, if plastic deformation
occurs during the preload, the & = 0 would be in error based on the residual depth of the
preload nanoindentation impression. The best approach would be to approach an unde-
formed surface, such as by doing a lateral offset during the pre-nanoindentation liftoff so
the reapproach occurs into a fresh undeformed surface. This liftoff, offset, and reapproach
method was recently demonstrated to work exceptionally well for polystyrene [118].

Nevertheless, even with optimal experimental protocols, it is not possible to exactly
define /1 = 0 because of noise in the P and & measurements. For a given nanoindenter,
instrument limitations may make large surface detection errors unavoidable. Surface
detection errors typically become negligible for large nanoindentations or nanoindentations
in hard materials, which is why surfaces are of less concern in traditional nanoindentation
methods. However, for softer materials and small nanoindentations, there will likely be
a substantial effect. As surface detection errors are very difficult to predict and avoid,
especially for nanoindentation in wood cell walls, the best strategy is to always anticipate
surface detection errors. In Section 4.8, it will be shown in the analysis algorithm how
surface detection errors of even a few nanometers have an obvious effect and cause apparent
size-dependent H and E; data. Therefore, methods will also be given in Section 4.8 for how
to analyze the data to detect potential surface detection errors and how to minimize the
effects on the reported H and Es.

2.4.2. Load Functions

The basic components of nanoindentation load functions include a loading, hold at
maximum load, and unloading segment. Segment times must be designed to minimize po-
tential impacts of plastic deformation on the unloading segments, especially for polymeric
materials such as wood cell walls. In extreme cases, a “nose” forms at the beginning of the
unloading segment if segments preceding the unloading segment are too short or if the
unloading segment is too long [88,119,120]. During this nose, the i continues to increase
(instead of the expected decrease) as the load is removed. Jakes and co-workers showed
that for structural polymers with mechanical properties similar to wood cell wall layers, the
contact area grows during the unloading segment when a nose is present [88]. The growing
contact area during unloading clearly indicates that plastic deformation is occurring during
the unloading segment, which violates the assumption of an elastic unloading. Plastic
deformation during unloading was even observed in some experiments without an obvious
nose in the P-h trace.

Based on systematic studies in a wide variety of structural polymers [88], the single
load function shown in Figure 5a has been developed to avoid plastic deformation during
the unloading segment. The load function consists of a 5-s load, 5-s hold at Py, 2-s unload
to 40% Py, 60-s displacement drift segment at 40% Py, and finally, a 1-s unload. Single load
nanoindentations are most useful for a series of nanoindentations with varying Py in a
homogenous material. Here, this single load function was used to obtain data over a wide
range of nanoindentation sizes in the fused silica calibration standard for the Cp, and area
function calibrations.
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Table 1. Segment times for each of the nine loading cycles of the multiload load function shown in

Figure 5b.
M 0,
Loading Loading Segment Hold at Py Segment Unloading Hold at 30%
Segment Py Segment
Cycle (s) (s)
(s) (s)
1 2.00 5 1.4 1
2 1.73 5 14 1
3 1.66 5 14 1
4 1.62 5 1.4 1
5 1.58 5 14 1
6 1.56 5 14 1
7 1.54 5 1.4 1
8 1.53 5 14 1
9 1.51 5 1.4 1
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Figure 5. (a) Single loading and (b) multiload nanoindentation load functions. The segment times for each loading cycle in

the multiload function are given in Table 1.

Another way to assess displacement drift is to interrupt the unloading segment with a
long hold segment at partial unload, such as the 60-s displacement drift segment at 40% Py
in Figure 5a. At the beginning of this drift segment, there will be some anelastic rebound.
After the rebound dissipates, it can be assumed that any change in displacement is caused
by the displacement drift. The displacement drift rate is calculated by fitting a straight line
to the final part of the h—t data in the displacement drift segment, typically in the final 30 s.
Similar to the displacement rate measured during the preload, this measured displacement
drift rate can be used to both assess the level of system stabilization and to correct the
experimental i data.

The assessed mechanical properties will depend on the time scales in the load func-
tions. For all materials, including hard materials such as metals and ceramics, H will
depend on the lengths of the loading and hold segments [87,121,122]. In materials with
time- or pressure-dependent elastic properties, such as polymers and wood cell walls,
E; also depends on the unloading time, as well as the times of the preceding segments [88].
Therefore, when collecting data over a wide range of nanoindentation sizes, the load func-
tions need to be designed to minimize these time scale effects in the size-dependent data.
For the Berkovich probe, the effective strain rate experienced by a material beneath the
probe is held approximately constant when the ratio of the loading rate dP/dt divided by
P is held constant [1]. Therefore, for a reasonable approximation, time scales can be held
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constant throughout a series of nanoindentations by maintaining the same time for each
segment regardless of Py.

To utilize the structural compliance method and analysis algorithm presented in
Section 4, multiload functions are used to measure properties as a function of nanoinden-
tation size in a single location. Multiload nanoindentations perform repeated load-hold-
partial unload cycles at systematically higher loads so S can be assessed as a function
of Py in a single location. Figure 5b shows the multiload load function developed for
wood cell walls. The multiload function consists of a series of nine loading cycles. The
loads were chosen such that the resulting Ci—Pg data will be evenly spaced along the
abscissa in an SYS plot, with Py values equal to 0.04*(final Py), 0.09*(final Py), 0.16*(final
Py), 0.25*(final Py), 0.36*(final Py), 0.49*(final Py), 0.64*(final Py), 0.81*(final Py), and final
Py for successive cycles. Each cycle has an effective 2-s loading segment, 5-s hold at Py,
1.4-s unload to 30% Py, and a 1-s hold a 30% Py before beginning the next cycle. For the
loading segments, “effective” means that the loading segment times are set such that
they would have been 2 s if they had started at zero load. The segment times are given
in Table 1. The final hold at 30% Py is for 60 s as the displacement drift segment. The
segment times were chosen to minimize potential impacts of plastic deformation during
the unloading segments and to maintain consistent time scales for each loading cycle. The
basic nanoindentation analysis can be performed on each of the nine unloading segments
in the multiload nanoindentation. Although multiload nanoindentations could always be
used instead of single nanoindentations, the multiload nanoindentations take much longer
to perform and are more susceptible to errors caused by uncertainties in displacement drift
rate measurements. Therefore, for homogeneous materials, it is better to perform a series
of single nanoindentations to collect data over a wide range of sizes.

2.5. Considerations for Choosing Wood for Nanoindentation

Systematic effects on nanoindentation measurements arising from differences in the
starting wood material or specimen preparation need to be considered. For example,
S2 EsN! are highly dependent on MFA [106,123]. To minimize MFA effects on the results,
care must be taken to ensure that different wood specimens have the same MFA and that
the prepared nanoindentation surfaces in the 52 are oriented the same with regard to MFA.
Care should also be taken to use only mature, normal wood and avoid reaction wood, such
as compression, tension, or juvenile wood, unless reaction wood is meant to be tested.

Nanoindentation is often used to study the effects of a treatment on the properties of
wood cell walls. To maximize the ability to detect treatment effects, variability in wood
starting material, such as MFA, should either be minimized or assessed for the different
pieces of wood used in the study. Whenever possible, treating wood from the same growth
ring can be useful for minimizing wood variability. For surface coatings or wood adhesive
bondlines in which only a few cell walls near the surface are expected to be modified, a
very effective strategy is to apply the treatment on a tangential-longitudinal surface and
then test cell wall properties in a row of daughter cells [33], as illustrated in Figure 6. It can
also be beneficial to test only the S2 on the tangential-side cell walls to minimize potential
impacts of hidden pits just below the tested surface, which would be more prevalent on
the radial-side cell walls. To minimize the effects of cell wall damage, it is also beneficial
to carefully prepare pristine tangential-longitudinal surfaces in which the surface cells
are not crushed or mechanically damaged, such as by preparing the surface using a sharp
blade in a sled microtome. As daughter cells are almost identical, the treatment effects can
then be observed with high sensitivity by comparing the modified and unmodified cell
walls from a given row of daughter cells.
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Figure 6. Schematic illustrating how to design an experiment taking advantage of a row of daughter
cells to study the effects of a treatment, such as an adhesive or coating, on cell wall properties with a
high amount of sensitivity.

2.6. Wood Specimen Preparation

The ideal surface for nanoindentation is perfectly flat, smooth, clean, and oriented
perpendicular to the direction that the nanoindentation probe is pressed into the material.
The ideal surface preparation technique creates such a surface without modifying the
material properties of interest. No nanoindentation surface is ideal. The rougher the surface
is, the larger the nanoindentation will have to be to overcome roughness effects [124].
As nanoindentations are limited in how big they can be by the dimensions of the cell wall
itself, the prepared surface should be as smooth as possible to allow a wide range in
possible nanoindentation sizes while ensuring that the diameters of the indents are smaller
than the cell wall thickness.

The first experimenters performing nanoindentation in wood [6,7,21] employed sam-
ple preparation techniques based on procedures originally developed for preparing ultra-
thin (apx. 100 nm) wood sections for transmission electron microscopy (TEM) [125]. This
was an obvious starting point because the surface remaining on a wood block after remov-
ing an ultrathin section is very smooth and ideal for placing nanoindentations. However,
the procedure to make TEM sections includes first dehydrating the wood with organic
solvents and then embedding it with a low-viscosity epoxy. Despite the value of these
early measurements and the continued use of epoxy embedment by some researchers,
there is strong evidence that epoxy embedment modifies the mechanical properties of
interest [61,126,127]. Therefore, specimen preparation techniques that do not rely on
embedment need to be utilized to minimize sample preparation artifacts on the nanoinden-
tation measurements.

The preferred method to prepare nanoindentation surfaces in wood is to use a dia-
mond knife under ambient conditions without any type of embedment (e.g., epoxy). Jakes
and co-workers pioneered this method [92,128], and since then, others have modified and
utilized it [126] and developed similar approaches [129].

For this preferred method, a small wood block, typically a cube about 5 mm on a
side, is bonded to either a flat steel disc or steel cylinder using a rigid adhesive (Figure 7a).
The metal cylinders and discs are suitable for holding in both the ultramicrotome and
the nanoindentation stage. The cube needs to be prepared such that the bonded surface
is parallel to the desired plane for the nanoindentation surface. A strong bond to the

6
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metal surface is important because forces during block trimming and moisture-induced
swelling/shrinking caused by RH fluctuations can lead to bond failures. Roughening the
metal surface with sandpaper improves the adhesion to the metal surface. A consumer-
grade five-minute epoxy has been found to work better than cyanoacrylate adhesives
because it is more viscous uncured and when cured is less brittle and fails less often during
specimen preparation and RH-controlled experiments. In addition to applying a thin epoxy
layer beneath the specimen, a small 1-2 mm bead around the base of the specimen is also
useful for preventing debonding. Soft adhesives, such as putty or double-sided tape, need
to be avoided to minimize mechanical compliance and creep in the system.

Wood Blunt

Prepared
cube apex surface
Epoxy
bead
Steel
disk
(a) (b) (c)

Figure 7. Schematics illustrating steps for preparing a nanoindentation surface in a wood cube that
is approximately 5 mm on a side, which include (a) bonding wood cube to steel disk, (b) creating a
blunt apex, and (c) cutting apex with a diamond knife to create the prepared surface.

The next step is to create a blunt apex or ridge with an approximately 150° included
angle in the block surface (Figure 7b). The apex or ridge is positioned at the cell walls of
interest and must be made with minimum damage to the cellular structure. This can be
accomplished multiple ways. With a steady hand, a sharp hand razor can be employed
using the ultramicrotome trimming block and optics. This is the most convenient method
that works well for dense wood. For less dense or damaged wood, a more controlled
cutting action may be needed, such as by using a sled microtome. Another potential
option is to use an old diamond knife or glass knife in the ultramicrotome. The apex or
ridge can be cut using an ultramicrotome by appropriately adjusting the knife angle and
specimen rotation.

Next, the wood block should be mounted in the ultramicrotome so that the prepared
nanoindentation surface is parallel to the bottom of the puck or cylinder (Figure 7c) and
will therefore be properly aligned when placed on the nanoindenter stage. This can be
readily achieved by setting the angle adjustments of the specimen and knife holder to 0° in
the ultramicrotome. Sometimes, while sectioning unembedded wood, the S3 layer does
not cut cleanly and is pushed over into the empty lumen. To minimize the impact of this
on nanoindentation, orient the wood such that if the S3 layer is not cut cleanly, it will have
minimal impact on the nanoindentation measurements when it is pushed to the side rather
than cut. In softwood, the S2 on the tangential side of a lumen is often tested to avoid
potential pits in the radial side; therefore, orienting the block with the wood tangential
direction in the cutting direction minimizes the impact on the cell walls of interest.

Typically, a standard 35° or 45° diamond knife is fit into the ultramicrotome. The 35°
or 45° knife works well for most dense materials, such as latewood and wood-adhesive
bondlines. However, for less dense materials, such as earlywood, a 25° diamond knife
has been found to work better. Although a 25° knife should always work, the higher
angle knives are used whenever possible because they are more durable. Although other
types of diamond knives exist, the high cost of diamond knives has prevented a thorough
investigation of all the alternatives.

To prepare the surface, the apex or ridge is carefully approached with the knife edge.
Initially, 1-um thick sections are cut using a speed of approximately 1 mm/s until a surface
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of the desired size is prepared. From an apex, the surface is typically about 100-200 pm on
a side. However, using the ridge, it is possible to make surfaces up to 1 mm long and about
200 um across. In general, experience has revealed that surfaces in denser woods can be
made larger, whereas surfaces in less dense or damaged wood need to be much smaller.
When cutting 1-um-thick sections, there are often some chatter marks in the prepared
surfaces. Therefore, after reaching the surface size of interest, a smoother surface can
be created by decreasing the section thickness and cutting speed down to about 100 nm
and 0.1 mm/s, respectively. It is best to perform only a few passes at the lowest section
thickness because the S3 layer may not cut well at these small thicknesses and may be
pushed into the empty lumen. It is necessary to cut only enough sections to remove or
minimize the chatter marks on the surface.

Prepared nanoindentation surfaces reflect light like a mirror. Small glints can be
observed visually when the specimen is held and angled to reflect light. Some initial
indication of surface quality is obtained from top-down optical microscopy images, such as
in Figure 8a. This image was obtained using the nanoindenter top-down optical microscope.
The prepared wood surface is white because it has a mirror-like quality that reflects the light.
The CML should only be faintly visible. In the bottom 1-2 cells of the optical microscopy
image, the CML is dark and obvious. The edge of the prepared surface is just outside of
the field-of-view, and these cells were damaged during the preparation of the ridge. It is

common for cells near the edges of the prepared surface to be damaged like this, and they
should not be tested.
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Figure 8. Nanoindentation surface prepared in latewood loblolly pine (Pinus taeda). (a) Optical microscopy image obtained
from the top-down optical microscope incorporated into the Hysitron TriboIndenter. Scanning probe microscopy (SPM)
images of nanoindentations in the (b) CCML and (d) S2, made using the Berkovich probe as an imaging stylus. The number
markers are from the Hysitron TriboIndenter software and identify the nanoindentations. Atomic force microscopy (AFM)
images of (c) CCML and (e) 52 nanoindentations placed in the S2. Both the AFM and SPM images are slope-shaded to better
visualize the surface features. The double cell wall with 52 nanoindentations is part of the row of daughter cells tested in

this study.

Also included are SPM (Figure 8b,d) and AFM (Figure 8c,e) images of nanoindenta-
tions placed in the CCML (Figure 8b,c) and S2 (Figure 8d,e). These images provide useful
information about the quality of the prepared surfaces and the nanoindentation quality
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and placement. The AFM images are more detailed than the SPM images. The CCML
and S2 are exceptionally smooth and suitable for nanoindentation. However, the CML,
S1, and S3 area are very small and rough, and are therefore not suitable for Berkovich
nanoindentation measurements. CCMLs with larger areas, such as at the intersections of
four tracheids in Figure 8b,c, are typically chosen for nanoindentation.

Some effects of cutting direction are also evident in Figure 8. The pushed-in S3 layer
can be observed as debris on the left-hand side of the bottom empty lumen in Figure 8e.
This debris did not affect the nanoindentation measurements, but more generally, if the
debris pile is too high, then it might touch the side of the Berkovich probe and affect the
measurements. Most often, if the debris is too high, then it is not possible to obtain an
SPM image, such as in Figure 8d, because the side of the probe contacts the debris instead
of the probe tip contacting the prepared surface. Obtaining an SPM image such as in
Figure 8d indicates the debris is not going to affect the measurement. In Figure 8d,e, faint
vertical lines are also evident, which are very small knife chatter marks that do not affect
the measurements. If the knife edge had a defect, then there could also be a knife mark
along the cutting direction that would have appeared as a horizontal ridge or valley in the
SPM and AFM images. No such knife marks were observed in these images.

Above are the general guidelines for the preferred surface preparation method that
are based primarily on the authors” experience over the past 15 years. Even with these
guidelines, some laborious trial-and-error might be needed in which sample surfaces are
prepared and checked. Generally, for more challenging specimens, it is beneficial to try
preparing a smaller area, using a smaller-angle knife, and using a slower cutting speed.
In the end, the best method to prepare surfaces in unembedded wood is whatever works
for a given specimen and results in ultrasmooth S2 and CCML surfaces, such as those in
Figure 8.

3. Materials and Methods
3.1. Specimen Preparation

A transverse cross section in mature, latewood loblolly pine (Pinus taeda) was prepared
following the general guidelines outlined in Section 2.6. The specimen was prepared under
ambient conditions. First, the transverse side of a defect-free 5-mm cube of wood was
bonded with a thin layer of 5-min epoxy to the face of an 8-mm-diameter steel cylinder
with 10 mm length. The cylinder was fit into a trimming block of a Sorvall (Norwalk,
CT, USA) MT-2 ultramicrotome. The exposed transverse surface was carefully shaped
into a blunt wedge geometry using disposable hand razors. The top ridge of the wedge
was approximately 0.5 mm long and positioned along the radial direction following a
row of approximately 25 daughter tracheids. The cylinder was fit into the chuck of the
ultramicrotome such that the length of the wedge tip was parallel to the knife edge. A 45°
Micro Star Technologies (Huntsville, TX, USA) diamond knife was installed. Approximately
1-pum-thick sections were removed from the tip of the wedge until an area of about 0.2 by
0.6 mm was prepared. Final sectioning was done by removing a few 200-nm-thick sections.
The prepared surface is shown in Figure 8.

The fused silica calibration standard was obtained from Bruker-Hysitron (Minneapolis,
MN, USA) and tested as-received.

3.2. Nanoindentation

A Bruker-Hysitron TI 900 TriboIndenter equipped with a Berkovich probe was used.
The TriboIndenter was upgraded with a Performech controller. The fused silica and wood
specimens were bonded to the TriboIndenter stage using a cyanoacrylate adhesive. When
conducting experiments on wood cell walls, it is useful to keep the fused silica, as well
as a softer material, such as polycarbonate or aluminum, on the stage to help diagnose
and resolve potential issues, such as dirty probes or surface detection errors. However, the
fused silica should be removed if it will be exposed to humidity above approximately 75%
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RH. At high RH, the fused silica surface will absorb water and its surface properties can be
modified, which will decrease the quality of subsequent fused silica calibrations.

The machine compliance, probe area function, and Berkovich probe tip imperfections
were determined from a series of 100 load-control quasistatic nanoindentations in the fused
silica calibration standard. The Py ranged from 0.01 to 12 mN. Prior to each nanoinden-
tation, a 180-s settling time was used while the probe was held at a 2-uN preload. Each
nanoindentation was preceded by a pre-nanoindentation liftoff that consisted of a 2-s seg-
ment during which the probe was lifted 20 nm and disengaged from the surface, followed
by a 2-s reapproach segment. The pre-nanoindentation liftoff and reapproach segment
was used for defining P = 0 and & = 0. The single load function is shown in Figure 5a and
consisted of a 5-s load, 5-s hold at Py, 2-s unload to 40% Py, 60-s displacement drift segment
at 40% Py, and finally a 1-s unload. The displacement drift rate was measured from the
final 30 s of the drift segment and used to correct /. The calibrations were performed using
the known fused silica Es = 72 GPa and v = 0.17 following the procedures in [130].

During all experiments on wood, the RH was maintained between 40% and 43% RH
by a water—glycerine bath inside the nanoindenter enclosure [131]. The temperature was
not actively controlled and ranged between 24 and 26 °C during the experiments. The
wood specimen was conditioned inside the enclosure for 48 h before experiments began
to stabilize any dimensional changes caused by moisture-induced swelling or shrinking.
SPM images obtained using the Berkovich probe were used to place nanoindentations
and obtain images of the residual nanoindentations to verify placement. Load-control
quasistatic multiload nanoindentations were used for the experiments in wood cell walls
and consisted of a series of 9 loading cycles (Figure 5b). Each cycle had an effective 2-s
loading segment, 5-s hold at partial load Py, 1.4-s unload to 30% Py, and a 1-s hold at 30%
Py before beginning the next cycle. The final hold at 30% Py was held for 60 s to assess
displacement drift. Displacement drift was assessed by fitting the last 30 s to a straight
line and used to correct h. Prior to each nanoindentation, a 180-s settling time was used
while the probe was held at a 1-uN preload. Each nanoindentation was preceded by a
20-nm pre-nanoindentation liftoff and reapproach, as in the fused silica load function. One
of the aims of the wood experiments was to develop improved guidelines for designing
experiments to measure S2 and CCML properties, especially the smallest nanoindentation
size from which a reasonable measurement can be made. Therefore, to obtain results from
a wide range of nanoindentation sizes, the final Py ranged from 20 to 900 uN in both
the S2 and CCML nanoindentations. The S2 EsN and CCML E5 were calculated using
Equation (6) where E4 and v4 for the diamond probe were assumed to be 1137 GPa and
0.07, respectively, and the v for the S2 and CCML were assumed to be 0.45 [7].

3.3. Atomic Force Microscopy (AFM)

Residual indents were imaged with a Quesant (Agoura Hills, CA, USA) atomic force
microscope (AFM) incorporated in the TriboIndenter. The AFM was operated in contact
mode and calibrated for 4, 15, and 25 um field-of-view images using Advanced Surface
Microscopy, Inc. (Indianapolis, IN, USA) calibration standards, as described previously [92].
Overview 25- and 15-pum images were made of all S2 double cell walls and CCML, respec-
tively, with nanoindentations. Individual 4-pm images were made of nanoindentations
from which their contact areas were assessed manually. FIJI [132] image analysis software
was used to manually measure the projected contact areas from the 4-um images using
previously established methods [88].

4. Analysis Algorithm

The analysis algorithm presented here is meant to be followed in the order given.
Each step of the algorithm should be satisfactorily completed before moving on to the next
step. If a step cannot be satisfactorily completed, then that will generally signify that the
data need to be discarded and improvements or modifications made, as described in the
text, before repeating the experiments to obtain satisfactory data.
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4.1. Fused Silica Calibrations

Prior to nanoindentation of any material, fused silica calibrations are performed to
determine the Cp,, probe area function, and Berkovich probe tip imperfections. The fused
silica results also provide a metric for the nanoindenter performance. A detailed description
for how to perform the calibrations with minimal user subjectivity is given in Jakes [130]. In
brief, (1) a systematic SYS plot analysis was performed to identify small nanoindentations
affected by probe tip imperfections or fused silica surface properties; (2) Cr, was calculated
after excluding those small nanoindentations affected by probe tip imperfections or fused
silica surface properties; (3) Ap was calculated for each nanoindentation using S, the
known fused silica Es and vs, and Equations (5) and (6); (4) h. was calculated for each
nanoindentation using Equation (1); and (5) the probe area function was determined by
fitting the calculated Ap—h. data to a six-term Oliver-Pharr area function equation [2].
The ideal 24.5 value for a Berkovich probe was used for the lead coefficient in the probe
area function.

After determining Cy, and the probe area function, analyses of the fused silica
JoV/2=A¢Y/2, Ec~Agl/2, and H-A,!/? plots (Figure 9) were used to characterize the Berkovich
probe tip imperfections, verify the Cp, and probe area calibrations, and provide a metric
of the nanoindenter performance. An ideal Berkovich probe is geometrically self-similar,
which means when testing a homogeneous material, such as fused silica, the assessed
mechanical properties are expected to be independent of nanoindentation size. However,
real probes are not perfectly sharp like an ideal probe. They have tip imperfections, which
are any deviation from the Berkovich probe’s ideal shape near its tip and include rounding,
flattening, or some other irregularity. Real fused silica surfaces also have a finite roughness.
Below a threshold nanoindentation diameter (i.e., Ap!/?), the measured properties will
have an indentation size effect caused by surface roughness, tip imperfections, or modified
surface layer, as discussed in Section 3.2. For this probe, both Jo!/? and H exhibited a size
dependence for nanoindentations with Apl/? <0.266 pum, which corresponds to k. < 35 nm.
Therefore, only above this threshold nanoindentation size are experimental results reliably
understood to be characteristic of a geometrically self-similar Berkovich probe. In princi-
ple, the probe can be self-similar below this, but it is not possible to distinguish between
different causes for the indentation size effect in these experiments. In experiments on
wood cell wall layers, only data from nanoindentations above this threshold size should be
used in the structural compliance analysis and in the reported Es and H.

The Jo1/2-A¢'/? and Es-Ay'/2 plots in Figure 9 provide verification of the Cy,, and
probe area function calibrations. The constant Jol/2 for Ap/? > 0.266 um indicated that
the Cn had been accurately measured and accounted for in the data. If Jo!/2 for the larger
nanoindentations is not a constant but rather a straight line with a slope, then the Cy, is
not being correctly accounted for and the calibration analyses need to be redone. If the
Jo!/? for the larger nanoindentations is some other shape, then there is another issue that
needs to addressed, such as a dirty or damaged probe [130]. The constant Es = 72 GPa was
expected because that was the value assumed for the fused silica calibration. The higher
scatter for the smallest nanoindentations in the Es—Ag'/? data likely rose from the increased
uncertainties in the analysis of the smallest nanoindentations. Checking that Es was the
constant 72 GPa over the entire range of nanoindentation sizes only confirmed that the
probe area function was fit well over the entire range of the fused silica calibration data.
It did not provide information about the accuracy of the Cp, calculation, probe cleanliness,
probe tip imperfections, or overall quality of the fused silica calibration nanoindentations.

The values of H and Jy'/? above the threshold nanoindentation size value provided
a metric for the nanoindenter performance. When the probe area function has been
correctly fit and Es is a constant 72 GPa over the entire range of data, H and Jol/? are
directly dependent on each other and provide the same information regarding nanoindenter
performance [130]. For Berkovich probe nanoindentations on fused silica, the expected
value of Jo1/? is 1.22 um /N2, which corresponds to H = 9.2 GPa when =1 [82,92].
Different values of g will result in different values of H [130]. Oliver and Pharr suggest that
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aJo!/? in the range of 1.22 4+ 0.04 um/N'/2 indicates acceptable nanoindenter performance,
which corresponds to H = 9.2 £ 0.6 GPa. The Jo/2 =1.19 um/N'/2 and H = 8.8 GPa
in Figure 9 fell within this range. If the values fall outside of this range, then that is a
symptom of an issue that should be resolved before continuing experiments. The issue may
be related to something the user can fix, such as a dirty probe, damaged probe, incorrectly
installed probe, displacement drift issue, dirty fused silica surface, load function issue,
or experimental protocol issue. The issue may also be related to a damaged transducer
or incorrect transducer calibrations, which the instrument manufacturer will need to
help resolve.
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Figure 9. Values of (a) the square root of the Joslin-Oliver parameter (Jo?), (b) elastic modulus
(Es), and (c) Meyer’s hardness (H) as a function of the square root of the contact area (Ap'/?) for
fused silica calibration experiments. The vertical dashed line at Ay'/? = 0.266 um is the threshold
nanoindentation size below which the data are affected by tip imperfections or fused silica surface
properties. The solid horizontal lines are the averages of the properties for Ag'/? > 0.266 um with
Jo'/% = 1.192 + 0.001 um /N2, Eg = 72.0 + 0.1 GPa, and H = 8.77 & 0.02 GPa (uncertainties are

standard errors).

One issue is that the range of what is considered an acceptable fused silica | o/2and H
is quite large. Within the Jo!/? 1.22 & 0.04 um/N'/2 range, calculated fused silica areas can
be +£7%, which means two “acceptable” calibrations of the same probe can result in probe
area functions with a nearly 15% difference [130]. This means that two H measurements
in an experimental material using acceptable calibrations can be 15% different. Therefore,
to better facilitate comparisons between Berkovich probe nanoindentations, the fused
silica calibrations need to be reported. As explained in Jakes [130], the following succinct
statement can be used for this purpose: Values for the square root of the Joslin—Oliver
parameter of 1.192 4 0.001 um/N'/2, elastic modulus of 72.0 & 0.1 GPa, and Meyer’s
hardness of 8.77 + 0.02 GPa (uncertainties are standard errors) were assessed for fused silica
calibration nanoindentations with /. = 35 to 189 nm, which correspond to Apt/? =0.266 to
1.074 pm; no systematic variations of machine compliance or the Joslin-Oliver parameter
were observed in the systematic SYS plot analysis over this range of k..
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Performing fused silica calibrations and obtaining results such as those in Figure 9
are prerequisites for performing nanoindentation in wood cell wall layers and the re-
maining analysis algorithm described in this section. The fused silica calibrations should
be performed whenever there is concern that something may have changed to affect the
calibrations, such as changing transducers or if the probe is removed and manually cleaned.

4.2. Check Images of Residual Nanoindentation Impressions

Nanoindentation placement and quality are verified using images of the residual
nanoindentation impressions. These images are typically obtained by nanoindenter probe
SPM or AFM. Example SPM and AFM images are shown in Figure 10. In the 52, multiload
nanoindentations were placed in a line equidistant from the middle lamella and lumen
on the tangential side of the S2 cell wall layers. Larger CCML, such as where four cells
meet, were chosen for nanoindentations in CCML. Either SPM or AFM images can be used
to verify the nanoindentation placement. Although AFM images are higher resolution
than SPM images, the SPM images are typically much more convenient to obtain. Any
nanoindentation that overlaps an edge or another nanoindentation impression needs to be
discarded. In the SPM image of nanoindentations in the S2 layer, all seven nanoindentations
were adequately positioned and could be further analyzed. In the AFM image of the CCML
nanoindentations, the bottom nanoindentation could be further analyzed, but the top
nanoindentation overlapped the S1 layer and was discarded.

Figure 10. (a) Scanning probe microscopy (SPM) image of nanoindentations in the S2 made using the
Berkovich probe as an imaging stylus. The number markers are from the Hysitron TriboIndenter
software and identify the nanoindentations. (b) Atomic force microscopy (AFM) image of nanoin-
dentations placed in the CCML. Both the AFM and SPM images are slope-shaded to better visualize
the surface features.

Ideally, all nanoindentations should be located a few nanoindentation diameters away
from edges and other nanoindentations. However, this is not always feasible because of
the small size of wood cell wall layers. Based on the authors’ experience, nanoindentations
that do not overlap an edge or another nanoindentation can be analyzed. However,
nanoindentations very close to edges can be affected. The relative closeness to an edge
scales with the size of the nanoindentation. The nanoindentation size can be estimated
based on the diameter of the smallest circle that encloses the impression. Nanoindentations
whose centers are within one diameter of an edge or another nanoindentation should be
noted. If after the analysis algorithm the JoV/2=A0Y/2, Es~Ag'/2, or H-Ay!/? plots have
unexpected size-dependent behavior, then the nanoindentation is likely being affected and
should be discarded. If possible, it is recommended that all nanoindentations have at least
one diameter distance from its center to an edge or another nanoindentation.

Surface tilt is also checked by looking at the shape of the impression. Lines connecting
the vertices of a Berkovich nanoindentation impressions should form an equilateral triangle.
Any deviation from an equilateral triangle indicates a tilted surface. In a tilted surface,
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the A calculated using k. and an area function will be underestimated, which will lead to
overestimated EsN! and H. If surface tilt is detected, a geometric correction factor based on
measurements of the three side lengths can be used to correct Ay for surface tilt errors [133].
This surface tilt correction factor works well for surface tilts up to 6°. For higher surface
tilts, the specimen should be prepared again. All the nanoindentations in Figure 10 were
very close to being equilateral triangles and did not need a surface tilt correction.

The general condition of the tested surface and nanoindentation is also assessed from
the images. Pile-up around nanoindentations in wood cell wall layers is not expected, but
if it is present, the pile-up will affect Ay calculated using the area function [82]. Any other
anomalies should be noted. For example, sometimes there are grooves connecting nanoin-
dentations, which indicate the probe was being dragged along the surface, likely resulting
in surface detection errors. If anomalous features, such as grooves, are consistently ob-
served, then the experimenter likely needs to adjust experimental protocols.

4.3. Check Preliminary Load—Depth Trace

The rest of the analysis algorithm will be demonstrated using a representative nanoin-
dentation from the S2 and CCML. Figure 11 shows the preliminary multiload P- traces for
these nanoindentations. 52 and CCML had distinct P-} traces, and the shapes in Figure 11
are typical. The P-h traces had been corrected for Cy,, but not for displacement drift or
Cs. Their pre-nanoindentation liftoff segments had also not been analyzed for zeroing P
and h. Each of the nine loading cycles consisted of a loading, hold at Py, unloading, and
hold at partial unload segments. Some viscoelastic rebound occurs during the hold at the
partial unload segment, which results in hysteresis between the unloading segment and
the loading segment of the next cycle. The hysteresis was larger in the CMML than the S2.
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Figure 11. Representative preliminary load—depth (P-h) traces for multiload nanoindentation in (a) S2 and (b) CCML.

These P-h traces have been corrected for Cy, but not for displacement drift or Cs. Their loads and depths have also not

been zeroed.

These preliminary P-h traces can be visually inspected to identify anomalous behavior.
Taken together, the latter portions of the loading segments should form a continuously
increasing parabolic shape, as shown by the dashed line in Figure 11a. Any deviations
from this behavior, such as the concerning shapes in Figure 11a, need to be addressed. The
dot-dash line behavior could result if a large residual nanoindentation was inadvertently
created prior to the experiment, which could have happened if the preload was too high
or the probe inadvertently slammed into the surface during its initial approach before the
settling time segment. Both the dot-dash and dot line behavior could also occur if the
probe tip is dirty. The dot line behavior could also occur if debris protruding from the
prepared surface contacted the side of the probe before the probe tip contacted the surface.
A high displacement drift would also cause an obviously distorted P-h trace, which may
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cause the depth to continuously increase during an unloading segment or even the overall
depth to become negative.

Often, nanoindentations with anomalous behavior can be easily identified by plotting
all the P-h traces from a given data set together. If only a small percentage of the nanoin-
dentations in a data set have anomalous behavior, then they should be discarded before
continuing the analysis algorithm. However, a high percentage likely indicates a problem
with the nanoindenter, specimen, or experimental protocols. Using the same experimental
protocols to perform nanoindentations in materials with known properties, such as fused
silica or polycarbonate, can be useful for troubleshooting issues.

4.4. Pre-Nanoindentation Liftoff Analysis

Pre-nanoindentation liftoffs are used to detect dirty probe tips, detect issues with
nanoindenter performance, and define P = 0 and & = 0 [130]. Figure 12 shows P-h traces for
the S2 and CCML pre-nanoindentations liftoff segments. At point 1, the probe was being
held at the preload and the first datum corresponded to the end of the pre-nanoindentation
thermal drift segment. The preload was then unloaded (point 2) and the probe lifted
approximately 20 nm above the surface (point 3). The probe was then moved back toward
the surface and the initial point of contact identified when P began to increase (point 4).
The small difference in / between points 2 and 4 was likely an anelastic rebound resulting
from the preload at point 1. These P-h traces exhibited typical behavior.
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Figure 12. Load-depth (P-F) traces from the pre-nanoindentation liftoff for the (a) S2 and (b) CCML. These representative
P-h traces represent the expected behavior for a clean probe and properly performing nanoindenter.

In the preliminary P-h trace, the nanoindenter software sets the first data point of
the liftoff segment (point 1) to P = 0 and k = 0. This is obviously incorrect and needs
to be corrected. After unloading the preload, the probe is in the air and P is a constant
value during both the liftoff and reapproach segments. This constant value can be used
to define P = 0. The h at which P can be first detected to increase (point 4) is used to
define i = 0. Defining P = 0 and & = 0 can be done automatically using mathematical
analyses in instrument software or by the user [118]. However, the zeroing should always
be checked visually using P-h traces, such as those in Figure 12. If there are any issues with
the automatic method, the values will need to be set manually.

Deviations from the expected behavior in Figure 12 may indicate a nanoindenter
performance issue or dirty probe. If the reapproach P traces the liftoff P but is not a con-
stant value while out of the air, that may indicate that the spring constant or electrostatic
force constant is incorrect. The data should be discarded and the issue resolved before
repeating the experiments. If the liftoff and reapproach segments do not overlap or if
they never exhibit the expected constant P range, that likely indicates a dirty probe tip.
If the P = 0 and / = 0 cannot be clearly defined, the data will need to be discarded and the
issue resolved. A useful method for troubleshooting pre-nanoindentation liftoff issues is
to perform nanoindentations in materials with known properties, such as fused silica or
polycarbonate, using the same experimental protocols as those used in the experimental
material. If a dirty probe is suspected, sometimes the probe tip can be cleaned by per-
forming large nanoindentations in a softer material, such as polycarbonate or aluminum.
If the problem persists, the probe tip may need to be manually cleaned following the
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manufacturer’s instructions. If the probe is manually cleaned, the fused silica calibrations
need to be repeated to verify that the probe tip was not damaged during cleaning and to
recalibrate Cp, and the probe area function.

4.5. Measure and Correct for Displacement Drift

Displacement drift was measured by fitting the final 30 s of the 60-s displacement
drift segment h—t trace to a straight line (Figure 13). The slope of the straight line is the
displacement rate. The full -t trace was then corrected using the displacement drift rate.
P-h traces that have and have not been corrected for displacement drift are shown in
Figure 14. Displacement drift rates of less than +0.1 nm/s are ideal. However, typically
rates less than +0.25 nm/s can be tolerated. For higher drift rates, it is recommended to
modify stabilization protocols to improve the data quality.
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Figure 13. Depth—time (h—t) traces of the displacement drift segment for (a) S2 and (b) CCML. The displacement drift is
calculated by fitting a straight line to the final 30 s of the drift segment.
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Figure 14. Load-depth (P-h) traces with and without displacement drift corrections for multiload nanoindentations in (a)
52 and (b) CCML. These P} traces have been corrected for Cp, and their loads and depths have been zeroed. They have
not been corrected for Cs.

4.6. Preliminary Analysis

A preliminary analysis is needed to determine if any unloading segments correspond
to nanoindentations with Ay'/2 < 0.266 pm, which is the threshold nanoindentation size
below which the data were affected by probe tip imperfections in the fused silica calibration
nanoindentations. These smallest nanoindentations will need to be excluded from the
structural compliance analysis. This can be done by performing the basic nanoindentation
analysis for each unloading segment in the drift-corrected P-h trace. The S was calculated
for each unloading slope using Equations (2) and (3). Occasionally, an unloading segment
is anomalous or the fitting is unexpectedly poor. Therefore, a visual inspection of the
unloading slopes and S should be done for each unloading slope in the S2 and CCML
nanoindentations, as shown in Figure 15. The line should be tangent to the top 5-10% of the
unloading segment. The occasional anomalous data should be discarded. The procedure
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used here with this load function and fitting Equation (2) as 40-95% of Py has been found
to work consistently well for calculating S over the range of nanoindentation sizes in this
study. However, if the fits are systematically in error, then the fitting routine may need to
be improved or a different portion of the unloading segment fit to Equation (2). If, during
a data set, the S calculations are looking acceptable and then unexpectedly all become
anomalous, then that could be an indication of the probe becoming dirty or damaged. The
issue can be checked by performing nanoindentations on materials with known properties.
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Figure 15. Preliminary stiffness (S) measurements for each unloading segment in the drift-corrected (a) S2 and (b) CCML
P-h traces in Figure 14. Only the unloading segment P-F traces are plotted. The S was calculated by first fitting 40-95% of
Py of each unloading segment to Equation (2). Then, S was calculated using Equation (3) and is represented by straight lines

overlaying the unloading segments.

Figure 16 shows the preliminary EsN'-Ay'/2 and H-Ay!/? plots for the S2 and CCML
multiload nanoindentations. The preliminary estimates of EsN! and H were about as
expected, with the CCML having lower E;N! than the longitudinal S2 EsN! because of the
presence and orientation of the stiff cellulose microfibrils in the S2 [6,92,93]. The H values
were more similar for the S2 and CCML. From this preliminary analysis, the smallest
nanoindentation in the 52 was identified as being affected by probe tip imperfection
because it had an Ay'/2 < 0.266 um. Therefore, this datum will be excluded in the structural
compliance method. Although correcting data for the structural compliance will affect the
calculation of Ay, the effect will be nearly negligible for these smallest nanoindentations
with Ag'/2 < 0.266 pum.

25 - — . ] 500 .
~20 F | S2 e : S2 ]
%15, d ®®e 05 0° o ED“_’4OOf Jlooocooo. .
=100 comL J2800F 4 a4 a4 a s s
w 5¢ A A A A A 4 4 a1 1T 200 b | CCIVIL E

0 b I P L] E_. Ly P R I

0.0 0.5 1.0 15 0.0 0 5 1.0 15
1/2
(a) Ay (um) (b) Ao (um)

Figure 16. Preliminary (a) Es—Aol/ 2 and (b) H-A('/? results for each unloading segment in drift-corrected S2 and CCML
P-h traces in Figure 14. The vertical dashed line at Ag'/? = 0.266 um is the threshold nanoindentation size below which the
data are affected by probe tip imperfections. These results have not been corrected for Cs and are used to identify unloading

segments below the Ap
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4.7. Structural Compliance Method

The SYS plots in Figure 17 were constructed using the S and Py values calculated
in the preliminary analysis. The solid symbols correspond to nanoindentations with
Ag!/? > 0.266 pum, which correspond to those not affected by probe tip imperfections. The
solid symbols formed a straight line with some random variability. The straight-line
behavior helped to confirm that Jo/2 = H'Y/2 /E o4 could be assumed to be a constant for
these nanoindentations. Following Equation (7), the slope of the straight-line fit was Cs.
For the CCML nanoindentation, the Cs was negative, which suggests a constraining effect
from the nearby secondary cell walls [93]. The slightly positive Cs for the S2 can be an
effect of either a nearby free edge or specimen-scale flexing.
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Figure 17. SYS plots for the drift-corrected S2 and CCML multiload nanoindentations in Figure 14.
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The open symbol for the S2 data came from an unloading segment with Ay"/* < 0.266 pm and was

not included in the straight-line fit used to calculate Cs.

If the occasional nanoindentation has an SYS plot that is not a straight line, then that
suggests an anomalous experiment that can justifiably be discarded. If all the nanoinden-
tations in a data set have SYS plots that systematically deviate from straight lines that
could indicate a dirty probe or another nanoindenter performance issue. Dirty probes and
performance issues can be checked by performing experiments on materials with known
properties, such as polycarbonate and fused silica. If no issues are identified on these
known materials, then it is likely that the constant ]y assumption is invalid and H and/or
E; are size-dependent. This may occur if the tested material is not adequately thick and has
a free edge or heterophase interface immediately below the specimen surface. If possible,
smaller nanoindentations should be performed to minimize the thickness effect, or the spec-
imen should be prepared again to increase the thickness. If neither of those is possible, then
it may be necessary to employ a thin film analysis combined with a structural compliance
analysis to accurately assess the mechanical properties, such as in the silicon-on-insulator
thin film example described by Jakes and co-workers [93]. It is also possible that small and
gradual size effects in H or E are present but do not cause the data to deviate detectably
from a straight line. This situation is the most difficult case to isolate.

Figure 18 shows the P} traces corrected for Cs. The effect of the Cs correction increased
with increasing load because / was corrected by the product PCs. While the C; correction
on the 52 P-h trace was barely noticeable, the correction on CCML was quite substantial.
The Cs correction did not affect the P, but the & decreased for the S2 because Cg > 0, whereas
the h increased for CCML because Cg < 0.
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Figure 18. Load—depth (P-h) traces with and without Cs corrections for the multiload nanoindentations in (a) S2 and (b)
CCML. These Cs corrected P-h traces are the final ones and have been corrected for Cp,, displacement drift, and Cs, and
their loads and depths have been zeroed.

The uncorrected and Cs-corrected EN'-Aq1/2 and H-Aj'/2 plots are in Figure 19.
Overall, the Cs correction had a bigger effect for the larger nanoindentations than the
smaller ones. Additionally, the Cs correction had a very small impact on Ag and therefore a
very small effect on H [112]. As observed in Figure 19b, the effect of the Cs correction on
the H of the smallest S2 nanoindentation was negligible, which confirms that the previous
preliminary analysis is adequate for determining the smallest nanoindentations that need
to be excluded in the SYS analysis. The largest impact of the Cs correction was in the EgN!
for the larger nanoindentations. In the S2, the largest nanoindentation EN!increased by
7% from 15.4 to 16.4 GPa. The Es decreased by 9% from 5.9 to 5.4 GPa for the CCML. The
effect of the Cs correction was less than 2% for the Eg of the smallest nanoindentations.

25 ¢ & —— w , 500 [ -
—20f I S2 1= 400 | S2 :
o15f 9®%e®ee0® e g eseeecee g E
C0F 1 cemL 12300F 1, . a4 4 4 4 A A4 -
w5t !A A A A A A A A /A EIZOOi ; CCML E
0 E— [ . Ll ol T [ I N S L
0.0 1.0 15 0.0 0.5 1.0 15
(@) Ay (um) (b) Ay (um)

Figure 19. (a) Es—A('/? and (b) H-A!/2 results for each unloading segment in the S2 and CCML P-/ traces in Figure 18.
The open symbols have not been corrected for Cs, and the closed symbols have been corrected for Cs. The vertical dashed

line at Ay!/2

=0.266 um is the threshold nanoindentation size below which the data are affected by probe tip imperfections.

4.8. Check for Surface Detection Errors

Next, the Cs-corrected Jo'/2-Ap/2, ENI-A(1/2, and H-A,'/?2 plots (Figure 20) were
examined to identify potential systematic & surface detection errors. Systematic errors
of even a few nm will have a noticeable effect. An h surface detection error affects Ay,
and the effect will be larger for the smaller nanoindentations because the error will be
a larger proportion of the hy. As Jol/% is independent of Ay, Jo!/2 will not be affected
by surface detection errors. However, both H and Es will be affected by the error in Ay.
Furthermore, the effect will be larger in H than Es because H depends on Aj and Es depends
on Ayl/2. Using this understanding of how h surface detection errors affect J 02, E,, and
H, surface detection errors should be strongly suspected when the following four criteria
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are simultaneously met for the nanoindentation data larger than those affected by probe
tip imperfections:

1. ]01/ 2 is constant.

2. Both Es and H appear to increase or decrease with increasing nanoindentation size.
3. The size effects in Es and H are stronger in the smaller nanoindentations.

4.  The size effect is stronger in H than in E;.
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Figure 20. (a,d) JoV/2-A0Y/2, (b,e) Es—~A(Y/?, and (c,f) H-Ay1/? plots for each unloading segment in the (a—c) S2 and (d—f)
CCML P— traces in Figure 18. The vertical dashed line at Ay!/? = 0.266 um is the threshold nanoindentation size below
which the data are affected by probe tip imperfections. The open symbols simulate the effects of surface detection errors

with the open squares adding 5 nm to / and the open triangles subtracting 5 nm from .

As expected, in Figure 20, the plots of Jol/? for Ag'/? > 0.266 pm are flat, which
indicates that [y is a constant and the data have been corrected for Cs. It would also
be expected that EN' and H would be constant for Aop/? > 0.266 pm. The S2 data had
some variability but were relatively constant with no systematic trends. However, for
CCML, both the E{N' and H appeared to systematically increase with increasing Aq'/2.
Furthermore, the trend was stronger in H than in ENIL Following the four criteria above,
this is a strong indication that there may have been a surface detection error in # in the
CCML data.

To simulate the effects of an /1 surface detection error, also included in Figure 20 are
Es and H calculated with 5 nm added to or subtracted from k. Jy!/2 was independent of
Ap and therefore not affected by h surface detection errors. The effect of surface detection
errors was larger in H than Eg and was larger for the smaller nanoindentations.

The simulated surface detection errors highlight the importance of minimizing surface
detection errors and defining i = 0 as accurately as possible. In the pre-nanoindentation
liftoff analysis (Figure 12), the S2 h was corrected by 4 nm and the CCML & was corrected
by 7 nm. Without these corrections, i would have been underestimated, and reported
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properties, especially H, would have displayed obvious size dependence with decreasing
H for decreasing nanoindentation sizes, such as the simulated values with a subtracted
5 nm. These types of surface detection errors are best detected by performing multiload
nanoindentations and employing this analysis algorithm.

Figure 20 shows that the size effect observed in the CCML could be explained by
subtracting approximately 3 nm from the h. This type of surface detection error could
be caused by surface roughness and the probe tip making initial contact with an asperity
protruding about 3 nm from the surface. Surface roughness is a source of random vari-
ability in nanoindentation measurements. Within the CCML data set, this was the only
nanoindentation that exhibited this type of behavior in size dependence. Therefore, there
was no reason to discard the data.

If many or all nanoindentations in a data set exhibit behavior indicative of a systematic
h surface detection error, then either the experimental protocols need to be improved or
a new minimum nanoindentation size needs to be chosen to exclude the data obviously
affected by surface detection errors. The most common systematic / surface detection
error is an underestimated /, which can occur if a nanoindentation is started directly
from a preload or if the preload was too high and created a pre-nanoindentation hardness
impression. Nanoindentations with an underestimated / exhibit behavior, such as the data
with 5 nm subtracted in Figure 20. If it is not possible to improve the experimental protocol,
such as by decreasing the preload or approaching an undeformed surface immediately
prior to the nanoindentation, then a new minimum nanoindentation size that is not affected
by the h surface detection error needs to be chosen. This can be done by using H-Ag'/?
plots to help identify the transition to a constant region. If there is no distinct region of
constant H, then the data may not be usable. If possible, larger nanoindentations could
be performed and analyzed to see if a constant region forms. It also may be possible to
attempt to correct the data using a surface detection error model [1,117,118]. However,
some caution is advised because there will be substantial uncertainties in applying the
models, and surface detection errors of only a few nm will have a large impact on results,
as shown in Figure 20.

Another avenue to removing h surface detection errors from the H and Es results
is to rely on independent measurements of Ay made from high-resolution images of the
residual nanoindentation impressions instead of the probe area function Aj. The measured
Ay is independent of any / surface detection errors but is instead subject to uncertainties
caused by the finite resolution of the microscope and how the area is measured. Note that
Py, S, and therefore |j are also not affected by h surface detection errors. Therefore, H can
be directly calculated using the final Py and the measured Aj. The SYS plot can also
still be constructed and used to correct the final S for Cs before calculating Eg using the
measured Ay.

4.9. Compare to Independent Area Measurements

As a final check, the H and Eg results should at least be qualitatively evaluated using
images of the residual nanoindentations. Figure 21 shows AFM images of the residual 52
and CCML nanoindentations analyzed in this section. Both nanoindentations had 0.6 mN
final Py. Even visually, the CCML nanoindentation can be observed to be larger, which
indicates that the CCML H is smaller than the S2 H. This trend agrees with the H results
calculated using /. and the area function shown in Figure 19. Similar qualitative checks
can also often be made using lower resolution SPM images.

The Ag can also be quantitatively measured from the high-resolution calibrated AFM
images in Figure 21. Examples of how the contact edges were defined for the area mea-
surements are shown as dashed lines. Using the measured Ay, values of H = 370 MPa
and Es = 15.5 GPa were calculated for the final unloading segment in the S2 multiload
nanoindentation. H = 310 MPa and Egs = 5.9 GPa were calculated for the CCML. These
values agree well with the corresponding results in Figure 19.
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(b)

Figure 21. Atomic force microscopy (AFM) images of a nanoindentation in the (a) S2 and (b) CCML. The dashed lines show

examples of how the contact edges were defined for manually measuring the contact areas.

5. Results and Discussion

In total, 92 S2 nanoindentations were performed on either side of the double cell wall
within the single row of daughter cells indicated in Figure 8. Additionally, 29 multiload
nanoindentations were placed in the CCML. All nanoindentations were analyzed using the
algorithm described in Section 4. From overview images of the residual nanoindentation
impressions, two 52 and three CCML nanoindentations were discarded because they
overlapped another cell wall layer or were placed in an obviously damaged area of a cell
wall layer. One S2 nanoindentation was discarded because its preliminary P} trace had a
concerning shape like the dashed line in Figure 11.

The number of unloading segments that met the Ag*/~ > 0.266 um size criteria for the
remaining nanoindentations ranged from zero to nine, depending on the material and final
Py. To begin to understand the effects of final nanoindentation size on the analysis, initially
only nanoindentations with at least three unloading segments that met the size criteria
were included. The Jy1/2-A'/2, E;N-A(1/2, and H-A,'/2 plots for these nanoindentations
are shown in Figure 22.

It is useful to compare the size dependence of the data in Figure 22 to the fused
silica results in Figure 9. The most important feature is that for Ag'/? > 0.266 um, there
was no size dependence in the 52 and CCML data. This indicates that over this range of
nanoindentation sizes, the data were characteristic of a Berkovich probe and did not exhibit
an indentation size effect, which agrees with previous work for wood cell walls [92,93,115].
The constant properties for Ag!/? > 0.266 um were also a good indication that structural
compliances had been properly accounted for, and there was not a substantial  surface
detection error.

For the smaller nanoindentations with A¢'/2 < 0.266 pm, the S2 and CCML H de-
creased with decreasing nanoindentation size like the fused silica H. However, for EsN!
and Jy!/2, these small wood cell wall nanoindentations behaved differently than the small
fused silica nanoindentations. The J,!/2 remained constant for the smallest S2 and CCML
nanoindentations, whereas it decreased for fused silica. Additionally, the wood cell wall
ENI decreased with decreasing nanoindentation size, which contrasted with the constant
EsNlin fused silica. There are two likely explanations that may account for these differ-
ences. The first is that the Jy'/2 remained constant because cell wall H and EN' were not
affected by the probe tip imperfections, and the decreases in H and E;N! for the small

1/2
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nanoindentations were artifacts caused by small systematic surface detection errors. The
other possible explanation is that the cell wall EN' was being affected by the probe tip
imperfections. The elastic moduli of polymeric materials, such as wood cell walls, are
much more sensitive to hydrostatic pressure than fused silica, with polymer elastic mod-
uli increasing with increasing pressure [134,135]. Beneath a nanoindentation probe, the
effective hydrostatic pressure scales with the effective sharpness of the probe with blunter
probes have lower pressures and sharper probes [100]. For the smallest nanoindentations,
probe tip imperfections make the Berkovich probe effectively much blunter. Therefore, the
hydrostatic pressure is low for the smallest nanoindentations and increases until the nanoin-
dentation becomes large enough that it becomes characteristic of a pyramidal Berkovich
probe. It is possible that the decreasing EsN! with decreasing nanoindentation size was
caused by this hydrostatic pressure effect. In addition, Jo/2 = HY/2 /E ¢ remained con-
stant because the effect happened to be of the needed magnitude to compensate for the
decreasing H. The correct explanation remains uncertain. Regardless, the most important
observation from Figure 22 is that the properties do not depend on nanoindentation size
for Ag'/? > 0.266 pm.
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Figure 22. Summary (a,d) ToM2-Ag'/2, (b,e) Es—Ag/2, and (c,f) H-Ay/2 plots for (a—c) S2 and (d—f) CCML. The vertical
dashed line at Ag'/? = 0.266 um is the threshold nanoindentation size below which the data are affected by probe tip

imperfections. These summaries include data from all multiload nanoindentations with at least three unloading segments
that met the Ag!/2 > 0.266 um size criteria.

The results for Ag'/? less than about 0.5 tm had more scatter in Figure 22, especially for
the S2. This scatter was mainly caused by the large scatter and uncertainties in the measured
Cs for the smaller nanoindentations. Figure 23 shows the C as a function of final Ag'/? for
all nanoindentations that had at least three unloading segments with Ag!/? > 0.266 um. The
plots show that scatter and uncertainty in Cs decreased when the Cs was determined from
larger multiload nanoindentations in which more unloading segments met the minimum
size criteria and were used in the straight-line fit of the SYS plot.
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Figure 23. Cs—Final Aol/ 2 plots for (a) S2 and (b) CCML. These plots include data from all multiload nanoindentations with
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at least three unloading segments that met Ay"/“ > 0.266 um size criteria. The error bars represent uncertainties based on a

least squares analysis for corresponding straight-line fits.

To further investigate the relationship between final Ay'/? and measurement vari-

ability, results are binned in Table 2 using their final Ay'/2. Both the standard deviations
and standard errors are included in the table. The standard deviations provide informa-
tion about the variability of the measurement, whereas the standard error represents the
precision of the measurement. Bin 1, with final Ag'/? up to 0.5 um, had substantially
higher standard errors, especially in the S2 EsN!. However, for bins 2-5, the scatter was
about an order of magnitude lower and the standard errors were relatively constant. The
nanoindentations in the bin with final Ay!/2 between 0.5 and 0.75 um had between 5 and
7 unloading segments that met the Ag'/2 > 0.266 um criteria.

Table 2. Nanoindentation elastic modulus (Es) and hardness (H) results binned into groups by their final nanoindentation

sizes, as defined by the square root of their final contact area (Final Agl/2).

S2
Final Ay"/? Range Number of Eg H
Unloading Ave ? Std 5 Ste © Ave Std Ste
Bin (um) N1 n?2 Segments 3 (GPa) (GPa) (GPa) (MPa) (MPa) (MPa)
1 0.33-0.5 25 100 3to5 18.9 11.0 1.15 376 28 3
2 0.5-0.75 20 128 5to7 15.7 1.7 0.15 375 19 2
3 0.75-1.0 12 88 7t08 15.6 1.2 0.12 391 21 2
4 1.0-1.25 13 112 8 15.9 0.8 0.08 381 17 2
5 1.25-1.53 15 129 8to9 15.7 0.8 0.07 375 15 1
CCML
Final A2 Range Number of Es H
Unloading Ave Std Ste Ave Std Ste
Bin (um) N n Segments (GPa) (GPa) (GPa) (MPa) (MPa) (MPa)
1 0.31-0.5 5 18 3to5 5.1 0.2 0.04 305 6 2
2 0.5-0.75 6 37 5to7 49 0.3 0.06 300 14 2
3 0.75-1.0 6 45 7t08 5.0 0.2 0.04 294 11 2
4 1.0-1.25 4 33 8to09 4.7 0.2 0.03 286 12 2
5 1.25-1.58 5 45 9 4.8 0.2 0.04 284 11 2

1/2

! N—number of multiload nanoindentations in the bin. 2 n—number of unloading segments in the bin that met the Ag'/2 > 0.266 pm size
criteria. 3 Number of unloading segments—Range for the number of unloading segments that met the Ag'/? > 0.266 ym size criteria for the
multiload nanoindentations within the bin. 4 Ave—Average. 5 Std—Standard deviation. ¢ Ste—Standard error.

Based on these results, to avoid excessive variability, it is recommended that nanoin-
dentations using this load function be sized such that they have at least six unloading
segments that meet the minimum size criteria. Figure 24 shows the | 0/2-Ag1/2, ENI_A,1/2,
and H-Aq'/? plots for all the nanoindentations with at least six unloading segments that
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met the Ag!/2 > 0.266 um size criteria for this probe. The scatter was greatly reduced for
smaller Aol/ 2, especially in the S2. The smallest nanoindentations that met this criterion
had final Ay!/2 values of about 0.5 um, which corresponds to Ag = 0.25 um?. The diameter
of the smallest circle that encloses a nanoindentation that size is about 0.9 um. Using the
recommendation that nanoindentations have at least one diameter distance from their
center to an edge, this means the smallest feature that should be measured using this probe
is two times the circumcircle diameter, or about 1.8 um across. Probes with smaller tip im-
perfections would be able to probe smaller features. However, larger nanoindentations are
generally better to overcome surface detection errors and further reduce Cs uncertainties.
The enclosing circle diameters for the largest nanoindentations in this study were about
2.6 pm, which is about as large as recommended for the latewood S2 cell wall layers here,
which are 5-6 um across.
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Figure 24. Summary (a,d) To!/ 2—Aol/ 2 (b,e) Es—Ag'/2, and (c,f) H-Ay!/2 plots for (a—c) S2 and (d—f) CCML calculated using
area function areas. The vertical dashed line at Ay!/2 = 0.266 pm is the threshold nanoindentation size below which the data
are affected by probe tip imperfections. These summaries include data from all multiload nanoindentations with at least six
unloading segments that met the Ap'/? > 0.266 um size criteria. The solid horizontal lines are the averages of the properties
for Ap'/2 > 0.266 pm. For the S2, Jo1/2 = 0.902 + 0.003 pm /N2 ENI = 15.74 + 0.05 GPa, and H = 379 + 1 MPa. For the

CCML, J,1/2

=250 4+ 0.01 um/ N2 E =487 + 0.02 GPa, and H = 291 + 1 MPa. The uncertainties are standard errors.

In Figure 25, the H and EsN! based on Ay measured manually from AFM images
were compared to the average properties assessed with the area function Ag shown in
Figure 24. Results are reported only for the final unloading segment because that is the
segment that corresponds to the measured Aj. As the Eg depends on the Cg correction,
only the nanoindentations that met the six unloading segment criteria were included. In
contrast, only Py is needed to calculate H with the measured Ay, therefore H is reported
for all the nanoindentations. The properties calculated with the measured areas were
slightly higher than those using area function areas. The H and EsN! were 5% and 2%
higher for the S2, respectively, and 11% and 7% for the CCML, respectively. The agree-
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ment between the properties assessed with the different areas is reasonable, especially
considering the uncertainties in manual area measurements and the uncertainties in the
underlying theory behind probe area functions determined using fused silica calibration

nanoindentations [105,130].
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Figure 25. Summary (a,c) EsN'_Final Ay'/2 and (b,d) H-Final A,'/2 plots for (a,b) S2 and (c,d) CCML calculated using mea-

1/2

sured areas instead of area function areas. Only Final A"/ < are included because the measured contact area corresponded

to the final unloading segment in the multiload nanoindentation. For EsN!, data are only included from all multiload

1/2 5 0.266 um size criteria. The vertical dashed line at

nanoindentations with at least six unloading segments that met the A,
Agl/? = 0.266 um is the threshold nanoindentation size below which the data are affected by probe tip imperfections. For the

32, ENI=16.0 4+ 0.2 GPa and H = 399 + 2 MPa. For the CCML, Eg = 5.2 + 0.1 GPa and H = 324 + 4 MPa. The uncertainties

are standard errors. The solid horizontal lines are the averages of the properties for Ag

1/2 5 0.266 um calculated using area

function areas from Figure 24 and are included for comparison.

Similar to the area function results in Figure 24, there was no indentation size effect
in the measured Aj results. Although these results agree with previous work on wood
cell walls [92,93,115], the present work is a much larger data set and provides a more
rigorous confirmation that Berkovich nanoindentations in the S2 and CCML do not exhibit
an indentation size effect for nanoindentations large enough to overcome tip imperfections.
This further supports that [ is a constant and the straight-line fit assumption of the
structural compliance method is valid.

Wood cell wall nanoindentation still lacks a standardized statistical analysis for re-
porting results with uncertainties. Uncertainties arise from both the nanoindentation
measurement and the natural variability in wood specimens. Nanoindenter performance
and fused silica calibrations will inevitably introduce biases into the measurements. The
uncertainty analysis in the International ISO 14577-1 standard for nanoindentation [136],
which was formulated for hard, rigidly supported homogeneous materials, such as metals,
would be a logical starting point to establish a statistical analysis for estimating the mea-
surement uncertainty in wood cell wall nanoindentations. The sources in measurement
uncertainty identified in the ISO 14577-1 standard include defining & = 0, defining P =0,
P and h measurements, fitting unloading segments, displacement drift rate, surface rough-
ness effects on the probe area function Ay, C,, probe area function, transducer calibrations,
and test surface tilt. Additional sources of measurement uncertainty, such as Cs and RH,
would need to be included for wood cell wall nanoindentation. There are also numerous
potential sources of wood specimen uncertainties, including natural variability between
cell walls in different cells within a prepared surface, differences in sample preparation,
and variability between different pieces of wood. Any rigorous statistical analysis would
need to include both the measurement and specimen uncertainties.
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Developing a rigorous statistical analysis falls outside the scope of the current paper.
Lacking a rigorous statistical analysis, the currently recommended approach to report
EsN'and H is to first employ the above analysis algorithm. All the acceptable unloading
segments from the nanoindentations in each treatment can be grouped to calculate the
averages and standard errors for each treatment. Observations can then be made from the
reported averages and standard errors. However, standard errors represent only the preci-
sion of a measurement and do not account for potential biases caused by systematic errors.
Inevitably, many issues introduce substantial systematic errors into the measurements, such
as nanoindenter performance, fused silica calibrations, and sample environment. Therefore,
when trying to detect differences between treatments, it is best to perform nanoindentation
for all the treatments in a single experimental run. When all treatments cannot be tested in
the same experimental run, potential biases should be taken into consideration in the report-
ing of results, such as by reporting different fused silica calibration results or differences
in temperature and RH conditions. Within a study, potential sources of systematic errors
between specimens and treatments also need to be addressed, such as potential differences
in cellulose MFA. It is always best practice to include as much information as possible to
allow the reader to also make their own judgments on the meaning of reported results.

6. Conclusions

Nanoindentation has proven to be a valuable tool for assessing mechanical properties
of complex micrometer-scale materials, such as wood cell walls. Quasistatic Berkovich
probe hardness and elastic modulus are the most common measurements. However, such
measurements can readily be affected by systematic errors when traditional methods
are applied to experiments in wood and forest products. In this paper, nanoindentation
protocols and an analysis algorithm were developed to improve the accuracy of quasistatic
Berkovich hardness and elastic modulus measurements in complex materials, such as
wood cell walls.

The efficacy of the improved methods was demonstrated by analyzing a series of
multiload nanoindentations in the S2 and CCML of loblolly pine. The nanoindentations
spanned a wide range of sizes. Based on these results, to minimize excessive variability, it
is recommended that, for the multiload function used in this study, nanoindentations be
sized such that they have at minimum six unloading segments that can be included in the
analysis. For different Berkovich probes, the nanoindentation size that meets this criterion
will depend on the magnitude of the probe tip imperfections. Larger tip imperfections will
require larger overall nanoindentations. In general, larger nanoindentations produce better
results. It is also recommended that the nanoindentation be placed and sized such that no
edges or other nanoindentations are within one circumcircle diameter from its center.

Circumstances may sometimes necessitate making small nanoindentations that have
fewer than six unloading segments that meet the minimum size requirement. Increased
variability would be expected for these small nanoindentations, mostly because of the
increased scatter and uncertainty in the Cs measurements. However, if there is too much
scatter in the measurements, it will not be possible to check the size-dependent data for
surface detection errors, which is important because small nanoindentations are very
susceptible to large errors caused by surface detection errors. As the smallest nanoinden-
tations are not expected to be substantially affected by Cs, it may be reasonable to omit
the structural compliance analysis in the analysis algorithm to decrease the variability and
more easily check for surface detection errors. The JoV/2-AoY2, ENI_A(1/2 and H-A,!/?
plots should still be examined to check for potential errors caused by Cs and surface de-
tection errors. If there is no evidence of a Cs effect and the data above the minimum size
defined by the fused silica calibrations are independent of size, then the results are probably
acceptable. However, whenever possible, the structural compliance method should be
employed to remove the potential for artifacts in the results arising from edge effects and
specimen-scale flexing.
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