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The mechanical performance of composite materials is determined by the mechanical
properties of their individual components and the effective load transfer between these
components. Binders are commonly used to bond composite components together and to
provide effective load transfer between them. In wood-based composites the bindercomponent load transfer occurs at the micro-scale (1-100 µm), where complex
morphologies are in play. The bonding of these materials is relatively well understood on
the molecular level with respect to the chemical compatibility of the binder and
components, but the load transfer and the relative contribution of surface adhesion forces

of wood tissue at the micron- and sub-micron scale remains a subject of limited
understanding.
Understanding of the load transfer at this scale requires experimental observation of the
responses of complex bond morphologies to external loads. It should be noted however,
that load transfer in bonds in terms of internal force distribution and stress cannot be
measured directly. Instead, methodologies are needed that allow back calculating
complex stress distributions in the bond interphase from experimental measurements of
displacements and strains.
Recently, a conceptual framework for an integrated method for multi-scale/multi-modal
investigation of micro-mechanical interaction in bond interphases has been proposed
where measurements of properties associated with the load transfer across composite
bonds were integrated with predictive numerical modeling tools (Muszynski et al. 2013)
(reproduced in Appendix C). This general framework and the modeling tools used are
generic and can be applied to a variety of composite materials.
The general goal of this dissertation was to develop the crucial non-generic components
for this approach, which are the specialized, experimental measurement tools, methods
and procedures that are paired with modeling tools.
Consequently, measurement methodologies have been developed to assess the
deformations and strain patterns across the particle-matrix bonds in WPCs and across
adhesive bonds in layered composites. The measurements in these methodologies are

valuable as input data and are spatially tied to coordinate systems making them easily
compatible with three-dimensional numerical modeling tools.
A measurement methodology has also been developed to investigate local surface free
energies of wood tissue at a micron and sub-micron scale. These measurements are able
to further inform and enrich the predictions made by numerical models with respect to the
bonding morphology.
Currently these methods are being used to further develop, refine and ultimately validate
the numerical model used to quantify and analyze load transfer in wood composite bonds.
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CHAPTER 1

GENERAL INTRODUCTION

2
Background
Composite materials are solid materials consisting of two or more components bonded
together but remaining distinct and physically unmodified. Composites can be engineered
to achieve properties defined by the end use by combining desirable traits of individual
components into single materials that meet design requirements. Mechanical properties
are often optimized by selecting components for their strength, stiffness, flexibility, and
durability but when compared with individual materials, composites may also offer more
consistent performance, lower production costs, and create an avenue for the utilization
of renewable resources.
One desirable feature of composite materials is a durable bond capable of transferring
load from one component to another. In wood-based composites the load transfer is
commonly facilitated by binders. Figure 1.1 highlights some of the ways these binders
are used in wood-based composites. Larger components can be bonded together with thin
continuous bondlines like those in glulam beams, laminated veneer lumber, or plywood.
Particles can be bonded to each other with many small, discrete point connections like
those found in fiberboards, particleboards, and oriented strand board. Binders can also
comprise a substantial volume fraction of the composite serving as a matrix material as in
wood plastic composites (WPC).
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Figure 1.1. Composite binder functionality.
The bonding of materials is relatively well understood on the molecular level with respect
to the chemical and physical compatibility of the binder and components. Composite
manufacturing practices are also relatively well understood and optimized, but the load
transfer at the micro-scale (cellular, 1-100 micron) in wood-based composites remains a
subject of limited understanding.
As Hull and Clyne (1996) stated, understanding load transfer is key to understanding the
composite’s mechanical behavior. Understanding the load transfer at this micro-scale in
complex morphologies displayed in heterogeneous, cellular, bio-based materials is
crucial to further improving the bonding efficiency in renewable composites. However,
load transfer and stress in bonds cannot be measured directly. There is a need for
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methodologies that would allow back calculating complex stress distributions in the bond
interphase from measured deformation patterns.
One way of approaching such complex problems is an inverse problem approach
proposed by Grediac and Pierron (1998), in which experimental measurement and
modeling are integrated in an iterative procedure. In the context of wood-based
composites Muszyński et al. (2013) (reproduced in Appendix C) proposed an integrated
method for multi-scale/multi-modal investigation of micro-mechanical wood-adhesive
interaction generally based on the inverse problem approach (Figure 1.2). The application
of this approach to an investigation of adhesive bonds in laminated composites is
described in detail by Kamke et al. (2014) (reproduced in Appendix A).

5

Figure 1.2. In the inverse problem approach experimental and simulated results for the
same system are repeatedly compared until an acceptable level of error is achieved by
adjusting model parameters.
The outcome of this methodology is that load transfer can be assessed through
investigation of the simulated stress distribution throughout the volume of the composite.
An integral piece to this methodology are experimental measurements whose results are
used as reference for numerical simulations (shown in boxes A and B of Figure 1.2). A
comprehensive comparison without loss of information requires that the output of the
experimental measurements is compatible with the numerical simulation results (shown
in boxes C and D). In addition, in wood-based composites, these experimental
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measurement tools have to account for the complexity of the bond microstructure. The
output of these measurements must be spatially tied to a coordinate system related to that
of the numerical model output. With coordinate points each having a measured
displacement or stress value associated with it, 2D and 3D value maps can be coupled
with maps generated by the numerical model. By comparing these maps point by point,
the model can be refined and ultimately validated. The numerical modeling approach is a
generic one that can be used for any number of applications, but the measurements
represented in Figure 1.2 by boxes A and B tend to be specific to given project or
material at hand. They often involve non-standard testing methodologies. The important
criterion for such experimental methodologies is not only accurate measurements of the
desired property, but equally important is the compatibility of its data output with the
numerical model of choice.
The objectives of this dissertation were to:
A. Develop efficient and reliable methods for measurement of strain patterns related
to load transfer across composite bonds with complex morphologies. Integration
of these measurements with the inverse problem approach requires that the
measurement methods generate output in formats compatible with the numerical
models used to predict the stresses within the volume of the composite and make
statements on the load transfer efficiency. Specific methods will be developed to
measure deformations and strains across two types of bonds commonly found in
wood-based composites:
a. Across the particle-matrix bonds in WPCs
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b. Across adhesive bonds in layered composites
B. Develop methods to investigate local affinity properties of composite components
with complex morphologies to further inform the numerical model input related to
the bonding morphology.
Dissertation Structure
This dissertation is written in manuscript format. The three manuscripts in the core of this
dissertation refer to three different research threads associated by a common theme,
which is the development of efficient and reliable methods for the measurement of
composite component properties associated with the load transfer across composite bonds
with complex morphologies.
Chapter 2 contains a non-manuscript literature review that provides aspects of the state of
the art that are not covered in the individual manuscripts. A comparison of similarities
and differences in the forming, structure, and performance of bonds in wood plastic
composites and adhesive bonded laminates will also be covered.
Chapter 3 contains a manuscript published in the journal Holzforschung and addresses
objective Aa through the development of a methodology to investigate the load transfer
in wood plastic composites (WPCs) by optical measurement of surface strains and
deformations produced by wood particles embedded in a polymer matrix.
Chapter 4 contains a manuscript currently under review in the journal Holzforschung and
addresses objective Ab through the development of a methodology to optically measure
the surface strains and deformations of adhesive bondlines in wood laminates at a micro
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scale. The methodology developed and described in this manuscript has been utilized in
an advanced multi-scale and multi-modal methodology to back calculate the complex
stress distribution in the adhesive bond interphase. This advanced methodology was
published in Wood and Fiber Science and is included as Appendix A. In addition, a coauthored proceedings paper detailing the experimental integration process used in this
study has been included as Appendix C. These two appendices reflect this author’s
contributions to the overall project and provide context to the manuscripts in this
dissertation.
Chapter 5 contains a non-manuscript description of the author’s contributions to an
investigation which addresses objective B by developing a methodology to probe and
investigate surface free energies of wood surfaces exposed during bonding at a micro
scale. This study was conducted during the author’s six-month scientific mission in the
Department of Organic and Wood-Based Construction Materials at the Technische
Universität Braunschweig in Braunschweig, Germany under the direction of Dr. Frank
Stöckel. As customary at the Technische Universität Braunschweig, this author’s advisor
and mentor, Dr. Frank Stöckel, was granted first authorship, and this author as second
author regardless of original contributions to the work. The manuscript resulting from
this joint investigation (Stöckel et al. 2014) has been submitted to the Holzforschung
journal (in review). This chapter does refer to the submitted manuscript which has been
included as Appendix B.
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Chapter 6 contains the general conclusion, which summarizes the conclusions from the
previous chapters with respect to the objectives of this dissertation. It is followed by the
bibliography and appendices.
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CHAPTER 2

LITERATURE REVIEW
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The manuscripts in this dissertation describe measurement methodologies for different
composite materials and different properties of interest, yet there are still many common
themes in which they are connected. This literature review provides background material
for the following manuscripts and explores these common themes.
Wood-Based Composites
One common feature of composite materials considered in this dissertation is a bond
capable of transferring load from one component to another facilitated by binders.
Wood Plastic Composites
Wood-plastic composites (WPCs) contain a wood component in particle form (wood
particles/wood flour), a polymer matrix, and a small amount of processing and
performance additives. The wood component is used as a filler or reinforcement and the
polymer matrix is what binds the components together and transfers external loads and
internal stresses in the composite.
WPCs are produced by melting the polymer, mixing the molten polymer with the wood
particles, and forcing the mixture through a die into the desired shape. The heated mixing
procedure promotes polymer penetration into the micro-structure of the wood and
encapsulates the particles in a three dimensional matrix facilitating load transfer between
particles. Various additives are used to help lubricate the manufacturing process and to
improve the bonding performance of the wood and polymer components (Clemons 2002).
WPCs have found success in a variety of markets including outdoor decking, railings,
fences, and landscaping timbers. However, the number of applications for WPCs is
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limited to service not requiring high mechanical performance (Clemons 2002). The
mechanical performance of WPCs is determined by the mechanical properties of their
individual components and the internal bonds providing load transfer between these
components. Improving the performance of these composite requires specific knowledge
of characteristics related to the bond at a micro-scale including the complex anatomical
structure of wood, the polymer matrix, and the interactions between the two
(Schwarzkopf and Muszyński 2014).
Layered Wood Composites
Layered wood-based composites describe a variety of products including glue-laminated
timber, laminated veneer lumber, plywood, and cross laminated timber. The layers, or
laminates, are smaller pieces of dimensional lumber or veneer. The surface of the wood is
prepared by planing, peeling, or slicing and produces a relatively smooth surface. The
binder is then applied as a continuous layer between the individual laminates. Depending
upon binder type, a hot or cold press applies pressure to the layup and causes the binder
to penetrate into the micro-structure of the wood forming a polymerized binder system
(Kamke and Lee 2007).
Composite Binders
WPC Binders
WPCs use polymers as the matrix material which bonds the wood particles together and
provides the transfer of external loads and internal stresses within the composite.
Commonly used thermoplastic polymers are a class of polymers that can be melted,
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solidify when cooled below the melting temperature, and be re-melted maintaining
similar mechanical properties. High density polyethylene (HDPE), polypropylene (PP),
and polyvinyl chloride (PVC) are the most common thermoplastic polymers used in
WPCs. HDPE accounts for the majority of the thermoplastics used in WPCs at 83%,
followed by PP at 9%, and PVC making up 7% of the total WPC thermoplastic volume
(Caulfield et al. 2005). These thermoplastics can be melted at relatively low temperatures
below wood’s thermal degradation occurring at 180-200 °C, and at the service
temperatures they can be cut, screwed, and nailed with tools already used for wood
processing.
Layered Wood-Based Composite Adhesives
Layered wood-based composites use a variety of adhesives including phenol
formaldehyde, phenol resorcinol formaldehyde, polyvinyl acetate, and poly methylene
diphenyl diisocyanate. Thermosetting adhesives, when cured, have irreversible crosslinked bonds. After the adhesives have been applied as a continuous layer, pressure is
applied. During this stage of manufacture, the pre-polymeric adhesives may penetrate
into the wood cell wall structure and when cured will form a polymerized adhesive
system. The penetration into the wood structure corresponds to the scale of the wood
structure, and is thus defined on the micron level (Kamke and Lee 2007).
Wood-Binder Interactions
In both WPCs and layered composites, the liquid polymer binder may penetrate into the
wood micro structure forming a three-dimensional region of bonding. This region is
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commonly referred to as the interphase. However, given the many ways the interphase
has been defined in the literature in various context the use of the terms for this current
project needs some discussion. In the context of fiber composites interphase is sometimes
referred to as the parts of the matrix affected by the presence of the fibers (Hull and
Clyne 1996). If we extended this definition to WPCs with the wood particle component
commonly accounting for 50% of the composite by weight and substantially more by
volume, then the entire composite would be considered the interphase (Clemons 2002).
The interphase region has also been referred to as the affected region of the bulk matrix
material adjacent to the wood cell wall material and is typically at a very small scale
addressing chemical interactions (Simonsen et al. 1997; Nair et al. 2013). This definition
is focused on chemical interactions and is too restrictive in scale for an investigation of
load transfer in this study and will not be used. Wang (2007) defines the WPC interphase
region as the bonding region where the wood and binder phases coexist within one
another and have material properties different than those of the solid components alone.
Wang provides a more refined definition of the interphase which can also be extended to
layered composites. The areas where the wood and binder phases coexist can range from
complex, deeply penetrating, interconnecting networks, to simple surface micro-structure
penetration (Figure 2.1). Kamke et al. (2014) define the interphase region as, “the bond
consisting of cell wall substance, voids, and voids filled with adhesive”. This definition
accurately describes the scale and components of the interphase that will be used in this
dissertation.
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Figure 2.1. Wood-binder interphase variation; Top: Complex interphase in a phenol
formaldehyde adhesive system (Paris et al. 2014); Bottom: surface penetration only in a
polyethylene system (Escobar 2008).
The binders used in adhesive bonded laminates are specifically engineered to have a good
affinity with the hydrophilic surface of wood. This fundamental affinity triggers capillary
pull in the system from cell lumens cut open on the surface and intact, beneath. This is
not the case with the thermoplastic polymers used as binders and matrix components in
WPCs.
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In WPCs, commonly used thermoplastic polymers like polyethylene are hydrophobic
while the constituent polymers of wood, like cellulose, are hydrophilic in nature and have
hydroxyl groups (-OH)along the length of their chains (Sjöström 1993).

Figure 2.2. Structure of cellulose (Sjöström 1993).
This results in an incompatibility between the polar wood component and the non-polar
thermoplastic materials resulting in poor adhesion between the two (Lu et al. 2000) and
much lower bond quality than that in layered composites. Attempts to improve the quality
of these bonds have been made in the past by experimenting with coupling agents.
Coupling agents are defined by Pritchard (1998) as “substances that are used in small
quantities to treat a surface so that bonding occurs between it and other surfaces, e.g.,
wood and thermoplastics.” This definition refers to two “forms” of coupling agents. The
first being an additive like maleic anhydride grafted polyethylene (MAPE) which is
mixed in with the primary polymer to improve bonding between the wood and polymer
components. The other form refers to surface treatments of the wood component. This
definition will be used in this dissertation due to its ability to speak about coupling agents
used for both WPCs and layered composites. These coupling agents and surface
treatments require a detailed knowledge of the surface properties of wood at the microscale which will be interacting with the binders. Chapter 5 and Appendix B of this
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dissertation present a measurement methodology that can investigate the surface
properties at this scale.
Assessing Bond Performance
While on the micro scale the WPCs and layered composites considered in this
dissertation have bonds of similar morphology, the methods commonly used to assess the
bond performance has been much different. The method development shown in
manuscripts in Chapter 3 and Chapter 4, suggest a common approach is possible.
Standard Testing Methods
Bond performance is commonly assessed in the industry by testing bulk composite
materials with a variety of standardized tests that provide quick checks against an
approved criterion in a pass-fail fashion. Current adhesive bond performance tests are
performed in either compression (ASTM D905) or tension (ASTM D906-98; ASTM
D2339-98). These tests provide comparative information about the failure mode (wood
fracture fraction) and the ultimate failure load of the specimen.

Figure 2.3. Lap shear specimen showing a pass fail type test. Source: Unknown.
Figure 2.3 shows a lap shear specimen that was pulled in tension to determine the quality
of the adhesive bond. In this example, the shear failure has occurred through the middle
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laminate which has failed in one of the weakest directions of the wood structure. While
effective measures for product quality control, these tests provide little information about
the performance of the adhesive bond beyond that whether it passed or failed the standard
quality criterion agreed upon by convention.
Few of these standard tests provide well-defined material characteristics and they do not
address the bond performance in the context of the wood micro-structure.
For some types of polymer-fiber composites single fiber pullout or single fiber pushdown
tests were proposed to analyze bond performance. In the pullout test a fiber is embedded
in a polymer matrix with half of the fiber exposed. The fiber is then pulled out. In the
pushdown test, the fiber is pushed downward, into the composite. In both tests, the fibermatrix interfacial shear strength can be measured by the interpretation of the loaddisplacement data (Hull and Clyne 1996). These methods are well suited to fibers having
uniform geometries and relatively large aspect ratios. However, for wood particles used
in WPCs (Figure 2.4), the aspect ratio rarely exceeds 5 (Wang 2007).

Figure 2.4. Detail of a wood particle used in WPCs. Photo credit: Hussain, F.
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This small aspect ratio significantly restricts the area over which the shear stress transfer
can occur, and leaves virtually no place to grip for pulling. The author’s attempts to adapt
methods used in tensile tests on single wood fibers (Mott et al. 1996) to tests on
individual wood particles (Schwarzkopf et al. 2011) proved quite challenging.
Analytical and Numerical Approaches and Methods
A variety of methods to explain and predict the interactions between the wood and
polymer phases using idealized analytical and numerical techniques are summarized by
Clyne (1989). Common assumptions of these models included: the embedded particles
are homogenous and isotropic, impermeable, cylindrical in shape, have a large aspect
ratio, have a perfect bonding interface with the matrix, and have no transfer of load on
their ends. Such assumptions can hardly apply to irregular, porous bio-based particles like
wood (Raisanen et al. 1997). These methods provided approximations of load transferred
with an embedded inclusion in a thermoplastic matrix but lacked the complexity of the
actual system to be satisfactory.
In contrast to the models assuming perfect bond between wood and polymer described
above, the shear lag model based on a paper written by Cox (1952) has been widely used
to describe the loading of aligned short-fiber composites. This model focuses on the
transfer of tensile stress from the polymer matrix to the fiber by means of interfacial
shear stresses (Hull and Clyne 1996).
The first analytical model concerned with stress distributions in the matrix surrounding
filler particles was proposed by Eshelby (1957), which predicted the stress field around
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an ellipsoidal inclusion in a matrix. This analytical technique was supported by the work
of Withers et al.(Withers et al. 1989) using a photoelastic experiment. These analytical
techniques provide useful information about the stress field around single particles.
Numerical modeling techniques have been proposed to simulate the stress distribution in
the matrix around a single particle using finite element analysis (FEA) (Carrara and
McGarry 1968; Nutt and Needleman 1987) and the finite difference method (Termonia
1987). Later improvements addressed some of assumptions made in these studies. For
example, the wood particle’s anisotropy was accounted for (Fu and Lauke 1998;
Sevostianov and Kachanoc 2003) as well as the load transfer through the fiber ends
(Fukuda and Chou 1981; Clyne 1989).
One way to achieve more accurate simulated results for complex heterogeneous systems,
is to reflect a realistic material morphology in the model.
An alternative approach to FEA, the material point method (MPM) allows morphologybased numerical modeling of materials characterized by substantial heterogeneities and
complex irregular internal structures. Originally developed to solve problems in dynamic
solid mechanics, this approach has been proven useful for materials like wood (Nairn et
al. 2013) and plastics (Sulsky et al. 1994). Based on images of the specimen being
modeled, the actual morphology is used in this method. These morphologic input images
can be optical or reconstructed from x-ray scans. As the analysis proceeds, the solution is
tracked on the discrete points by updating all required properties such as specimen
geometry, coordinates, composition of displacement vectors, and the components of the
strain tensor.
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Unlike FEA, the MPM approach can use the actual structure of the visualized specimen
as represented by pixels or voxels of two or three-dimensional scans which is
advantageous for specimens with complex structures like wood-adhesive interphases or
wood particles embedded in a polymer matrix. By dealing with a pixel by pixel structure,
the MPM can use the same images taken during testing and directly compare
measurement values with the MPM solution for development and validation purposes.
Other advantages of MPM are that it can handle large deformations which are present in
polymers, elastic-plastic cell-wall properties, and it automatically accounts for contact
between cell walls in extreme compression deformations (Nairn 2006). These advantages
make MPM a promising option for modeling the complex morphology of the wood
particle-polymer matrix.
X-ray computed tomography (XCT) provides 3D reconstructed tomograms of a
composite's internal structure in a format that can be transferred directly to the MPM
model. It can be used to enrich the morphological input data with respect to aspects like
the in-situ location of particles in a WPC, adhesive penetration in layered composites,
and the wood cellular structure. The manuscript reproduced in Appendix A describes a
study analyzing the adhesive penetration into the wood microstructure.
The predictive power of numerical models has to be carefully validated against
experimental data generated by well-designed and independent experiments related to the
simulated problem. Consequently, accuracy in a morphology based model can also be
achieved by providing experimental data regarding the wood-binder interactions. This
includes mechanical interactions affecting the deformation and strains occurring across
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the bonded interphase occurring during external loading (Chapter 3 and Chapter 4) as
well as surface properties affecting the bonding performance (Chapter 5). These
approaches require tools that are sensitive enough to make measurements at the microscale, but that also limit alteration of the specimen during testing.
Optical measurement methods based on the digital image correlation (DIC) principle are
non-contacting techniques that measure full-field surface displacements and strains on
deformed specimens. In its core the DIC is an algorithm allowing simultaneous tracking
of multiple unique targets on the specimen surface, which are then used to determine fullfield surface shape information (coordinates), as well as displacement and strain
components of an object’s surface under various loading regimes. On smooth, featureless
surfaces random speckle patterns are applied to enhance the unique target definition. By
comparing the positon of multiple targets through successive images taken during testing,
full-field surface displacement maps can be plotted (Sutton et al. 2009). The resolution of
the measurements is affected by the quality of the speckle pattern as well as the target
size. In general, finer speckles allow smaller target sizes and denser target spacing, which
in turn allows detection of finer deformations and strain gradients in heterogeneous
materials analyzed at high magnifications. The first optical measurements using the DIC
principle on small wood and paper specimens were reported in early 1990s (Choi et al.
1991; Zink 1992; Zink et al. 1995) . In both studies fine Xerox toner particles were used
to create randomized speckle patterns. It was shown that this method was a fast, accurate,
and versatile way to measure strain fields for a range of wood-based composites.
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The manuscripts in Chapter 3 and Chapter 4 utilize optical measurement techniques that
measure the surface deformations and strains of the wood-binder interphase in WPCs and
layered composites, respectively. The measurement methodologies developed in these
manuscripts not only make measurements of the desired property, but equally important
is that their data can be integrated with numerical modeling tools by using this inverse
problem methodology.
Once the desired experimental data regarding the morphology and mechanical
characteristics of the wood-binder system have been collected, one can use an inverse
problem approach (Figure 1.2) for integration with the numerical model (Schwarzkopf et
al. 2013). With only a few alterations, such an approach can be applied to other complex
composite systems.
Conclusions
The following conclusions were drawn from the literature review.
1. Composite bond performance is assessed in the industry through standardized
testing methods relying on a pass or fail criteria. These methods provide a
qualitative comparison between specimens, but do not provide well-defined
material characteristics and they do not address the bond performance in the
context of the wood micro-structure.
2. At the cellular-scale there are many similarities in the morphology of the woodpolymer interphase between bonds formed in WPCs and in adhesively bonded
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laminates. Both types of bonds are additionally altered by the local affinity
between the liquid binder and wood surface at micron and sub-micron level.
3. Polymer additives and wood surface treatments, have been found to provide
improved compatibility between polar wood components and non-polar binders
(Lu et al. 2000). Understanding the effect that they have on complex,
heterogeneous composite materials requires surface property measurements at the
micro-scale where they interact with the wood component of the composite.
4. Optical measurement methods have been used to provide full-field, noncontacting measurements of surface deformations and strains of wood composite
materials. However, the output data was relatively underutilized and its potential
integration with other imaging and modeling tools has not been fully explored.
5. Load transfer in the wood-binder interphase cannot be measured directly, but it
can be numerically modelled based on measured displacement and strain patterns.

25

CHAPTER 3 STRAIN DISTRIBUTION AND LOAD TRANSFER IN
THE POLYMER-WOOD PARTICLE BOND IN WOOD PLASTIC
COMPOSITES

Schwarzkopf, M. and L. Muszyński (2014): Strain distribution and load transfer in the
polymer-wood particle bond in wood plastic composites. Holzforschung, DOI
10.1515/hf-2013-0243.
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Abstract
The load transfer between wood particles and the matrix was analyzed by observation of
the strain patterns in thin films of high density polyethylene (HDPE) with embedded
wood particles subjected to tensile loading. Optical measurement techniques based on the
digital image correlation (DIC) principle were employed for quantitative measurement of
strain distributions on the surfaces of the specimens. Interpretation of these measurements
in terms of load transfer between the particle and the matrix below the surface proved
challenging and required a structured approach. In this paper, quantitative descriptors
were selected as synthesized metrics to support the quantitative interpretation of the
measured strains. X-ray computed tomography (XCT) scans were used to assess the
effect of the position of the particles in the film specimens on the strain patterns observed
on the surface.
Introduction
Mechanical performance of wood plastic composites (WPCs) is determined by their
morphology, mechanical properties of their individual components, and the internal
bonds providing effective load transfer between these components. Bulk mechanical
properties of particulate composites like WPCs can be determined by means of standard
tests. The development of new and improved composites is a challenge if their properties
should be predicted or modeled based on the composition and internal structure of such
composites. To-date, the mechanical characteristics of WPCs have been largely studied
through testing of bulk materials (Bledzki and Gassan 1999; Stark and Rowlands 2003;
Malchev et al. 2005; Bouafif et al. 2009). While testing methods such as tensile, flexural,
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or impact testing yield useful information on the bulk properties, they can only provide
indirect clues on the complex micromechanics of these heterogeneous composites.
In-parallel, analytical approaches and numerical models have been proposed to simulate
the micromechanics of particulate and short fiber composites, but their fundamental
assumptions were difficult to verify by direct empirical measurements. A comprehensive
summary of such methods was compiled by Clyne (1989). One of the first analytical
techniques used was the shear lag model based on a paper written by Cox (1952) and has
been widely applied to describe the loading of aligned short-fiber composites. Expanding
these types of models to a 3D matrix with complex particle interactions and short
discontinuous fibers requires some assumptions that cannot be overlooked in case of
irregular bio-based particles of wood (Raisanen et al. 1997). Common assumptions of
these models are that the embedded particles are impermeable, the particles are
cylindrical in shape, a perfect bonding interface exists between the particles, and the
matrix and the particles are isotropic.
Clyne (1989) and Noselli et al. (2010) showed a strain field disturbance in the matrix
surrounding a rigid embedded particle during tensile loading (Figure 3.1g and h). Noselli
et al. (2010) embedded a steel inclusion in a flexible polymer matrix and observed the
photoelastic fringe patterns produced under tension (Figure 3.1g). Figure 3.1h was
produced by Clyne (1989) and shows a simplified schematic illustration of the strain field
disturbance. Both studies tested embedded particles that are dissimilar to those in WPCs
and the relationship between the particles and matrices were partly conjectural.
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Sretenovic et al. (2006) addressed some of the presumptions often associated with the
classic shear lag model. A 2.0 × 0.7 × 70.0 mm3 slice of spruce wood was immersed in a
molten volume of low density polyethylene-graft-maleic anhydride polymer. From this
WPC, 1.2 mm thick slices were cut with the 2.0 × 0.7 mm2 particle oriented parallel to
the axis of loading for subsequent tensile tests. During these tests, optical measurements
of the strain distribution patterns surrounding the embedded wood slices were made by
means of electronic laser speckle interferometry (ESPI). For validation of the measured
strain disturbance patterns, a finite element analysis (FEA) was performed. A general
agreement was found between the shear strain distribution patterns around the wood
slices measured by ESPI and those predicted theoretically with the classic shear lag
model. It was found that there was a significant level of load transfer occurring at the
ends of embedded wood slices. This study was successful in developing a methodology
to measure strain disturbances around embedded wood slices as well as answering
questions about the load transfer capacity occurring at the ends of natural fibers.
However, the way that the specimens were manufactured was very different from the
process in which bonding between particles and the matrix occurs during the course of
industrial compounding, which proceeds extrusion or injection molding.
The methodology in this study aims to build upon the success of Sretenovic et al. (2006)
with updated optical measurement techniques, compounded WPC specimens, multiple
wood particle orientations, and a quantitative analysis of the optical measurements. The
specific objective of this study was to develop an efficient method for the measurement
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Figure 3.1. a, b, c) WPC test specimens; d, e) embedded wood particle before and after
speckle application; f) XCT scan of embedded particle; g) photoelastic fringe patterns of
particle in tension (Noselli et al. 2010) h) schematic illustration of elastic strain around a
rigid cylinder (Clyne 1989).
of strain distribution patterns in the matrix material surrounding embedded wood
particles that could be useful for quantitative characterization of load transfer between
wood particles and polymer matrices in WPCs and for verification of proposed analytical
theories and numerical models. The present study is part of a larger project, in which the
multimodal experimental characterization is coupled with morphology-based modeling
techniques and inverse problem methodology in order to describe correlations between
morphology, micromechanics of the internal bonds, and bulk properties of bio-based
composites (Sebera and Muszynski 2011).
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Materials and methods
The digital image correlation (DIC) method used to calculate the surface strain patterns in
thin films of high-density polyethylene (HDPE) with embedded wood particles was
similar to the ESPI method used by Sretenovic et al. (2006). A comprehensive
description of both methods and a side-by-side comparison of their efficacy was
described by Valla et al. (2011).
Specimen preparation
The polymer Fortiflex HDPE was from Solvay Polymers (Houston, TX, USA). Southern
yellow pine (SYP) flour (40-mesh, no. 4020) was obtained from American Wood Fibers
(Schofield, WI, USA). Particles from this source have a wide size distribution with the
median dimensions 0.77 × 0.27 mm2 and with a median aspect ratio of about 2.85 (Wang
et al. 2007). The particles were dried overnight at 103 °C in an approx. 30 mm thick layer
in an aluminum tray. Dried particles were compounded with HDPE by means of a
counter rotating, twin screw C.W. Brabender ® Instruments, Incorporated (South
Hackensack,NJ, USA), Intelli Torque Plasti Corder ® mixer. HDPE (29.93 g) was added
to the mixing chamber preheated to 180 °C. The mixing speed was set to 30 rpm. When
the torque reached a constant level, a pinch of wood particles was added to the mixing
chamber. This small amount of particles led to a sparse composite, in which individual
particles were easily identified and analyzed. The particle-matrix interaction was not
affected by neighboring embedded particles. Once the torque level reached a constant
level again, 6 g of the compounded melt material was transferred to a square mold with
internal void dimensions of 102 × 1 × 02 × 0.85 mm3 and pre-heated in a small-scale
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Carver Incorporated (Wabash, IN, USA) Auto M NE, H 3891 hot press to 180 °C. The
mold assembly with hard stops was held under heat and pressure for 5 min and then
transferred to a coldpress until cool to the touch. Test specimens were punched out of the
wood-HDPE coupon with a steel dog bone shaped die. The coupon was manipulated in
such a way so that a single wood particle was located in the center of the specimen with
the orientation at 0° , 45° , and 90° with respect to the loading axis (Figure 3.1a – c).
In addition to wood particles, idealized specimens with 1 mm sections of tin coated 0.2
mm copper wire embedded in a HDPE matrix served as reference. The wire sections had
similar dimensions to the median wood flour particles but were solid (non-porous),
isotropic, and had a regular cylindrical geometry, which met some of the assumptions of
the short fiber theories previously described. The surface was roughed with 120 grit
sandpaper in an attempt to improve the bonding surface. All together nine reference
specimens and nine wood specimens were prepared.
Knowledge of the position of the particles in the specimen is important for proper
interpretation of the optical measurements and for morphologically accurate modeling.
Due to the random nature of the manufacturing process, the wood and wire particles
naturally resided throughout the thickness of the specimens. (Wang et al. 2007)
determined the position of wood particles in their WPC composites by XCT scans. In
order to determine the position of the particles within the polymer films for this study, all
specimens were scanned in a ScanCo (Brüttisellen, Switzerland) MicroCT XCT scanner
at a resolution of 10 μ m/voxel.
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Figure 3.2. ε 1 strain plots of reference wire/HDPE composites with corresponding XCT
images of particle depth. Specimen surface is marked with a dotted line. Note: Blurry
images and shadows in the XCT data are artifacts from the metal particle affecting the Xray beam. For color scale ranges, refer to Table 3.2.
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Figure 3.3. ε 1 strain plots of wood/HDPE composites with corresponding XCT images
of particle depth. Specimen surface is marked with a dotted line and particles are circled.
Note: Wood as a material has a density close to that of HDPE and as such attenuates to a
similar degree. This causes the poor material differentiation seen above in the XCT scans.
For color scale ranges, refer to Table 3.2.

34
Speckle pattern
Toner powder from a Hewlett Packard (Palo Alto, CA, USA) Q2612A cartridge was
chosen, which was transferred on specimens by means of custom made air deposition
apparatus ( M.A. Sutton, personal communication ) and was fixed on the surfaces by
heating in an oven at 103 °C for 10 min.
Tensile test
An Instron (Norwood, MA, USA) ElectroPuls E1000 test machine applied a tensile force
at a ramp rate of 0.5 mm min-1 (strain equivalent to 0.02 mm min-1 ) for 2 min. The force
was measured with a 2527 Series Dynacell (Norwood, MA, USA) load cell (±2 kN
capacity). Force and displacement of the cross head was recorded throughout the test with
a data acquisition (DAQ) unit. Changes in strain distribution patterns in the matrix
material surrounding embedded wood particles were measured by an optical
measurement system. During the test, images of the specimen surface in the immediate
neighborhood of the embedded particles (field of view, 7.18 mm × 6.00 mm) were
recorded once every second for 2 min with the Correlated Solutions, Incorporated
(Columbia, SC, USA) VIC Micro 3D™ system. The basic hardware components for this
system consisted of two synchronized cameras and a stereomicroscope. The image
sequences were processed with the Correlated Solutions, Incorporated (Columbia,
SC,USA) VIC 3D 2010 software.
For each test, an area of interest (AOI) including a single particle and the surrounding
area, was selected for analysis manually (Figure 3.4). The principle parameters of the
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analysis affecting the accuracy and precision of the analysis were a facet size of 49 pixels
and step size of 5 pixels. The output generated by the VIC-3D 2010 software is numerical
and can also be presented in the form of color-coded maps plotted and overlaid on the
deformed specimen images.
Data analysis
The area of local strain field disturbance in the matrix surrounding the rigid particle
marked with a dotted circle in Figure 3.1g, was considered and referred to as the
embedded particle’s zone of influence (ZOI) in this study. For a quantitative analysis of
the data, a number of descriptors (Table 3.1) were developed that refer to the extent,
position, and shape of the ZOI around the embedded particle. Particle length and
orientation were measured using ImageJ software (Rasband 1997-2012) based on the test
sequence images shown in Figure 3.1d and e. The distance from the surface was
determined from XCT scans (Figure 3.1f) using ImageJ.
The area of ZOI surface section (Figure 3.1g and Figure 3.5c) was measured by counting
the DIC data points associated with it. Each point has a physical area associated with it
and these areas were added to find the total area. The extent (or size) of the ZOI may be
described by an equivalent radius of an idealized spherical ZOI, with the surface section
equal to that actually measured (Figure 3.5c). For specimens at 45° , the ZOI was often
elongated along the particle’s length and so the equivalent radius was calculated based on
the minor dimension of the ZOI, which was measured using x and y coordinates in the
direction perpendicular to the major axis of the particle.
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The shape of the ZOI may be quantitatively described by its level of circularity. This was
measured by simple linear regression of the x and y coordinates of the data points
associated with the ZOI. For example, the best fit line of a set of points with a circular
distribution would have an r2 = 0, a set of points in a straight line would have an r2 = 1,
and any intermediate elongated oval distribution would have 0 < r2 < 1. The ratio of ZOI
equivalent radius to the particle length for 0° and 90° specimens and the ratio of the ZOI
minor dimension to the particle depth for 45° specimens were also calculated.

Figure 3.4. The effect from the tensile grips (blue/purple) seen on the left and right of the
particle and an edge effect in the bottom right. The dotted box shows the area of analysis.
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Table 3.1. Quantitative descriptors and their derivation
Quantitative descriptors

Derivation

Particle length [mm]

Measured

Particle orientation [degrees from X]

Measured

Particle distance from the surface [mm]

Measured

Area of ZOI surface section

[mm2]

Measured

Equivalent radius of ZOI
Circularity of ZOI [r2]

Calculated

Ratio of ZOI equivalent radius to the particle
length for 0° and 90° specimens [mm mm-1]
Ratio of ZOI minor dimension to the particle
depth for 45° specimens [mm mm-1]
rE = equivalent radius; AZ = the area of ZOI surface section; d = particle distance from the
surface; l = particle length; Zm = ZOI’s minor dimension

Results and discussion
The dimensions (length and width) and positions (angle and depth below the specimen
surface) of the embedded particles in the polymer film are summarized in Table 3.3.
During the test, as the matrix was loaded, the load was gradually transferred along the
length of the fiber from the fiber end through shear (due to the difference in compliance
between the fiber and matrix) so that gradually more of the tensile load was carried by the
fiber and less by the surrounding matrix, until the strains in the fiber matched the strain
gradient in the matrix. In the low aspect ratio particles measured in these experiments
(Wang 2007), the load transfer zones from both ends overlap. In effect, the central part of
the fiber never reached the state in which the strains in the fiber were matching the strain
gradient in the matrix (Cox 1952; Clyne 1989; Sretenovic et al. 2006; Wang 2007).
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The strain distribution related to this load transfer was measured by an optical
measurement system. Its accuracy and precision were assessed by analyzing images of
unloaded test samples. The expected mean displacements and strains in all directions
were zero, and all non-zero values measured were noise generated by the optical
measurement system. The mean displacement

Figure 3.5. Idealized schematic of an embedded particle and its influence on the
surrounding matrix (a) an idealized wood particle embedded in a polymer matrix (b)
partial orbital surrounding the particle representing its ZOI (c) crosshatched circular
section signifying the measured section of the ZOI.
and strains from this data provided a measure of accuracy, and their respective standard
deviations provided a measure of the system’s precision. These two measures depended
on many factors, but when all other conditions were equal, the differences reflected the
effect of the specific speckle pattern. The speckle pattern materials considered for this
study were: 1) lead powder (-200 mesh, 99% metals basis) from Alfa Aesar (Ward Hill,
MA, USA) 2) toner powder from a Hewlett Packard (Palo Alto, CA, USA) Q2612A
cartridge, and 3) carbon nanopowder ( < 500 nm, > 99.95% trace metals basis) from
Sigma-Aldrich (St. Louis, MI, USA). Speckle patterns produced with the toner powder
generated the least random noise. The related accuracy and precision of x displacement
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measurements were ±0.0814 pixels and ±0.0032 pixels respectively. Consequently, toner
powder was used in all testing.
The data used for analysis was restricted to a designated rectangular area surrounding the
particle in such a way as to crop out the effect of the tensile grips and the edges seen in
Figure 4 . The areas selected for specimens oriented at 0° , 45° , and 90° were 4 × 2 mm2
, 3 × 3 mm2 , and 2 × 2 mm2 , respectively. These areas were centered with the particle’s
center coordinates. Figure 3.2 shows nine color-coded full-field maps of major principal
strain, ε1 , of the reference wire/HDPE specimens. The color scale ranges from red for
high strain levels to purple for low strain levels. The specific strain ranges for each
orientation group of specimens in Figure 3.2 are summarized in Table 3.2. Directly below
these maps are their corresponding XCT scans locating their position within the film
thickness.
Table 3.2. Minimum and maximum bounds of the color scales for strain ranges for ε1
strain plots in Figure 3.2 and Figure 3.3.
Specimen

ε1 – min

ε1 – max

groups

(purple)

(red)

Wire0

0.0073

0.0132

Wire45

0.0097

0.0147

Wire90

0.0094

0.0139

Wood0

0.0098

0.0160

Wood45

0.0099

0.0138

Wood90

0.0115

0.0134

Generally, the extent and the shape of the zone is affected by the bonding efficacy.
However, while the actual ZOIs surrounding the embedded particles are three
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dimensional, the optical measurements were limited to what could be detected on the
surface of the specimen, where it intersects with the particle’s ZOI (Figure 3.5c). The
deeper the particle was buried below the specimen surface the smaller is the ZOI section
detectable on the surface. Comparing the depth of the wire particles below the specimen
surface with the area of the ZOI intersection on the surface shows a distinct trend. For
instance, Wire0-1 was found 0.020 mm from the surface and had a ZOI intersection area
of 0.62 mm2, whereas the depth of Wire0-3 was 0.100 mm and had a ZOI intersection
area of 0.41 mm2 (first row in Figure 3.2). This shape and extent of the zone may have
been additionally affected by the particle geometry, length, and orientation. However, for
particles of the same shape and orientation the equivalent radius of the three dimensional
ZOI was calculated from the dimensions of its intersection on the surface and the average
distance of the particle from the surface (particle depth in Table 3.3).
The strain distribution patterns measured in the 0° orientation specimens were consistent
with the theoretical description of load transfer (Cox 1952; Clyne 1989; Sretenovic et al.
2006). The lower strain regions seen about the center of the particle did suggest that more
load was being carried by the embedded particle and the particle was reinforcing the
material around it.
In the 0° and 45° specimens, the ZOI, as we have defined it, was associated with the low
strain area elongated along the length of the particle. Of interest were the Wire90-1 and
Wire90-3 specimens pictured in Figure 3.2, where there were high strain regions in the
ZOI. These areas likely indicated separation of the polymer matrix from the particle. In
the absence of a bond between the polymer and the matrix, the embedded particle would
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act as a filler rather than a reinforcement and would not contribute to increased composite
stiffness.
Figure 3.3 shows nine color-coded full-field maps of major principal strain, ε 1 , of the
wood/HDPE specimens. The specific strain ranges for each orientation group of
specimens in Figure 3.3 are summarized in Table 3.2. Directly below these maps are their
corresponding XCT scans locating their position within the film thickness.
The strain distribution patterns measured in the 0° orientation specimens were more
variable than those seen in the reference specimens (with embedded wire sections).
Wood0-2 appeared to be consistent with the patterns seen in the reference specimens,
whereas the patterns seen in Wood0-1 and Wood0-3 were less pronounced due to an
increased particle distance from the surface. Looking at Table 3.3 both Wood0-1 and
Wood0-3 were embedded over 0.3 mm below the surface of the specimen, supporting
that depicted in Figure 3.5c. At this depth below the surface, measurement of the ZOI
intersection area may not be possible.
Of interest were the wood/HDPE specimens at a 90° orientation. Commonly, wood
particles are added to the polymer matrix of WPCs as filler. We have seen that these
particles have load transfer capacity if aligned with the axis of loading, but these fillers
are not typically expected to provide meaningful load transfer if oriented perpendicularly
to the axis of loading. The ZOI of specimens Wood90-1 and Wood90-2 indicated a
reinforcing effect in the material, whereas Wood90-3 appeared to have delaminated on
the right side. It is likely that the polymer matrix and wood particles were to some degree
mechanically interlocked due to the porosity of the wood particles.
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Measured particle lengths, orientation angle towards the loading direction, distance from
the surface, and the ZOI surface intersection area for all specimens were summarized in
the first four columns of Table 3.3. The next four columns summarized the calculated
ZOI descriptors that can be used for quantitative comparison of the strain disturbances
generated by the embedded particles: the equivalent radius of ZOI, circularity of ZOI
surface intersection area, the ratios of ZOI equivalent radius to the particle length (for 0°
and 90° specimens), and of ZOI minor equivalent dimension (for 45° specimens) to the
particle depth. The ratios may be used to compare ZOIs generated by particles of
different sizes.
The graph in Figure 3.6 shows the relationship between ZOI area and the particle
distance from the surface for all specimens. It can be seen how the area of the ZOI
section detectable on the surface increases as a function of decreasing particle depth. This
correlation, however, did not hold for specimens with 45° (Figure 3.7).
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Table 3.3. Measured and calculated descriptor values from Table 3.1.
.Specimen

PL
(mm)

PO
(degrees)

PD
ZOI
ER
(mm) (mm^2) (mm)

C (r^2) ER/L

Wire0-1

1.162

Wire0-2

MD
MD/D
(mm)

1.3

0.020

0.620

0.44

0.0001

0.38

-

-

1.078

0.1

0.004

0.571

0.43

0.0031

0.40

-

-

Wire0-3

1.271

4.1

0.100

0.411

0.38

0.0035

0.30

-

-

Wire45-1

1.481

37.2

0.178

0.077

0.24

0.7460

-

0.23

0.76

Wire45-2

1.854

42.5

0.190

0.385

0.41

0.7270

-

0.62

0.31

Wire45-3

1.630

48.3

0.017

0.403

0.37

0.7910

-

0.49

0.03

Wire90-1

1.064

90.1

0.047

0.763

0.51

0.0023

0.48

-

-

Wire90-2

1.276

87.0

0.137

0.374

0.37

0.0000

0.29

-

-

Wire90-3

0.963

87.8

0.050

0.196

0.26

0.0165

0.27

-

-

Wood0-1

1.269

5.7

0.393

0.095

0.43

0.0055

0.34

-

-

Wood0-2

0.827

3.6

0.034

0.460

0.38

0.0172

0.46

-

-

Wood0-3

1.556

0.4

0.310

0.063

0.34

0.0171

0.22

-

-

Wood45-1

1.081

37.4

0.030

0.776

0.70

0.4607

-

0.57

0.05

Wood45-2

1.353

39.0

0.125

0.004

0.13

0.5270

-

0.18

0.68

Wood45-3

0.969

40.7

0.010

0.098

0.18

0.4800

-

0.22

0.05

Wood90-1

0.643

80.5

0.150

0.158

0.27

0.4273

0.42

-

-

Wood90-2

0.924

91.9

0.105

0.248

0.30

0.0015

0.32

-

-

Wood90-3

0.948

90.4

0.068

0.299

0.32

0.0048

0.33

-

-

PL = particle length; PO = particle orientation; PD = particle distance from surface; ZOI
= ZOI surface area; ER = equivalent radius; C = circularity of ZOI; ER/L = equivalent
radius/length; MD = minor dimension; MD/D = minor dimension/depth/
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Figure 3.6. ZOI area and particle depth relationship for all specimens.

Figure 3.7. Relationship between ZOI Minor Dimension (45º specimen) and the Particle
Distance from the Surface.
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Figure 3.8. Equivalent radius and particle length relationship.
There was little correlation between the ZOI equivalent radiuses oriented at 0 ° and 90 °
to the loading direction and the particle length (Figure 3.8). This poor correlation may
have been due to this relationship being affected by multiple parameters including
particle orientation, and the particle to matrix bonding (the distance from the surface was
taken into account in the formula used to calculate the equivalent radius).
As with Sretenovic et al. (2006), this study found agreement between the measured strain
distribution patterns (Figure 3.2 and Figure 3.3) and the previously modeled results
(Figure 3.1g and h). The high strain regions found at the ends of the fibers indicates that
there was a connection with the polymer. If the ends of the particles were disconnected,
there would be little axial strain occurring here. For fibers with low aspect ratios like the
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particles in WPCs, this load transfer area at the ends along with the sides of the fiber was
an important component.
This analysis showed that the quantitative analysis of the ZOI alone could hardly be used
for assessment of the efficacy of load transfer between polymer matrices and embedded
particles. It was expected that better results might be obtained by employing
morphologically accurate numerical models of the analyzed specimens. This approach
will be reported in a separate publication.
Conclusions
The overall goal of this research was to develop an efficient method for the measurement
of strain distribution patterns in the matrix material surrounding embedded wood
particles. Building on the work of Sretenovic et al. (2006), this paper has presented a
measurement methodology based on updated optical measurement techniques,
compounded WPC specimens, multiple wood particle orientations, and a quantitative
analysis of the optical measurements.
It was found that the patterns observed on the surface of the specimen were substantially
affected by the particle distance from the surface. This distance is a critical parameter for
any comparison of strain patterns. Due to this significant effect, analysis of the load
transfer behavior in the polymer-wood particle bond would be best conducted in
conjunction with predictive modeling tools.
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CHAPTER 4 STEREOMICROSCOPIC OPTICAL METHOD FOR
THE ASSESSMENT OF LOAD TRANSFER PATTERNS ACROSS
THE WOOD-ADHESIVE BOND INTERPHASE

Schwarzkopf, M. and L. Muszyński. (2014). Stereomicroscopic optical method for the
assessment of load transfer patterns across the wood-adhesive bond interphase.
Holzforschung (in review).
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Abstract
Mechanical performance of wood-based composites is determined by the mechanical
properties of their individual components and the effective load transfer between these
components. In laminated wood composites the adhesive bond facilitates this load
transfer and holds the laminates together. An understanding of how the adhesive
contributes mechanically to the bulk composite material will allow adhesive and
composite manufacturers to better formulate and construct their products. The
experimental methodology developed in this study measures and analyzes full-field
deformation and strain distributions across the loaded wood-adhesive interphase at a
micro-mechanical level. Optical measurements based on digital image correlation (DIC)
principles were taken using a stereomicroscopic camera system. This system allows
monitoring of in plane deformations as well as out of plane displacements, providing fullfield 3D surface strain maps across the adhesive bond. These measurements can be used
to improve the understanding of the load transfer between the adherends and serve as rich
quantitative input for numerical modeling and simulations.

Keywords: digital image correlation (DIC); load transfer; micromechanics; optical
measurement; adhesive interphase
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Introduction
The mechanical performance of adhesive bonded wood-based composites is determined
by the mechanical properties of their individual components and the internal bonds
providing effective load transfer between these components. During manufacture, the
pre-polymeric adhesive may penetrate into the wood cell wall structure and when cured
will form a polymerized adhesive system. The performance of the wood-adhesive system
may to some extent be modified by changing the composition and the internal structure of
the bond by adjusting certain processing parameters like the resin viscosity, resin spread
rates, and bonding pressures. Currently, we lack a quantifying metric of this performance
that captures the efficiency of the load transfer across adhesive bond interphases. One
such metric would allow for the comparison and ranking of bonds obtained with various
adhesive systems or various bonding parameters. Standard test methods provide
procedures for checking the overall effect of such modifications in bulk composite
samples. The performance of adhesive bond assembly specimens is commonly assessed
in shear tests, where the shear plane is focused on the bondline and the load transferred
through the wood pieces either by compression (ASTM 1990) or tension (ASTM 2011;
ASTM 2011). These tests provide comparative assessment of the process parameters on
bond performance based on the failure mode (quantified in terms of fraction of wood
failure) and the average shear stress at failure, but offer limited insight into how they
relate to the changes in the adhesive bond morphology and the resulting changes in load
transfer on the micromechanical level. Such insight is critical to predict or model the
effect of the bonding parameters on the bulk properties of the composite and could be
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used for virtual prototyping of innovative and more efficient adhesive systems (Kamke et
al. 2014). However, reliable measurement of the micromechanical interactions in
complex heterogeneous media poses a serious challenge. One specific feature of adhesive
bonds in wood is that the adhesive tends to penetrate the substrates to various degrees
forming a three dimensional dispersed interphase extending beyond the surfaces of the
bonded components. A better understanding and reliable measurement of the mechanical
contribution of this complex interphase region to the overall composite requires a
methodology that is sensitive to the inherent variation and complexity of the woodadhesive system at the micro-scale level.
Serrano and Enquist (2005) measured displacements and strains on adhesively bonded
wood laminate specimens prepared for the EN302-1 and ASTM D905 standards using an
optical method based on digital image correlation (DIC) principle. In its core the DIC is
an algorithm allowing simultaneous tracking of multiple unique targets on the specimen
surface. Changes in the positions of these targets are then used to determine full-field
surface shape (coordinates), as well as displacement and strain components of an object’s
surface under various loading regimes. Serrano and Enquist used this method to analyze
the deformations across adhesive bond lines to ±0.2 mm. No attempt has been made to
correlate the surface deformations with the morphological structure of the bond beyond
the surface.
A more holistic approach has been recently proposed by Kamke et al. (2014) who
developed an integrated method for quantitative assessment and numerical simulation of
the elastic behavior of bonded wood systems capable of capturing the effects of adhesive
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penetration into cell lumens and the complex nature of the micro-morphology of wood.
This method couples micro x-ray computed tomography (XCT), numerical modeling, and
optical measurements of displacements and strains taken during micro lap shear tests.
The micro XCT scans produced 3D digital tomogram representations of wood specimens
at micron resolution levels facilitating material separation of the wood cell, adhesive, and
void space. This specimen specific morphology data was directly implemented into a
numerical model utilizing the material point method (MPM) which will be used to
analyze the service behavior, internal stress and strain distributions of the wood-adhesive
bond interphase as function of a number of manufacturing parameters (e.g. adhesive
penetration). This model requires a set of reliable empirical data collected on a relevant
scale for validation, optimization, and refinement (Muszynski et al. 2013). However,
there had been no empirical methodology immediately available for routine measurement
of full-field deformations across adhesive bond interfaces in heterogeneous solids at the
necessary scale.
The objective of this study was therefore to develop a methodology for measurement and
assessment of full-field elastic deformation and strain distributions across loaded woodadhesive loaded bond interphases of small lap shear specimens at a micro-mechanical
level. This measurement method will become a crucial element of the integrated inverse
problem methodology proposed by (Kamke et al. 2014) represented by a schematic
diagram in Figure 4.1 (box B) and is expected generate data for validation, optimization
and refinement of the numerical model.
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Figure 4.1. Diagram summarizing the data flow in the inverse problem approach as
implemented in this project (Muszynski et al. 2013).
Consequently, the objective of this paper is to present methodological aspects of this
study with only as much results as was necessary to illustrate the process. Full
experimental results and the validation of the model will be presented in a separate
publication.
Materials and Methods
The approach of this study was to measure surface displacements and strains across the
adhesive bond interphase in the same small lap-shear specimens whose morphology
scanned with XCT has already been used to generate the 3D numerical models of the
bond interphases.
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In the related work that provides context to this study three different wood species and
three adhesive systems were analyzed: Douglas-fir (DF), southern yellow pine (SYP),
hybrid poplar (HP), and phenol-formaldehyde (PF), polymeric methylene diphenyl
diisocyanate (pMDI), and poly (vinyl acetate) (PVAc). The adhesives were prepared with
a contrasting agent in order to achieve increased x-ray attenuation in XCT scans used to
generate morphologically accurate numerical models. The specific formulations of the
doped resins are described in Paris et al.(2014). Consequently, the same specimens were
used in this study, although the procedures applied to all specimens were identical and
the specific responses of the systems are not discussed here.
The specimens of approximately 2 mm x 2 mm x 15 mm (R x T x L) were cut from twolayer laminates in six replicates of each of the selected wood species/adhesive
combinations (a total of 54 specimens). Next, one radial-longitudinal plane of each
specimen was microtomed to create a flat surface for optical measurements. Finally, a
notch was created on each side by removing material using a small file and a razor blade
to prepare the specimens for the micro lap shear tests (Figure 4.2B).
At this stage, XCT scans were completed on all of the specimens to record the
morphological structure of the bond interphases (Paris et al. 2014). To achieve micron
level resolution in the scan data, the total specimen scan volume was limited to 26.2 mm3
which defined the lap shear specimen size.
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Figure 4.2. (a) Universal test machine showing lap-shear specimen and DIC optical
measurement system; (b) Example of a lap-shear specimen with ends bonded to graphiteepoxy tabs for attachment to test machine; 1cameras, 2 beam splitter, 3 microscope
objective, 4 specimen, 5 load cell, 6 test frame, 7 grip, 8 graphite-epoxy tab.
Following the scanning procedure, epoxy-graphite gripping tabs were glued onto the end
arms of the specimen using cyanoacrylate adhesive (Maximum Bond Krazy Glue ® Gel,
Westerville, OH, USA). This glue type was used to attach these extension tabs onto all
specimens because the shear-lap specimens were too small for direct gripping.
An Instron ElectroPuls E1000 test machine was used for the lap shear tests. The
specimens were clamped in place by gripping the attached epoxy-graphite tabs (Figure
4.2B) in a way that ensured axial loading. The specimens were loaded in displacement
control mode at a rate of 0.16 mm/min (strain rate: 0.014 mm/mm per minute) for one
minute. The total displacement was chosen as to not break the specimens. The force was
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measured using an Instron 2518-807 load cell (±0.02 N). Force and displacement of the
cross head were recorded throughout the test. An analog force and position signal was
recorded with a data acquisition (DAQ) unit. A nominal average shear stress over the
bond plane was used as reference for the strain analysis.
The displacements and strains on the surface of the specimens during the non-destructive
tests were determined with an optical measurement system based on the digital image
correlation (DIC) principle. This technique traces displacements of a mesh of unique
targets identified on the specimen surface. In absence of natural random features artificial
speckle patterns had to be applied to the surface of the test specimen to improve the
robustness of the measurement. In this study printer toner powder was used based on the
success with small scale DIC measurements reported by other authors (Choi et al. 1991;
Zink et al. 1995; Schwarzkopf and Muszyński 2014). A uniform toner pattern was
transferred onto the specimens by means of a custom made air deposition apparatus
(Schwarzkopf and Muszyński 2014) and fixed on the surfaces by heating in an oven at
103°C for 10 min. This temperature was substantially lower than the curing temperature
of PF and PMDI adhesives used to form the bonds, and therefore no substantial
degradation of wood polymer structure was expected in the specimens. The moisture
content of the specimens by the time the speckle pattern was applied was very low
(below 9%) so given the small size of the specimens no damage due to differential drying
and warping was expected or observed.
During the test, images of the specimen surface showing the bondline (field of view, 3.10
mm x 2.59 mm) were recorded every 1 second for 1 minute (60 images for every test)

57
using the VIC-Micro 3DTM system by Correlated Solutions, Inc (Figure 4.2A). The basic
hardware components for this system consisted of two cameras, a stereomicroscope, and
a beam splitter used to split the stereomicroscopic light path into two separate images.
The two cameras were synchronized to assure that the two images are acquired at the
same time.
Image sequences of the tests were processed using VIC-3D 2010 software (by Correlated
Solutions, Inc.), which uses the DIC technique to calculate specimen surface coordinates,
components of displacement vectors, and surface strain tensors. For each individual test
we manually selected an area of interest (AOI) for analysis which included one of the
notches. The field of view of the optical measurement system (DIC) covered a larger area
than the 3D XCT scan data did. The boundaries of the XCT data (Figure 4.3B) defined
the selected AOI. In this experiment a subset size of 49 pixels and a step size of 5 pixels
were used.
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A

B

Figure 4.3. A: lap shear specimen with toner particle speckle pattern applied; B: lap shear
specimen with shear strain plot overlaid on the surface; left and right boundaries of XCT
scanned data marked with dotted lines.
The accuracy and precision of optical measurement systems based on DIC principle
depends on a number of factors, which besides the resolution of the camera and the
intrinsic robustness of the DIC algorithm include also quality of optics, lighting, focus,
speckle pattern, selection of the algorithm options and parameters. Analyzing of all the
impacts separately is tedious and impractical. Instead, in this study the accuracy and
precision of the system was assessed by statistical analysis of series of displacement and
strain maps recorded on un-deformed specimens. The expected mean displacements and
strains in all directions are zero, and all non-zero values measured can be thought of as
the noise of the optical measurement system. The mean displacement and strains
recorded for all data points within the AOI provides a convenient measure of accuracy,
while standard deviation of the recorded noise provides a measure of the system’s
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precision. These values will be different for each specimen due to different speckle
patterns and specimen morphology. As an example, the DIC measurement shown in
Figure 4.4 has an accuracy and precision in x displacements of 0.070 µm ±0.045 µm and
for y displacements, 0.101 µm ±0.040. The principal strain accuracy and precision was
61.366 µm/m ±1.381 µm/m.
The numerical data output generated by the VIC-Micro 3DTM system was compatible
with numerical output of the MPM morphology-based modeling used to simulate the test
in the study by (Kamke et al. 2014). The numerical output is also used to produce fullfield color coded maps of strains and displacements overlaid on the deformed specimen
image.

Figure 4.4. Left: measured shear strain of a Douglas-fir specimen with a PVAc type
adhesive; Right: XCT scan of the same specimen.
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These maps allow quick visual inspection of strain distribution, identification of potential
stress concentrations, and interactions between components. In the absence of measured
volumetric stress or strain data the surface strains measured with the optical system
provided unique “thumbprints” of the specimens during testing that will be used for
validation of the numerical model (Muszynski et al. 2013; Nairn et al. 2013; Kamke et al.
2014).
The axial and shear strain patterns recorded at nominal shear stress level of 5.0 MPa in
this study will be used to validate and refine the numerical model for prediction of the
effects of wood species, adhesive types, adhesive penetration, and other bonding
parameters. Even though the micro lap-shear specimens were carefully fabricated to the
assumed nominal dimensions, some variation in the geometry could not be avoided.
Besides, each specimen has a different morphology (cellular structure), and therefore
magnitudes of local displacements and strains measured might vary from one specimen to
another. As a normalization measure for analysis of specimen to specimen comparisons,
the total axial deformation of the specimen during the test was calculated. All strain
values were divided by the total deformation specific to each specimen.
Results and Discussion
In Figure 4.5 a sample measured shear strain map on a physical specimen is compared
with a strain field simulated for a similar specimen geometry using a simplified FEA
model. In this simplified model only 2D contour of the lap shear is considered and the
specimen is assumed to be a continuous solid.
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Figure 4.5. Left: Optical measurement of shear strains; Right: Simplified FEA simulation
of shear strain produced by Nairn.
This comparison provides a quick qualitative check of the nature of the measured strain
fields that can be assessed by visual inspection, but is not intended for quantitative
analysis. A strain concentration is seen near the notch area where the load being carried
in one laminate is expected to be transferred to the other. This visual agreement between
FEA and measured shear strain adds confidence to the simulation of stress and strain
development in the complex interphase system.
Ultimately the optical measurements are used to verify and refine the 3D morphologybased MPM numerical model developed to analyze load transfer patterns in the
interphase of the adhesive bond (Muszynski et al. 2013; Nairn et al. 2013; Kamke et al.
2014). This 3D model is still a work in progress. Detailed discussion of the 3D model
refinement process will be presented in a separate publication.
Much of the variation observed in the measured strain maps can be attributed to the
specimen specific micro-morphology, particularly to anatomical features hidden directly
below the surface. These can be investigated using the XCT scans of the specimens. For
example, the Douglas-fir specimen with a PVA type adhesive depicted in Figure 4.4
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shows high shear strain values (purple) on the surface of the lower laminate. A cross
section of the XCT scan of this specimen reveals that the lower laminate in the composite
is comprised of earlywood tracheid cells. Earlywood tracheid cells are larger in diameter
and have thinner cell walls making them more compliant to angular deformations than
the thick-walled latewood cells seen in the upper laminate.
Figure 4.6 shows a SYP specimen with a PVA type adhesive. This specimen also shows a
high magnitude shear strain region in the lower laminate. This strain concentration seems
to be connected with a resin canal exposed on the surface.

Figure 4.6. Left: measured shear strain of a southern yellow pine specimen with a PVAc
type adhesive; Right: XCT scan of the same specimen.
Like the earlywood cells, the resin canal is more compliant than the surrounding tracheids
and deforms more easily. The XCT scan also revealed a second resin canal in the upper
laminate further beneath the surface. This kind of morphological feature would be
missed, and would likely confuse the analysis if the surface strains are assumed to be
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representative of the entire specimen volume. Due to this morphological variation
between specimens, qualitative assessments of the measured surface strain patterns alone
have a limited value in understanding of the system.
With this limitation in mind, full-field strain data may be used for prototyping a metric
for quantitative assessment of the efficiency of load transfer across adhesive bond
interphases. To our knowledge no such metric has ever been proposed for adhesive bonds
of porous substrates. The idea proposed here is based on the observation that the
probability of a local failure event is related to the occurrence of areas with high stress or
strain concentrations. Such local failure events may (but do not have to) initiate failure of
the wood-adhesive bond. The probability of premature failure of the bond increases with
the total volume of the material subjected to such stress/strain concentrations, be that one
extensive area/volume or a number of smaller spots subjected to extreme conditions. If
we understand that an efficient load transfer is such that is less likely to trigger premature
failure of the bond, then a statistical analysis of full field and volumetric stress/strain
fields may provide a quantitative parameter reflecting the number of measurement points
or volume subjected to extreme stress/strain. Such parameter may then serve as a
quantitative characteristic of the efficiency of load transfer through the adhesive bond in
question and be used for assessment of various adhesive systems or combinations of
bonding parameters.
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Figure 4.7. Left: measured shear strain of a Douglas-fir, PVAc type adhesive specimen;
Right: probability distribution of measured shear strains magnitude in the area of interest.
For the sake of demonstration, the metric used in this study was the area (or the number
of evenly spaced measurement points from the optical strain analysis) above an arbitrarily
designated threshold strain magnitude. Figure 4.7 provides an example of one such
specimen analysis. The left image shows the measured shear strains and the plot to the
right displays the probability distribution of the shear strains shown in the color map to
the left. If one were to designate the shear strain cut off level at ±0.002, then the count of
points over and under this threshold value could become a reduced metric of the
efficiency of the adhesive bond. One may hypothesize that bonds with a smaller number
of highly strained points transfer the load more efficiently. This analysis would be
specimen specific as it is greatly affected by the specimen’s morphology and variations
between specimens would occur.
Figure 4.8 displays six different specimens under analysis that all have the same wood
species and adhesive type. As discussed, one limitation of DIC analysis is that the strains
are measured only on the surface of the specimen, which is hardly representative for the
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strain state in other positions throughout the depth of the specimen. For a more reliable
analysis of bond efficiency, one would need to include the strain or stress analysis in the
entire volume of the specimen. This can be obtained from numerical simulation of the
test in three dimensions. However, within the methodology outlined in Kamke et al.
(2014) and Muszyński et al. (2013), the ultimate use of the DIC output data produced in
this study was for verification of the predictive model. Since the DIC results generate
coordinate based numerical displacement and strain values, they can be directly
compared with the simulated numerical model results.
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Figure 4.8. Shear strain plots overlaid on deformed specimen images compared with
histograms showing the distribution of pixels strained to different levels. All specimens
are Douglas-fir with a PF-PVAc type adhesive and are compared at a nominal stress of 5
MPa.
While the DIC method is limited to the surface of the specimen, if a good agreement
exists with the surface of the numerically simulated specimen, one can choose to accept
the model’s predictions throughout the rest of the specimen volume. To measure this
level of agreement, Figure 4.1 outlines the methodology used which uses elements of the
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inverse problem approach. Experimental results from optical measurements are compared
to those numerically simulated results. This comparison is repeated after adjusting the
numerical simulation properties. By creating an iterative loop, a minimum difference can
be identified between the experimental and simulated results. A complete description of
this methodology can be found in Muszyński et al. (2013).
Conclusions
In this paper we have presented a methodology for measuring and assessing the full-field
deformations and strains distribution across the loaded wood-adhesive interphase at a
micro-mechanical level.
It was found that the measurement of surface displacements and strains was substantially
affected by the local morphology unique to the specimen under examination. This
morphological variation and its effect on measurements must be taken into account for
any analysis of the adhesive bond interphase at this scale. Due to this substantial effect,
any analysis of the load transfer behavior would be best conducted in conjunction with
predictive modeling tools. The data produced by the methodology described in this paper
is used to verify the reliability of the numerically simulated displacement and strain
results that are generated for the entire depth of the specimen Kamke et al. (2014). A
methodology for integration of these optically measured displacements and strains with
the simulated results is described in depth by Muszyński et al. (2013).
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CHAPTER 5 MEASUREMENT OF MICRO-SCALE WOOD
SURFACE PROPERTIES USING ATOMIC FORCE
MICROSCOPY TECHNIQUES

Matthew Schwarzkopf
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Introduction
In wood-based composite materials polymer binders are used to hold components
together and transfer loads. The binders can serve as adhesive bonding planes between
laminates, continuous matrices encapsulating suspended filler particles (like in WPCs), or
discrete adhesive points between strands, particles, or fibers (Figure 1.1). The flow and
penetration of liquid binder into the wood structure would depend upon physical and
chemical interactions between the binders and the wood surfaces. These interactions in
turn are affected by chemistry and physical properties of the binder, manufacturing
parameters during the forming of the bond, and on the surface free energy of the wood
substrate.
The surface free energy can be defined as a measure of the affinity that one surface has to
another. In the context of wood-based composites, the surface free energy may be a
measure of the affinity of a wood surface to a liquid binder. A thorough knowledge of
surface free energy would provide valuable input information for advanced
methodologies using morphology based numerical modeling tools to simulate and predict
displacements, stresses, and strains of composites. Figure 1.2 from Muszynski et al.
(2013) (reproduced in Appendix C) provides a framework in which empirical
measurements and morphology based modeling tools are integrated. Measurements of the
surface free energy would fit into box A of the framework and would be used as input
data for the morphologically based numerical model. With this model and empirical input
data from surface free energy measurements, one could perform a variety of virtual
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experiments investigating things like the effects of the degree of binder penetration,
contact intimacy, effects of surface treatments, and the effects of ageing.
The surface free energy of materials is commonly measured using contact angle
measurements that have been used in the past to determine characteristic surface free
energies of natural surfaces. This method applies a droplet of a liquid to a material
surface and the angle that it forms with the solid is measured. It provides good estimation
over surface areas that are larger than the applied droplet, but has limited use for
determining the local properties of materials with rough and inhomogeneous surfaces like
wood. Furthermore, the wood-binder interactions take place at a micro-scale (1-10
microns) where the wood morphology and local interfacial properties become significant.
The variation of these local properties across morphologic features of surfaces prepared
for bonding and their effect on the wood-binder bonding behaviour are not completely
understood and a measurement methodology with sensitivity to local variations in the
wood micro-structure is needed.
One method that has been used to determine these local surface properties in the past is
atomic force microscopy (AFM) in force spectroscopy mode (Butt et al. 2005; Cappella
and Dietler 1999). The basic AFM operation uses nano sized probes (tips) to map the
topography of a surface. One can think of this action like a record player needle scanning
the topography of the grooves in a record. Following a raster pattern, the tip is moved
across the surface of a specimen. During scanning, a laser is reflected off of the back of
the cantilever structure and when there is a change in topography, the cantilever will
deflect and the change in the laser position on a detector will be measured Figure 5.1.
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Figure 5.1. Schematic of basic AFM operation.
In a modified mode called force spectroscopy mode, the AFM probe (which will be
referred to as the tip) is moved towards the surface until attraction forces pull the tip to
the surface. The tip is then retracted and the force required to separate the tip from the
substrate is recorded as adhesion force. This method has been used for ligno-cellulosic
surfaces before, but for more accurate measurements, it is desirable to define the tip
chemistry that interacts with the material surface. Different functional groups can be
applied to the surface of the tip to define its chemistry and when making measurements
with modified tips the technique is referred to as chemical force microscopy (CFM).
Defining the chemistry of the tips (Figure 5.2) ensures that the measured forces are
between the wood surface and a known surface functionality.
The manuscript included as Appendix B describes a methodology developed to
comparatively measure the surface properties of the cut wood cell wall and inner cell
lumen using CFM. This chapter summarizes the author’s original contributions to the
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collaborative study described in the manuscript. It also includes related original work and
contributions not featured in the manuscript.

Figure 5.2. Schematic of an AFM tip modified with functional groups interacting with a
surface.
The objective of this study was to develop a methodology to investigate the local surface
free energy of wood at the micro-scale. These measurements can be used to further refine
and inform morphology based numerical modeling of the wood-binder relationship in
composites.
Materials and Methods
The general approach of this study was to prepare chemically modified AFM tips, assess
the degree of modification, durability, and make preliminary measurements on wood
surfaces.
Beam shaped cantilevers with Multi75Al-G silicon tips (Budget Sensors, Sofia, Bulgaria)
tips were used in this study. The tip itself is attached to a cantilever that is approximately
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225 µm x 28 µm x 3 µm (Figure 5.3). This cantilever is then attached to a holder chip
that is approximately 3.4 mm x 1.6 mm x 0.3 mm. Due to the small size of the AFM tip
assembly, manually manipulating large numbers of the tips was not an efficient,
economical, or reproducible option. Instead, tip holders were first constructed using cut
glass microscope slides and the AFM tips were held firmly in place by a tensioned paper
clip. Figure 5.4 shows one of the tip holders that was constructed.

Figure 5.3. SEM image of an AFM cantilever with tip attached at 650X magnification.
Photo credit: Peter Hardi
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Figure 5.4. AFM tip holder used during cleaning, sputter coating, chemical modification,
and storage. The reflective surface in this image is due to a gold layer after sputter
coating.
Using the tip holders, the AFM tips were aggressively cleaned to remove any foreign
organic matter. A “piranha” solution of sulfuric acid and hydrogen peroxide was first
used to clean the tips to remove any organic residue, but proved to be too aggressive for
the tip holders and corroded the metal clips contaminating the AFM tips. The alternative
cleaning method was based on the process described by Bastidas et al. (2005), who used
a 185 nm wavelength UV lamp (UV-Technik Speziallampen GmbH, Wolfsberg,
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Germany) (Figure 5.5), to oxidize organic matter on the surface without damaging the
tips or tip holders.

Figure 5.5. Schematic of the oxidizing UV lamp assembly used for cleaning AFM tips.
After cleaning, the AFM tips were prepared for functionalization using self-assembling
mono-layers (SAMS). SAMS are comprised of a carbon chain of a defined length with a
head group at one end and a terminal sulfur group at the other. The sulfur group readily
links to gold which with the assistance of a chromium layer can be applied to the tips.
Therefore, a thin chromium layer (≈20 nm) was added to the silicon tip using a sputter
coater (SCD050, Bal-Tec, Balzers, Liechtenstein). Then a gold layer (≈50 nm) was added
which bonded with the chromium. Directly after sputter coating, the tips were immersed
in a solution of SAMS where over time the sulfur end group of the SAMS bonded with
the gold coated tips. Tips were functionalized with either –OH or –CH3 functionalities.
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In addition to functionalizing the AFM tips, functionalized reference surface specimens
were created with relatively smooth glass surfaces. These smooth reference surfaces with
defined surface chemistries were used to assess the tip durability and develop our testing
methodology for wood surfaces. These surfaces were prepared in a manner similar to that
of the tips, but with a 120 nm gold layer instead of a 50 nm layer.
In the force spectroscopy method previously described, the tip may be damaged during
the measurement procedure and cease to make accurate adhesion force measurements. In
an attempt to analyze the tip durability, a series of consecutive force spectroscopy
measurements were made on a reference surface specimen. It was hypothesized that with
all other testing parameters kept constant, if the tip was damaged the surface area of the
tip would be increased and therefore the measured adhesion force would increase. The
test series was conducted on a 1 nm x 1 nm area while changing the contact force of the
tip to the specimen surface.
The results generated in the assessment of durability are shown in Figure 5.6. This figure
plots the measured adhesion force (in nano-Newtons) against the voltage applied to the
actuator moving the AFM tip towards the specimen. The higher the voltage, the harder
the tip is pressed into the specimen surface and the contact force is increased.
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Figure 5.6. Adhesion force scans measuring the adhesion force while increasing the
applied voltage (contacting force of the tip to the specimen surface).
The purpose of this test was to verify that during the course of the adhesion force scans
on the wood specimens with 4096 measurements each, the tips would not be damaged. If
the tip was damaged and crushed, it is expected that the surface area exposed to the
surface would increase, and therefore the adhesion force measurement would increase. If
the tip was un-damaged, the measured value would remain constant if no other
parameters were changed. Each column of data in Figure 5.6 from left to right was tested
consecutively. The durability series began at 0.05 V, which was the voltage level used in
the regular wood specimen scans. The first data had 4096 measurements and each of the
following tests had 256 measurements each.
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The force spectroscopy scans measuring the adhesion force on wood specimens focused
on anatomical positions in the interphase involved with bonding. These areas were the
inner S3 surface, the cut S3 layer surface, and the cut S2 layer surface (Figure 5.7).

Figure 5.7. Schematic of the wood surfaces scanned during testing.
For each scan area on the wood surface, 4096 force measurements were made within a 5
µm x 5 µm area. Each scan location included the inner S3 surface, the cut S3 layer
surface and the cut S2 layer surface. During the surface preparation, the cut S3 layer
appeared to have been damaged by the microtome knife. This may have been caused by
the free surface of the S3 layer allowing excessive deformation and potentially damaging
the surface. Therefore this area (Figure 5.8) and these values were not included in further
analysis.
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The adhesion force data from the AFM software was exported in 64 x 64 matrix format
and was examined in image analysis software (ImageJ). The inner S3 layer and the cut S2
layer surface were cropped and analyzed as separate parts as seen in Figure 5.8.

Figure 5.8. Scan data separated into lumen and cell wall parts and exported as numerical
values.
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Preliminary Results
To confirm that the SAM application was successful and to verify the polar or non-polar
responses, of the reference surfaces a droplet of water was applied on the specimens
(Figure 5.9).

Figure 5.9. Reference specimens prepared for contact angle measurements with a drop of
water on the surface. Left: -OH functionality exhibiting hydrophilicity; Right: -CH3
functionality exhibiting hydrophobicity
The polarity of the surfaces could be easily assessed by visual inspection: the specimen
treated with polar, –OH groups was clearly hydrophilic and that the specimen treated
with non-polar, -CH3 groups was hydrophobic. In addition to visual inspection, the
contact angles were measured. The contact angle for the –OH functionalized specimen
was measured at 17.7° ±0.2° and the contact angle for the –CH3 specimen was 130.2° ±
0.6° (Kotula 2014).
Between the first and second tests at 0.05 V, there was little change in the adhesion force
measurements. This test ensured that a tip would maintain its integrity since our wood
specimen scans had 4096 measurements in total for each tip. To find the contact force at
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which the tip would start to degrade, the voltage (contact force) was increased
incrementally to 4 V. An increase in adhesion force measurements occurred which is
likely due to damaging the tip and increasing the measurement surface area. The
measurements at 4 V are 80X stronger than what is used during tests that are probing the
wood surface.

Figure 5.10. Chromium and gold coated AFM tip showing non-uniformity of the gold
layer on the surface. Photo Credit: Peter Hardi.
The adhesion force values that were measure on the wood surface and the reference
specimens were lower than expected compared to literature values (Butt et al. 2005).
Burnham et. al. (1990) and Thomas et al.(1995) speculated that surface asperities (gold
islands) on the tip may effectively reduce the area of interaction with the surface being
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measured. This reduced interaction area returns a measurement that is much lower than
expected. This may be due to non-uniformity in the coated surface. When inspecting one
of the coated tips used in this study (Figure 5.10), one can see a rough and non-uniform
surface. This non-uniformity is formed during the sputter coating process and is
commonly seen with sputter coated gold. In future works, a different gold application
method would be recommended.
Conclusions
In this chapter the original contributions of the author to the development of the
methodology of Stöckel et al. (2014) (reproduced in Appendix B) were presented. In
addition to the preliminary testing on wood surfaces, the AFM tip holders, UV lamp
cleaning apparatus, durability testing, and data extraction methodologies used in
preparation were among the author’s original contributions.
This methodology is capable of producing surface free energy measurements at the
micro-scale in wood specimens. Using the inverse problem approach seen in Figure 1.2,
one can integrate the coordinate based scan data with morphologically based numerical
models. Incorporating in the model local variation of the surface free energy, will allow
corresponding modulation of the bond strength and lead to more accurate simulations and
predictions of the composite performance. It may also allow additional studies on the
effects of surface treatments and ageing.
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GENERAL CONCLUSIONS
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As stated by Hull and Clyne (1996), understanding load transfer is key to understanding a
composite’s mechanical behavior. However, the micromechanics of load transfer in
morphologically complex composites like these derived from wood and other bio-based
materials remains a subject of limited understanding.
One approach to investigate the state of load transfer in complex composites is an inverse
problem approach, in which empirical measurement and modeling are integrated. In this
methodology load transfer across composite bonds can be investigated through
numerically simulated stress distribution throughout the volume of the bond interphase.
This approach requires experimental measurement tools that account for the complex
morphology of the system at the relevant scale (micro). The important criterion for such
empirical methodologies is not only accurate measurements of the desired property, but
equally important is the compatibility of its data output with that of the numerical model
of choice.
The objectives of this thesis were to A) develop measurement methodologies related to
the load transfer across composite bonds with complex morphologies that can be
integrated with numerical models using an inverse problem methodology. Specific
methods have been developed for measurements of deformations and strains across the
particle-matrix bond in WPCs and across the adhesive bond in layered composites; and
B) develop measurement methodologies related to the surface affinity of composite
components with complex morphologies to further inform numerical model input related
to bonding morphology.
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The following is a summary of the findings and conclusions derived from this study:


WPCs and adhesively bonded laminate composites have similarities in
their bonding morphology.
o The binders contact wood surface as liquid polymers.
o During manufacturing binder materials may penetrate into the
wood structure forming a complex interphase region.
o Locally, on micron and sub-micron level the strength of the bond
depends on the chemical compatibility of the binder and the wood
surface.



Currently different test methods are used to assess quality of composite
bonds in wood plastics and in adhesive bonded laminates. Both groups of
methods are based on pass/fail criteria and do not provide insights in the
micromechanics of the performance of the bonds under service loads.



Load transfer in the wood-binder interphase cannot be measured directly,
but it can be numerically modelled when integrated with measured
displacement and strain patterns.



Empirical methodologies were developed to measure deformation and
strain patterns related to composite bonds.
o Optical measurements of deformations and strains were spatially
tied to a coordinate system allowing them to be directly integrated
with a numerical model.
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o The complexity of the strain patterns in the three-dimensional
heterogeneous interphase makes independent analysis of the strain
patterns inefficient and impractical. These tools are used most
efficiently in the context of the inverse problem methodology,
where the data can be analyzed and generalized using numerical
models.


A methodology was developed to investigate the surface free energies at
micro-scale anatomical positions on the wood surface involved with
bonding.
o In the inverse problem methodology these measurements can be
used to refine the numerical model by providing information on
local variations on the strength of the bond.

The three manuscripts included in this dissertation all describe development of empirical
measurement methodologies that account for the complexity of a three dimensional
interphase in a heterogeneous composite at a micro-scale. The data from these
measurements is compatible with morphology based numerical model and a framework
for the integration of the two has been developed.
The studies presented here have shown great strides in the integration of empirical
measurements and numerical modeling tools. Approaches and methods presented in these
studies can be applied to investigations of other complex composite materials. This work
was restricted to the micro-scale, but due to the flexibility of the framework, multiple
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scales can be investigated, from microns to meters. The work done here can be thought of
as building blocks upon which all great structures are built.
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Chapters 3, 4, and 5 in this dissertation reflect the author’s specific research focus, while
the included appendices reflect the author’s contributions to larger projects and provide
context for these studies.
The studies in Chapters 3 and 4 were both part of larger collaborative projects which
integrated empirical measurements and modeling. Appendix A, a co-authored paper,
provides context to Chapter 4 by providing an overview of the entire project. Appendix
C, a co-authored proceedings paper, has been included to provide a detailed treatment of
the integration methodology used in Chapters 3 and 4.
Appendix B is a co-authored manuscript which provides context to the author’s
contributions detailed in Chapter 5.
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METHODOLOGY FOR MICRO-MECHANICAL ANALYSIS
ADHESIVE BONDS USING MICRO X-RAY COMPUTED TOMOGRAPHY
AND NUMERICAL MODELING

Kamke, F.A., Nairn, J.A., Muszynski, L., Paris, J.L., Schwarzkopf, M., Xiao, X. (2014)
Methodology for micromechanical analysis of wood adhesive bonds using x-ray
computed tomography and numerical modeling. Wood Fiber Sci. 46(1): 15-28.
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Abstract
The structural performance of wood-adhesive bonds depends on their ability to transfer
stress across an interface of dissimilar materials, namely cell wall substance and cured
polymeric adhesive. The interphase region of the bond consists of cell wall substance,
voids, and voids filled with adhesive. An integrated method to numerically model the
micro-mechanical behavior of this system is described. The method includes micro x-ray
computed tomography (XCT) to define the three-dimensional (3D) structure of the bond
on a micron scale. Tomography data was used as direct input to a micro-mechanics
model. The model provided a 3D representation of equivalent strain and equivalent stress
Ff the adhesive bond under load, and furthermore, integrated the microstructure of the
interphase region into the solution. The model was validated using lap-shear test results
from the same specimens that were scanned for XCT. Optical measurement and digital
image correlation techniques provided full-field displacement data of the surface of the
lap-shear specimens under load. Model simulation results compared favorably with
measured surface displacements with spatial resolution in the micron range. The main
advantage of the methodology is the accurate representation of the 3D microstructure of
wood, and penetrating adhesive system, in the numerical model.

Keywords
XCT, modeling, wood anatomy, digital image correlation, material point method
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Introduction
The structural performance of wood-adhesive bonds depends on their ability to transfer
stress across an interface of dissimilar materials, namely cell wall substance and cured
polymeric adhesive. The “interface” of the bondline is actually part of an “interphase"
region comprised of cell wall substance, voids, and voids filled with the cured adhesive
system (Kamke and Lee 2007). Furthermore, the pre-polymeric adhesive may penetrate
the cell wall during bond formation. The scale of the interphase region corresponds to the
scale of the wood ultra-structure, and is thus defined on the micron level. This system of
cell walls, cured synthetic polymer, and void space is remarkably small, complex, and
variable.
Although conceptual models have been proposed to explain the effect of adhesive
penetration on the bond performance, to-date no direct evidence of such correlation has
been provided. Frihart (2009) postulated the difference in bond performance between in
situ polymerized systems, which become cross-linked and tend to be rigid, and the prepolymerized adhesive systems that are more ductile. Stress in the region of the bond
interphase depends on the nature and degree of adhesive penetration into the substrate.
Penetration of in situ polymerized systems has been demonstrated to change cell wall and
bulk wood properties (Furuno et al. 2004; Miroy et al. 1995; Gindl and Gupta 2002,
Gindl et al. 2004; Jakes et al 2010). Regardless of the extent of adhesive penetration into
the cell lumens, cell wall, or both, the influence of penetration on adhesive bond
performance is largely unknown.
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Müller et al. (2005) measured the two-dimensional (2D) strain field of single-lap bonded
wood assemblies in shear by tension loading using interferometry with spatial resolution
of 0.1 micron. Results were used to calculate shear moduli of the interphase region of
specimens bonded with phenol-resorcinol-formaldehyde (PRF) or polyurethane (PU)
adhesive. The shear moduli of the PRF specimens were more than seven times greater
than the PU specimens. An optical measurement method based on the digital image
correlation (DIC) principle has been used to measure 2D strain fields of bonded wood
assemblies (Serrano and Enquist 2005). Like the interferometer technique, DIC requires a
clear view of the edge of the specimen. The spatial resolution of the DIC method is
controlled by the optics associated with the camera system and must be balanced against
the desired field of view. The authors reported a spatial resolution of 0.2 mm. Similar to
Müller et al. (2005), Serrano and Enquist (2005) reported distinctly different strain
behavior, but nearly identical ultimate strength for PRF and PU bonded specimens. None
of these reports provided information concerning adhesive penetration.
Müller et al. (2005) and Serrano and Enquist (2005) modeled lap-shear bond behavior
using finite element analysis (FEA). For the purpose of these studies the properties of the
adhesives were estimated from previous work and assumptions were made on the
thickness of the “bondline” in the FEA model. It is unclear if bondline thickness referred
to pure adhesive at the idealized interface between the adherents, or to an interphase
region (including the region of penetration of adhesive). In both studies the trends
simulated by FEA compared well to the full-field strain measurements. One promising
way to approach micromechanical analysis in heterogeneous materials of this level of
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complexity is integration of multi-scale and multi-modal advanced imaging techniques,
numerical modeling and elements of inverse problem methodology (Muszynski and
Launey 2010).
X-ray computed tomography (XCT) is a useful tool for three-dimensional (3D) mapping
of porous wood structures and adhesive penetration in wood (Kamke and Lee 2007,
Kamke et al 2010, Modzel 2009, Modzel et al 2011, Hass et al 2012). To-date, XCT has
not demonstrated the ability to distinctly separate penetration of adhesive in a cell wall
from adhesive in the cell lumen. While XCT provides excellent visual characterization of
3D pathways for penetration, the challenge still remains to quantitatively relate
penetration to bond performance. In addition, XCT requires micron-level spatial
resolution to differentiate thin cell walls from the cured adhesive polymer. The x-ray
attenuation of organic adhesives is nearly the same as cell wall substance. Consequently,
material contrast is generally poor without the addition of a contrast agent (Modzel
2009).
The objective of the current study was to develop an integrated method for quantitative
assessment and numerical simulation of the elastic behavior of bonded wood systems that
could capture the effects of adhesive penetration into cell lumens and the complex nature
of the micro-morphology of wood. Penetration of adhesive in cell walls was beyond the
scope of this work. The present report describes the methodology from adhesive
formulation to computer simulation results, as well as validation by micro-bond testing.
Subsequent reports will compare the bond behavior of several adhesive types in three
wood species.
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Materials and methods
The research project was divided into three phases. First, the wood-adhesive system was
defined using micro XCT. The outcome of this phase was 3D representation of the
physical system, with near micron resolution, allowing separation of the three principle
components – wood cell wall, adhesive, and voids. With one micron resolution individual
pits and thin cell walls could be clearly represented in the 3D digital tomogram. Second,
numerical modeling using the material point method (MPM) was selected such that
tomogram data could be directly implemented into a numerical model, and thus
accurately represent the physical system. The numerical model is necessary to visualize
the internal stress distribution in the bond interphase, which by principle cannot be
measured. Finally, a micro-mechanical, lap-shear, bond test (Figure A.1) was designed
such that the same specimen that was scanned for XCT was used for mechanical testing.
The optical measurement system employed the DIC principle to measure surface
displacements and strain maps on one side of the adhesive bond. The measured surface
displacements and strain maps could be directly indexed to the tomogram data and MPM
simulation results. The test protocol allowed a direct comparison, and thus validation, of
the MPM model results.
To illustrate the experimental method, an example of hybrid poplar (Populus trichocarpa
x Populus deltoides) wood bonded with PF adhesive is described. Poplar is a hardwood
species that has vessel cells (approx. 100 micron diameter) that are uniformly dispersed
throughout the growth ring.

103

Figure A.1. (a) Universal test machine showing lap-shear specimen and DIC optical
measurement system; (b) Example of a lap-shear specimen with ends bonded to graphiteepoxy tabs for attachment to test machine; 1cameras, 2 beam splitter, 3 microscope
objective, 4 specimen, 5 load cell, 6 test frame, 7 grip, 8 graphite-epoxy tab
The vessels are approximately 500 to 800 micron in length and are connected via simple
perforation plates (no membrane) arranged end-to-end in the longitudinal direction. Most
of the other cells are longitudinal fibers, which have thicker cell walls (approx. 3 micron)
with lumens about 15 micron in diameter and 1 mm in length. Fluid transport between
longitudinal fibers occurs via pits that contain a membrane, which presents a high
resistance to flow. Consequently, nearly all fluid flow in the longitudinal direction in
poplar occurs through vessels.
To enhance the x-ray attenuation contrast, the PF adhesive was formulated using 100
percent 3-iodophenol (IPF) with a synthesis procedure similar to the manufacture of a
commercial plywood adhesive. The resulting resin contained 39.5 weight-percent iodine.
Iodine has an atomic mass of 126.9, and thus created an adhesive with an x-ray
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attenuation coefficient approximately 30 times greater than wood substance. The weightaverage molecular weight (MW) was approximately 22,000, which is greater than a
typical plywood PF resin. However, the polydispersity was 1.9, which is about the same
as a plywood PF resin. The viscosity at 25oC was 930 cP. Although the fluid properties
and cure characteristics of the experimental resin may differ from a commercial PF resin,
the objective of the project, which is modeling the bond behavior, was not compromised.
Adhesive bonds were formed by applying 61 g/m2 PF solids per face to the tangential
surface of 15 mm thick wood lamina. The assembly was pressed at 185 oC, at 0.48
N/mm2, for 8 minutes. After cooling and conditioning to a constant moisture content at
20oC and 65% relative humidity, the bonds were isolated by cutting to 2 mm x 2 mm x 15
mm specimens. The specimens were cut on the radial-longitudinal plane with a
microtome to create a clean surface that clearly exposed the anatomical structure of the
wood (Figure A.2e). Finally, a notch was cut on both ends of the specimen to create a
lap-shear specimen with overlapping area of approximately 2 mm x 6 mm (Figure
A.1b).
Micro XCT was performed on beamline 2-BM-B at the Advanced Photon Source (APS)
at Argonne National Laboratory. Synchrotron radiation was desired for its high energy,
parallel, monochromatic beam. Synchrotron radiation provides rapid scanning, which
reduces the chance for biological specimens to change moisture content during the scan,
and provides the best image quality. Scanning was performed at 15.3 keV and 250 ms
exposure time per radiograph. The distance between the scintillator screen and the
specimen was 8 mm, which is a critical parameter that affects the degree of phase

105
contrast due to x-ray interference after free-space propagation (Wilkens et al. 1996).
Radiograph projections on the scintillator screen were captured by a 12-bit camera
(Photometrics CoolSnap k4) with a 5x microscope objective lens. During the XCT scan,
the specimen was rotated in 0.12 degree increments over 180 degrees. The raw radiogram
data was used to reconstruct the 3D image using a fast-filtered back-projection algorithm
on a dedicated computing system at the APS. The reconstructed data sets consisted of
2048 digital images in 32-bit (floating point) format, with 1.45 microns per voxel side
and a total field of view volume of 2.97 x 2.97 x 2.97 mm³. A minimum of two
neighboring pixels is needed to define the shape of an object, and thus the imaging
system intrinsic spatial resolution, or smallest resolvable identifiable object, is 2.90
microns.
Digital processing of the tomogram data was done using Fiji, a bundled software package
of ImageJ 1.45i (NIH 2013), including several preloaded 3D image analysis plug-in
modules. Reconstructed image stacks (sequentially numbered images representing virtual
transverse slices along the length of the specimen) were imported into the program with
an HDF-reader plug-in supplied by the APS beamline staff (Tieman 2007). XCT data sets
were then cropped to sub-volumes approximately 2 mm (L) x 650 μm (R) x 2 mm (T),
isolating the microtomed, radial-longitudinal surface with the centered adhesive bondline
(Figure A.2).
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Figure A.2. Poplar and IPF lap-shear specimen; a) Transverse view of reconstructed
tomogram; b) Radial slice from (a) showing microtomed surface; c) Segmented subvolume from (a, box) showing adhesive phase; d) Segmented sub-volume from (c)
showing adhesive phase; e) UV fluorescence micrograph of microtomed surface; f) Same
surface as (e) with speckle pattern applied for DIC displacement measurement.
Image stacks were then subject to the following processes: 1) normalization, with 0.4%
saturation tolerance, to stretch the stack gray values over the full 0 - 232 gray-scale range;
2) conversion to an 8-bit image stack with 0 - 28 gray-scale range; 3) a 3D median filter,
with a 3x3x3 voxel neighborhood, was applied in 3 consecutive iterations, to smooth the
sub-volume data while preserving material edges; 4) gray-scale threshold values were
used to segment the volume into three material phases - cell wall, adhesive and voids
(Figure A.3; and Figure A.5) a binary noise removal filter, with a 1 voxel radius,
eliminated singular, unconnected voxels. Processed, binary sub-volumes were saved as
bitmap image-stacks to be directly imported into the modeling software.
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The bonded assemblies were too small for the grips in the universal test machine.
Consequently, a graphite-epoxy tab was bonded to each end of the lap-shear specimen as
shown in Figure A.1b. To serve as a reference, a digital image of the microtomed
surface was captured using a fluorescence microscope (Figure A.2e), where UV
illumination proved good color contrast between the PF and wood. To enhance optical
measurement, laser-printer toner was used to apply a speckle pattern on the microtomed
surface (Figure A.2f). The speckle pattern provides unique reference targets needed for
DIC analysis. The lap-shear specimens were loaded in tension with a small universal test
machine (Instron Electropuls E1000), with loading rate of 0.5 N/min and the load was
monitored with an Instron 100 N static load cell (Figure A.1a). The optical measurement
system (Vic-Micro 3DTM by Correlated Solutions, Inc.), consisting of a stereo microscope
and two digital cameras, was positioned to monitor deformation of the microtomed
surface with speckle pattern. An image was captured every second. The spatial resolution
was 1.27 μm/pixel. The DIC measurement analysis was performed for reference targets
spaced at 8.92 μm (5 pixels) intervals. The displacement of each reference target was
determined with precision of ± 0.037 μm, which translated to ± 68.2 linear microstrain.
One limitation was the coarse appearance of the finest available speckle pattern under
high magnifications used in this study. The field of view for the DIC data included the
notch (overlap) on one end of the specimen, which provided a clear reference point for
spatial indexing of tomograms, DIC data, and modeling results.
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Figure A.3. Example of tomogram of poplar bonded with IPF (0.3 mm x 1 mm x 1mm).
Reference planes are shown for transverse (end-grain), radial, and tangential surfaces;
Reference directions, relative to anatomy of wood, indicated at right: longitudinal (L),
radial (R), tangential (T).
Modeling the adhesive bond was accomplished using finite element analysis (FEA) and
the material point method (MPM). The high degree of spatial resolution needed to
represent the entire cellular structure of the lap-shear specimen for 3D MPM modeling
was not feasible. Instead, a two-step modeling procedure was applied. First, 2D FEA was
used to model the entire lap-shear specimen. The FEA results were used to define the
boundary conditions for a sub-volume of the specimen defined from the tomography
data. Finally, a 3D MPM model was used to simulate the linear elastic deformation of the
sub-volume.
The challenge for the numerical modeling was to discretize the structure determined by
tomography and then to model the stress and strain encountered in the micro-bond
testing. The preferred method is a particle-based method, rather than a finite element
method. In particle-based methods, one can go directly from voxels in the tomogram to a
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numerical model without any need for constructing a finite element mesh. A custom
MPM code (Nairn 2011) was used for this task. The code has previously been shown to
work well for modeling realistic 2D wood structures (Nairn 2006).
A full 3D simulation of the entire specimen using the finest spatial resolution of the
tomogram had 9 billion voxels; that problem size was well beyond the capabilities of the
available MPM software. The following strategy was adopted. A sub-volume was carved
out of the tomogram data in a region that included the surface mapped by the micro-bond
experiments. The reduced region covered the full width of the specimen (y-direction,
radial, ~ 2 mm), a length along the bond line to encompass expected stress concentrations
(z-direction, longitudinal, ~ 2 mm), but only a partial depth (x-direction, tangential, ~ 650
µm). The resulting tomogram structure is shown in Figure A.2. This subset was
converted to 1430 bmp files along the z-axis. Each bmp file was a transverse slice of the
specimen with x and y direction having 450 and 1522 pixels, respectively. The subvolume had about 0.98 billion isotropic 1.45 µm voxels.
Due to practical computer limitations, the system model was scaled down further by
coarse graining each slice to fewer particles. The simulations presented here used x and y
of 200 by 676 pixels in each slice for a resolution of 3.25 µm per particle. Figure A.4a
shows one slice from tomogram data at resolution of 1.45 µm per pixel, while Figure
A.4b shows the MPM model by directly translating this slice into particles in the model.
The full 3D model was then constructed by similarly mapping a series of slices along the
z-direction of the specimen. Again, it was not possible to include all slices. Because the
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structure of wood varies much more significantly in the transverse plane than in the axial
plane, the modeling procedure assumed that less resolution was needed in the z-direction.

Figure A.4. (a) One slice of tomogram data at a resolution of 1.45 µm per pixel; (b) The
computer representation of this same slice in an MPM model with 3.25 µm per particle.
These images show only the wood components. The adhesive component has been
removed and was supplied to the computer model by superposing adhesive images with
wood images.
The results in this paper were derived from simulations performed at two spatial
resolutions - 14.5 µm and 5.8 µm per particle in the z-direction. The resulting simulations
had approximately 8 million or 20 million particles depending on the selected spatial
resolution, and computation time was 11 hours and 38 hours, respectively, in multi-core
parallel code using 12 cores.
Because the computer model was only for a portion of the full specimen, the choice of
boundary conditions was crucial. Two methods were used. First, the micro-bond tests
measured full displacement fields on the y-z surface plane. Experimental displacements
were extracted in the z and y directions on the top (z = 0 mm) and bottom (z = 2.068 mm)
of the modeled sub-volume. Those results were fit to functions of y along each edge, and
then applied as displacement boundary conditions to the ends of the 3D modeled region.
While this worked, it gave only one specific result and would not be an acceptable
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approach for anticipated future work that will conduct virtual experiments on the role of
bondline properties. Because anticipated virtual materials will not match the actual resin,
the experimental boundary conditions would not be appropriate for such simulations.
Therefore, a global-local approach was developed for selecting boundary conditions. The
global analysis was to run a 2D finite element analysis (FEA) on the entire micro-bond
specimen, including the carbon tabs. Next, for the MPM region being modeled, the FEA
y and z displacements on the ends (boundary) were extracted, and they were fit to
functions of position y along each edge. The derived functions were applied as
displacement boundary conditions to the 3D modeled sub-volume. The final boundary
condition was to set displacement in the x-direction to be zero on the back surface of the
sub-volume, which is the interior plane opposite of the microtomed surface.
The numerical modeling also needed material properties. These initial simulations
assumed linear elastic materials. The resin was assumed to be isotropic with modulus of
1000 MPa and Poisson's ratio of 0.33, which are typical for thermosetting polymer resins
(Umemura et al. 1998). However, the modulus for the IPF was estimated to be at the
lower end of the range because the presence of iodine will reduce cross-linking. The
wood components were assumed to be transversely isotropic with high modulus in the
longitudinal direction and isotropic properties in the radial-tangential plane. The global
FEA calculations used properties for solid wood. The MPM simulations needed cell wall
properties. The longitudinal modulus of the cell wall was estimated by extrapolating
typical wood properties to cell wall density (Gibson and Ashby 1997). The other values
were estimated. The simulations would be improved with measured cell wall properties,
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but this information was not available. All wood properties used for the simulations are
listed in Table A.1.
Table A.1. Mechanical properties assumed for global FEA and local MPM simulations

Results and discussion
The preliminary results presented here are proof of concept for the integrated procedure.
The results are not intended to represent the behavior of all PF adhesive bonds.
Comparison of adhesive bond performance among other wood species and other adhesive
types will be presented in a future publication.
Micro-XCT
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An example of processed 3D tomographic data is shown in Figure A.2a-d. The ends of
the lap-shear specimen are not shown. The bondline is oriented vertically on the x-y
plane in Figure A.2a, and vertically on the y-z plane in Figure A.2b. Due to greater xray attenuation than cell wall, the IPF adhesive appears white in the reconstructed
tomogram. As seen on transverse surface (Figure A.2a), the microtomed edge is at
bottom. Figure A.2b shows a 1.45 µm thick virtual surface that corresponds to the
microtomed edge. In this view only one slice from the tomogram is shown. Figure A.2c
is a 3D rendering of the same specimen, with microtomed surface in the foreground, but
segmented based on the gray-scale intensity of the voxels. In Figure A.2c the adhesive
phase was assigned a dark color for illustration. Figure A.2d shows the same subvolume as Figure A.2c with just the adhesive phase shown. As expected, most of the
adhesive penetrated the relatively large diameter vessel cells, which are oriented in the
longitudinal direction (z-direction).
Figure A.3 and Figure A.5 illustrate the spatial resolution achieved in the tomograms.
The reference planes are defined in Figure A.3 in relation to the orientation of the
bondline. Note that the orientation of the long axis of the vessel cells is in the
longitudinal direction, and the bondline is approximately parallel to the tangential surface
(longitudinal-tangential plane). The double cell wall (walls of two adjacent cells), pits in
vessel walls, and pits in longitudinal fibers can be distinguished. Individual walls of
adjacent cells cannot be separated. Figure A.5 illustrates an example of the radial
surface of the wood, with the longitudinal direction in a vertical orientation. The images
in Figure A.5 have not been filtered. The image at left (Figure A.5) shows vessel cells,
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inter-vessel pitting (lower left), and a portion of a ray (upper left). When the region
indicated by the square is magnified 10x (center image), and 20x (right image), the limit
of feature identification is revealed. The image at right (Figure A.5) shows a double cell
wall (vertical white region) with three inter-vessel pits.

Figure A.5. Tomogram images showing radial surface to illustrate the spatial resolution
and feature recognition; pixel size = 1.45 µm.
The adhesive phase can be separated from the cell walls based on the gray-scale value of
the voxels. For the 8-bit gray-scale images there are 256 levels of gray (0 = black, 255 =
white). As shown in Figure A.2a, Figure A.2b, and Figure A.3, white and black
voxels represent the highest and lowest x-ray attenuation, respectively. The
corresponding gray-scale intensity histogram is shown in Figure A.6, where peaks and
valleys in the distribution correspond to the gray-scale values used for segmentation. If
the specimen contains materials with distinctly different x-ray attenuation coefficients,
the phases can be separated based on gray-scale intensity. While a histogram plot of the
gray-scale intensity is helpful to decide which voxels should be assigned to adhesive, cell
wall, or voids, the overlapping of the tails of the distributions make the exact separation
of phases impossible. Figure A.6d illustrates the result of such an approximate
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segmentation process when only the gray-scale values assigned to adhesive are displayed.
Overlap of material phases occurs where adhesive penetrates the cell wall, which is
approximately in the gray-scale range of 140 to 190 as shown in Figure A.6.

Figure A.6. Histogram plot of gray-scale values for a sub-volume of a tomogram. Grayscale values have been linearly normalized from 0 to 255. Voxels, with gray-scale values
indicated, have been assigned to represent voids (0 - 83), cell wall (84 - 141) and
adhesive (142 - 255).
Micro-Bond Testing
The set of shear strain maps recorded on the microtomed surface of the lap-shear
specimen, at four stages of the micro-bond test, yielded results expected for a lap-shear
specimen (Figure A.7). As the tensile load was increased, a distinct axial shear strain
concentration developed in the region of the notch bottom. This is in accord with the
knowledge gained through analytical and numerical simulations, but is rarely measured
with reasonable precision. However, the pattern of shear strain development is not a
smooth gradient, as one would expect for a homogeneous material. Discontinuity in the
pattern of shear strain is a consequence of the heterogeneous nature of the wood
structure. The scale of the interphase region of the adhesive bond is similar to the scale of
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the dominant anatomical features of the wood – namely the vessel cells in hardwood
species. Therefore, the observed deformation of the lap-shear specimen is influenced by
the pattern of adhesive penetration, the nature of the adhesion between polymer and cell
wall, and the mechanical properties of the polymer. Empty vessels behave as voids,
which do not offer much resistance to load and result in high strain areas. Vessels filled
with adhesive transfer stress differently than empty vessels. This phenomenon is clearly
illustrated in Figure A.7, where the high strain region depicted in red corresponds to the
location of empty vessel cells at the surface of the specimen.
Computer Simulation Modeling
The validity of the global-local method to select boundary conditions for the MPM model
is demonstrated in Figure A.8, where experimental micro-bond displacements are
compared to displacements calculated by global FEA. The two methods had similar
displacements, which validates the FEA option for choosing boundary conditions.

Figure A.7. Progression of shear strain development during tension loading in half of a
lap-shear specimen (notch at right) as calculated from DIC measurement; a) 0 N, b) 10 N,
c) 20 N, d) 30 N.
Figure A.9 compares displacements in the z-direction measured with the DIC optical
method to those calculated by the MPM model. The good agreement between the results
was expected because FEA displacements, which are close to the measured

117
displacements, were used as the boundary conditions for the MPM analysis. The
agreement between the model and the measurement may be better evaluated by looking
at strain maps. Figure A.10 compares simulated surface strain in the z-direction and
shear strain (y-z plane) to the strains measured with the DIC optical system at the highest
strain level used in the micro-bond test. Again, the model and experiments show similar
patterns.

Figure A.8. The displacements in the z direction (w) and y direction (v) on the top (z =
0) and bottom (z = 2.068) of the modeled subvolume; Gray lines are experimental results
by DIC; Black lines are FEA calculations; Dotted lines are fits to FEA results that
provided functions to input for MPM boundary conditions.
With the MPM model validated it then becomes possible to examine the results of the 3D
simulation with a measurable level of confidence. The goal is to gain new insight into
adhesive bond performance. Two examples are given here. Figure A.11 shows
equivalent strain and stress (also known as octahedral strain and stress) for a virtual
cross-section of the specimen close to the notch. These terms were chosen because they
are invariants of the strain and stress tensors. For isotropic materials these invariants are
often associated with shear failures. Although this approach may not provide the best
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indicators for anisotropic materials like wood, this analysis still provides some insight.
Future work will seek to predict wood failure using anisotropic failure criteria. In Figure
A.11, the equivalent strain is high at the bond line and decreases as a function of distance
into either wood substrate. The rate of change of the strain might be a useful metric for
bond performance. In contrast, the equivalent stress is low in the adhesive and high in the
wood near the bond line, with high stress regions extended around the thin-walled, largediameter vessel cells in the wood. These observations are consistent with the assignment
of material properties, where the modulus of the adhesive is less than the modulus of the
cell wall in the longitudinal direction (Table A.1). These high stress regions are the
likely location for initiation of bond failure.

Figure A.9. (a) Experimental DIC results for displacements in z-direction (horizontal);
(b) The same displacements estimated by the MPM model.
While the potential for this 3D modeling to become a powerful tool for assessing bond
performance is clear, the challenge now is to properly interpret the results. All 3D plots
of modeling results were done by ParaView (Kitware Inc., Carrboro, North Carolina
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USA). The plots in Figure A.9 to Figure A.11 were done by thresholding results to mass
and projecting a color-coded displacement, strains and stress value maps on the surface.

Figure A.10. (a) Normal strain in z-direction, and (b) shear strain measured by DIC; (c)
Normal strain in z-direction, and (d) shear strain from MPM results.
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Figure A.11. MPM simulation results for lap-shear specimen loaded in z-direction as
viewed in x-y plane; a) equivalent strain, b) equivalent stress.
The reason the transverse structure in Figure A.11 looks to be lower resolution than in
the MPM model in Figure A.4b is a consequence of 3D visualization methods, which
smooth results to a grid prior to plotting. The thresholding step can be done by other
scalar results as well. Interesting aspects of the results may be revealed by visualization
of the equivalent strain or stress above certain levels with simultaneous color-coded
segmentation of cell wall material and adhesive phases. The results are demonstrated in
Figure A.12, where thresholding was used to highlight only regions of highest strain or
highest stress, and color-coded blue for adhesive and yellow for cell wall material. Figure
A.12a shows the strain result. As in Figure A.11, the strain is high in the adhesive (blue)
and localized along the bond line. The 3D plot shows the full extent of the strain
concentration. In contrast, the stress concentration in Figure A.12b shows almost no
adhesive. All the high stresses are in the wood (yellow), which identifies the likely
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locations for bond failure. As shown in Figure A.12, the modulus of the adhesive is a
factor of 30 less than the modulus of the cell wall in the longitudinal direction. Therefore,
greater stress, and less strain, is expected in the cell wall.
Limitations
One limitation of the procedure described here is the inability to represent the effect of
adhesive penetration into the cell wall. Evidence from energy dispersive spectroscopy
clearly revealed the presence of iodine in the cell wall. Since the iodine did not
disassociate from the PF, there must have been some cell wall penetration. The resolution
of the XCT scans was too coarse to quantitatively separate PF in the cell wall from bulk
PF in the cell lumens. The concentration of iodine in the cell wall was less than the
concentration of iodine in the bulk PF. Therefore, less x-ray attenuation occurred in the
cell wall regions where penetration occurred than in the bulk PF. Unfortunately, there
was not a distinct demarcation, but rather a gradient in gray-scale in the tomograms.
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Figure A.12. MPM simulation results showing notched end of lap-shear specimen; (a)
Regions of high equivalent strain; (b) Regions of high equivalent stress. Both plots are
colored by material, where dark blue is adhesive and yellow is cell wall substance.
XCT creates artifacts in the reconstructed tomogram as a result of x-ray interference.
Interference occurs when a sample is illuminated by coherent x-ray. After free-space
propagation behind the sample, x-rays constructively or destructively interfere around
features in the sample, which in turn creates bright-dark gray value jumps across feature
boundaries in tomograms. In the current study, this phenomenon was observed as light
(cell wall side) and dark (lumen side) shadows in the region of the interface of air and
cell wall substance. The light shadow cast on the cell wall can have a gray-scale value
similar to the adhesive phase. Although the distance between the specimen and
scintillator screen was optimized in this experiment to minimize x-ray interference, the
artifact persisted. These limitations contributed to the uncertainty of segmenting adhesive
from cell wall substance. Quantitative phase contrast XCT is potentially a better approach
to not only reduce the artifacts, but also improve the contrast amongst the three principle
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material phases (Pfeiffer et al. 2006; Chapman et al. 1997; Momose 2003; Burvall el al.
2011). This is a future direction for this work.
Spatial scale is critical to interrogate the influence of adhesive penetration on bond
performance. The XCT apparatus at beamline 2-BM-B at the APS was limited to 1.45
µm per voxel resolution and a field of view of approximately 3 mm. Limitation on spatial
resolution also influences the separation of the cell wall from adhesive if the cell wall is
smaller than one pixel, or the interface between cell wall and air space falls within one
pixel. The result is assignment of an average gray-scale value that is midway between air
space (or adhesive) and cell wall substance. This artifact is clearly illustrated in Figure
A.5. Finer spatial resolution for XCT below 50 nm is possible at other XCT facilities,
but the field of view is correspondingly reduced. Furthermore, finer spatial resolution
requires an XCT system, and specimen, that can be accurately indexed, or does not
change dimension during the scan. With moisture sensitive materials such as wood, a
change of moisture content during a scan will cause indexing errors that become
incorporated into the reconstructed tomogram. The true spatial resolution is defined by
the ability to separate distinct objects or features. To separate features requires a
minimum of two voxels, and consequently, the spatial resolution of the method presented
here is 2.9 µm.
A further limitation of the method is the assumption of mechanical properties used for the
numerical simulation. Mechanical properties were not measured for the materials used in
this study. Property values were obtained from the literature, and perfect adhesion was
assumed between the adhesive and the cell wall. No change in cell wall properties was
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assumed for the interphase region, even though evidence suggested that the pre-polymer
penetrated the cell wall.
Summary
An integrated method was presented for analyzing the micro-mechanical performance of
adhesive bonds in wood. The analysis was performed at a spatial scale approaching 1 µm
and true spatial resolution less than 3 µm. A numerical simulation model was created to
predict stress transfer as a function of the mechanical properties of cured adhesive and
cell wall substance. The physical system used in the simulation accurately represented the
3D anatomical structure of the wood, as well as the 3D pattern of penetration of adhesive
in the wood substrate. Micro-XCT created the data that was necessary to define the
physical system. Direct measurement of strain development validated that the model was
capable of representing the effects of cellular structure and adhesive penetration. The
model may be used to analyze stress and strain patterns inside the bond interphase and to
perform virtual investigations of the influence of adhesive penetration and polymer
properties on the performance of adhesive bonds. Limitations of the method were
discussed. Future research is aimed at refining the method, collecting more realistic
definition of component material properties, and improving the accuracy of the model.
Subsequent publications from the research team will explore the influence of adhesive
type, including polyvinyl acetate (PVAc) and methylene diphenyl diisocyanate (MDI),
and wood species, including Douglas-fir (Pseudotsuga menziesii) and loblolly pine
(Pinus taeda).
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APPENDIX B
QUALITATIVE DIFFERENCES OF SURFACE FREE
ENERGIES ON THE MICRO-MORPHOLOGY OF WOOD BY MEANS OF
CHEMICAL FORCE MICROSCOPY

Stöckel, F., Schwarzkopf, M., Kasal, B. (2014) Qualitative differences of surface free
energies on the micro-morphology of wood by means of chemical force microscopy.
Holzforschung (in review).
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Abstract
This paper describes the methodology using chemically modified atomic force microscopy tips
to probe the surface of wood at a local level. The surface free energies associated with different
anatomical features (e.g. cell lumens and cut cell walls) important to the adhesion process were
investigated. Tips were functionalized with self-assembling monolayers with –OH and –CH3
functional end-groups. This process resulted in polar and non-polar tip surface chemistries for a
more defined interaction between the tip and substrate. The force required to retract the tips from
the cell lumen and cut cell wall surfaces was measured in a dry nitrogen atmosphere. Preliminary
measurements have shown that higher levels of polar interactions were observed in the cell
lumen than compared to the cut cell wall surface. Based on these preliminary results, a method
for the calculation of the surface free energy is outlined which can be used in subsequent studies.

Keywords
adhesion, atomic force microscopy (AFM), chemical force microscopy (CFM), self-assembling
monolayers (SAMS), tip functionality, wood surface
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Introduction
The mechanical properties of adhesively bonded wood-based composites are largely
dictated by the performance of the wood-adhesive bond. The cost of adhesives makes up
a large part of the total composite cost and optimizing its use is desirable for composite
manufacturers. For the improvement and optimization of these adhesively bonded woodbased composites a more thorough knowledge of surface properties and the woodadhesive interaction at a micro-scale is required. Variables like wood species, ageing,
surface treatments, and surface preparation can alter the surface properties of wood and
precisely measuring them is challenging. The surface free energy provides a measure of
the affinity that one surface has to another. With known surface tensions of test liquids,
surface free energies of solids can be indirectly measured by examining the contact angle
of a droplet on the specimen surface.
Although this method is most well suited for material surfaces that are homogeneous,
smooth, and non-porous, contact angle measurements have been used in the past to
determine characteristic surface free energies of natural surfaces such as jute, hemp, as
well as several wood species (Gardner et al. 1991; Gassan and Gutowski 2000; Gindl et
al. 2001; Hakkou et al. 2005). It provides a good estimation of the wetting behaviour over
surface areas that are larger than the droplet applied. While useful in these situations, it
has limited use for determining the local wetting properties of materials with rough and
inhomogeneous surfaces like wood. In addition, wood-adhesive interactions take place at
a micro-scale where the wood morphology and local interfacial properties become
significant.

131
One of the most influential interfacial interactions for adhesive application is the wetting
process. The spread of adhesive on the wood surface at the micro-scale occurs on all
accessible anatomical surfaces and will primarily take place on the cut cell walls, open
cell lumens, and lumen surfaces reached through adhesive penetration into the wood
structure. The ratio of cell wall to lumen depends on wood species, the cut direction, and
the surfacing technique used on the wood. The local properties and variation between
these anatomic aspects and their influence on the wetting behaviour are not completely
understood and a measurement methodology with sensitivity to local variations in the
wood micro-structure is needed.
One method that has been used to determine these local surface properties in the past is
atomic force microscopy (AFM) in force spectroscopy mode (Butt et al. 2005; Cappella
and Dietler 1999). In short, this mode determines the adhesion force (Fadh) needed to
separate a probe (AFM-tip) from the substrate. Assuming the contact geometry is a
sphere-plane interaction, the relationship between the Fadh, work of adhesion (Wadh), and
the surface energies involved can be described by the Johnson-Kendall-Roberts (JKR) or
the Derjaguin-Müller-Toporov (DMT) theory in combination with the Dupré equation
using:
𝐹𝑎𝑑ℎ = 𝑐𝜋𝑅𝑊𝑎𝑑ℎ = 𝑐𝜋𝑅(𝛾𝑆𝑀 + 𝛾𝑇𝑀 − 𝛾𝑆𝑇 )

(1)

Where, c is a constant (2 for DMT, 1.5 for JKR), R is the tip radius, and γij are surface
free energies at their respective interfaces, where γSM is for the sample-medium, γTM for
the tip-medium, and γST for the sample-tip interface.
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For a more complete discussion of this topic refer to Israelachvili (2011). The
investigation of surface properties using force spectroscopy has been conducted on a
variety of materials including those with their surfaces functionalized with selfassembling monolayer surfaces (SAMS) (Clear and Nealey 1999; Lamprou et al. 2010;
Noy et al. 1997). Compared with examining the natural wood surface these
measurements used idealistic conditions, such as smooth substrate surfaces, homogenous
materials, and material properties that are not affected by a liquid medium. Natural
surfaces such as fibres and films of extracted natural polymers have also been tested
(Bastidas et al. 2005; Le Troëdec et al. 2011; Pietak et al. 2007). Pietak et al. (2007)
made adhesion force measurements on hemp fibres using AFM force spectroscopy to
estimate the fibre surface wettability using uncoated Si3N4 probes. After these
measurements were made, the micro-morphology of the scan area was mapped using
lateral force microscopy (LFM). These tests were conducted in an environment with a
temperature of 21 ±1ºC and a relative humidity of 70 ±10%. The present study has
expanded upon this procedure optimizing it for solid wood specimens. For accurate force
spectroscopy measurements on wood it is desirable to maintain dry conditions in an inert
atmosphere during testing to eliminate meniscus forces and to define certain parameters
like the probe geometry and probe surface chemistry.
The objective of this study was to develop a methodology to comparatively measure the
surface properties of the cut wood cell wall and inner cell lumen using defined conditions
and to qualitatively estimate differences of the polarity of these surfaces.
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Materials and methods
The general approach of this study was to measure the Fadh of characteristic anatomic
features of wood which represent surfaces which will be in contact with the wood
adhesive during the wetting process.
Specimen preparation: Spruce (Picea abies) specimens were cut using a HM 360 rotary
microtome (MICROM, Walldorf, Deutschland) equipped with a Histo diamond knife
(DiATOME, Biel, Switzerland). In relation to the longitudinal fibre direction the cutting
angle was set to a small angle. These shallow cuts exposed cell lumens as well as the
adjacent cell walls which were accessible to the AFM tip. The specimens were surfaced
by a stepwise reduction in slice thickness from 2 µm to 0.25 µm. Prior to testing, the
specimens were stored in a nitrogen (N2) atmosphere to avoid ageing effects of the cut
surfaces. The AFM experiments were performed directly after wood surface preparation.
Tip modification
Prior to any modification all tips were cleaned by rinsing with ethanol, drying in N2
stream, and then placing them under a UV-C radiation lamp with a 185 nm wavelength
from UV-Technik Speziallampen GmbH (Wolfsberg, Deutschland) for two hours. Beam
shaped cantilevers with Multi75Al-G silicon tips (Budget Sensors, Sofia, Bulgaria) were
sputter coated with ca. 20 nm chromium (Cr) prior to a ca. 50 nm gold (Au) layer. To
produce the Cr and Au layers a Bal-Tec (Bal-Tec, Balzers, Liechtenstein) SCD050
sputter coater was used with the settings 140 s at 150 mA and 180 s at 60 mA,
respectively.
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Figure B.1. Left: micrograph of spruce tracheids with AFM scan area outlined in red
with the lumen wall on the left and cut cell wall on the right; Right: topographic scan of
measurement area, red dotted areas mark the Fadh extraction fields.
Directly after applying the Au layer they were submerged into a thiol solution of 1 mmol
11-Mercapto-1-undecanol (Sigma-Aldrich, St. Louis, USA) for a -OH functionality or 1octadecanethiol (Sigma-Aldrich, St. Louis, USA) for a -CH3 functionality overnight. To
remove excess thiols the specimens were rinsed with ethanol, dried under a nitrogen
stream, and stored in a N2 atmosphere prior to use.
To confirm that the functionalizing process used was successful, reference specimens
using a smooth glass substrate were prepared for contact angle measurements. The
reference specimens were prepared in a similar manner to the tips except that the Au
thickness was ca. 120 nm (200 s at 60 mA). Contact angle measurements of the reference
surfaces were conducted at the Fraunhofer Institute for Thin Films and Surface
Technology (Fraunhofer-IST) using an OCA_20 contact angle goniometer (DataPhysics
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Instruments GmbH, Filderstadt) in sessile drop mode. Surface tensions were calculated
based on the Owens-Wendt theory (Owens and Wendt 1969).
AFM measurements
All AFM measurements were performed on an Agilent Technologies (Agilent
Technologies, Santa Clara, USA) 5500 AFM equipped with an environmental chamber
for controlled conditions. They were all conducted in a dry N2 atmosphere at room
temperature (ca. 21 °C) after calibration and positioning. Prior to measurement the
deflection sensitivity of the system was determined on a clean glass surface as well as the
force constant of the cantilever by using the Agilent Thermal K option based on
determining the thermal noise of the cantilever (Cook et al. 2006).
Positions for potential Fadh measurements on a wood specimen were located by
conducting relatively large exploratory AC Mode topographic scans using conservative
force settings to avoid damage to the tip as well as the SAMS. Once an area that included
an exposed lumen and cut cell wall was located, a 5 µm x 5 µm topographic AC-scan of
the lumen-cell wall location was performed (Figure B.1). Subsequently, a map of 64 x 64
force-distance (F-D) curves of the scanned area was conducted. During one F-D cycle the
maximum pull-off force needed to retract the tip from the sample was defined as Fadh and
was determined from each of the 64 x 64 F-D positions.
Results and discussion
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From advancing contact angle measurements on the -OH and -CH3 functionalized glass
reference specimens, high and low surface free energies were measured, respectively
(Table B.1).
Table B.1. Results from contact angle measurements on reference specimens with SAMS
and surface free energy calculations based on the WORK theory
Applied
functionality

-OH
-CH3

Surface energy (mN/m)

Total
66.1
21.4

Disperse
28.6
22.1

Polar
39.8
1.3

Contact angle
of water

17.7°
130.2°

±0.2°
±0.6°

The -OH functionalized reference surfaces exhibited hydrophilicity and a mean contact
angle of ca.18º for water droplets was measured. The -CH3 functionalized surfaces
exhibited hydrophobicity and a mean contact angle of ca. 130º was measured. Since the
cantilevers used for AFM measurements were prepared in the same manner as the
reference glass slides, a similar hydrophilic or hydrophobic surface characteristic of the
contact area to the wood surfaces was assumed.
The AC Mode topographic scans of the wood surface (Figure B.2A and C) show the
inner cell lumen on the left and the cut cell wall on the right. Several anatomical features
can be identified from these topographic scans. The images are orientated so that the
length of the tracheids is vertical. As expected, the micro fibril direction of the inner S3
layer can be seen at a relatively low angle and is highlighted in Figure B.1. The cell wall
to the right appears to be much more rough than the lumen surface. This roughness may
be the ends of the S2 micro fibrils that were cut during microtoming of the surface. The
lumen was untouched during microtome cutting and maintains its natural appearance.
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Using the same positions as the topographic scans, the Fadh of the surfaces was measured
using -OH and -CH3 functionalized tips. Each scan that was made was comprised of
4096 Fadh measurements. Each scan included lumen and cell wall areas and to isolate the
two areas the data was exported as a tab delimited text file from the AFM software.
Using ImageJ software (Rasband 1997) and uploading the data as a text image, the lumen
and cell wall were manually separated using the areas shown as red dotted lines in Figure
B.1.

Figure B.2. A) Topographic scan of spruce lumen (left) and cut cell wall (right); B) Fadh
measurements of the surface using a AFM tip functionalized with -OH groups; C)
topographic scan of lumen and cell wall in the proximity of A; D) Fadh measurements of
the surface using a AFM tip functionalized with -CH3 groups.
The Fadh values were overlaid on the specimen surface as color coded maps of the data
and can be seen in Figure B.2B and D. By visual inspection of the specimen scanned
with the -OH tip there is generally higher Fadh in the lumen than on the cut cell wall.
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When scanning with a -CH3 functionalized tip, there is a lower Fadh measured in the
lumen. The cell wall Fadh appears to be somewhat similar regardless of tip functionality.
These subsets of cell wall and lumen Fadh data were exported again for statistical
analysis. Figure B.3 shows the numerical results from the Fadh scans in Figure B.2B and
D. When looking at Figure B.2B, one can visibly see the difference between the lumen
and cell wall Fadh. This relationship can also be seen in Figure B.3. The data was found
to be non-normally distributed (Kolmogorov-Smirnoff test) and a non-parametric test
(Mann-Whitney-U test) was chosen for analysis. According to this test highly significant
differences (p < 0.001) between all combinations of the four sets of data displayed in
Figure B.3 were found.

Figure B.3. Box plot showing the Fadh measured using different tip functionalities.
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Based on this methodology, an extension to quantitative comparisons can be made. For a
direct measurement of local surface free energies determining the exact geometry of the
contact area is crucial and will be primarily affected by the tip radius. Since the tips used
in this study were used until damage occurred no exact tip radius could be determined
after the tests. However, they were produced in an identical manner and for the purpose
of demonstration we assume that the tips used had similar tip geometries with a tip radius
of 50 nm. Based on this assumption the Wadh necessary to separate the assumed sphereplane contact interaction is given as a combination of interfacial free energies by
Equation 1. A common approach to describe solid surfaces is to split the total surface free
energy into two components. One being caused by polar forces (γp) and the other by
disperse forces (γd). For unequal surfaces in vapour the following expression for Wadh
applies:
p p

𝑊𝑎𝑑ℎ = 𝛾𝑆 + 𝛾𝑇 − 𝛾𝑆𝑇 = 2 (√γdS γdT + √γS γT )

(2)

Where, γS is the surface free energy of the sample against vapor, and γT is for the tip
against vapor. γST is the interfacial free energy of a sample and tip, while the superscripts
d and p refer to the disperse and polar components, respectively.
The surface tensions of the –OH and –CH3 functionalized tips are known based on the
reference specimen measurements. Equation 2 leads to the polar and disperse parts of
surface free energies of the lumen and cell wall. A median surface free energy of 2.37 mJ
m-2 was calculated for the lumen (γL) and 2.10 mJ m-2 for the cell wall (γCW). Even
though these values do not match surface free energy values for other wood

140
measurements found in literature, distinct differences in polar and disperse parts of the
cell wall and lumen surfaces were observed as displayed in Figure B.4. From this
comparison it can be qualitatively concluded that the lumen exhibits a distinctly more

Surface tension (mJ/m²)

hydrophilic surface than a cut cell wall.

3.0
disperse

2.5

polar

2.0
1.5
1.0

0.5
0.0

Lumen

Cell wall

Figure B.4. Calculated total surface free energy for the lumen and cell wall surfaces
separated into disperse and polar components. The polar component in the cell wall is too
small to see in this figure.
Conclusion
We propose that the use of AFM could provide us with valuable insight into the surface
adhesion properties of wood surfaces at the micro-scale where adhesive-wood contact
occurs. Based on the methodology described and preliminary measurements we can
determine differences of local surface free energies on a qualitative level. With a precise
determination of the tip geometry quantitative measurements could become feasible. We
believe that a more thorough experimental matrix could be prepared that would
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encompass different wood species, surface preparation techniques, and the effects of
potential surface treatments.
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Abstract
The principal role of adhesive bonds is to facilitate transfer of loads between adherents.
The way stress is transferred through the bond interphase is important for many critical
mechanical properties of wood-based composites. In this project we combine state-ofthe-art imaging tools with morphology-based numerical modeling methods for an
integrated, multi-modal and multi-scale characterization of stress transfer across adhesive
bonds. The numerical model designed to simulate the micro-mechanical behavior of
wood-adhesive interphase is informed by empirical studies on 3D cell-level
morphological structure and adhesive penetration in small samples, and by full-field
displacement and strain maps measured on the same samples in course of non-destructive
shear and compressive tests. In this paper we present the conceptual framework of the
project and data flow between the experimental study and the model.
This project is part of ongoing research supported by the National Science Foundation
Industry/University Cooperation Research Center for Wood-Based Composites.
Background
The structural performance of adhesive bonds depends on their ability to transfer stress
across an interface between the bonded surfaces. One specific feature of adhesive bonds
in wood and wood-based composites is that the adhesive tends to penetrate the substrates
to various degrees forming dispersed interphase extending beyond the actual bond-line.
This interphase region comprises of cell wall substance, voids, and voids filled with the
cured adhesive system (Kamke and Lee 2007). Furthermore, the pre-polymeric adhesive
may penetrate the cell wall during bond formation. The scale of the interphase region
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corresponds to the scale of the wood ultra-structure, and is thus defined on the micron
level. This system of cell walls, cured synthetic polymer, and void space is remarkably
small, complex, and variable. It is further complicated by the fact that the properties of
the components (particularly some adhesive resins) when cured in-situ may be
substantially different from properties measured on bulk samples cast outside the system
(Frihart 2009). Significant progress in bonding technology is hard to imagine without
better understanding of the composite performance on the micro-mechanical level, as
well as reliable modeling based on that understanding (Wolcott and Muszyński 2008).
Despite long history of research in this area relatively little is known on the actual micromechanical interaction between the adhesive and wood within the bond interphase. While
contemporary adhesive formulators are capable of engineering the interaction between
the adhesive and constitutive wood polymers on the molecular level, the micromechanics of the bond on the scale of wood anatomical features has been rarely subject
to empirical investigation. In absence of reliable empirical data even the very wellreasoned conceptual models proposed to explain and predict the micromechanical
interaction of wood and adhesives on the scale of the anatomical structure of wood
remain in the realm of hypotheses. Particularly the predictive power of numerical models
used to simulate the performance of adhesive bonds depends as much on sound
constitutive theory as on reliability of the input data.
The major obstacles are the inherent complexity of wood and of the composite interaction
in the internal bond on the micro-mechanical level, as well as that the body of
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quantitative knowledge generated in the field to-date is hardly compatible with the
required inputs of available modeling tools. (Muszynski & Launey 2010).
Across the industry, bond performance is assessed through a number of standardized tests
on relatively bulk specimens in pseudo shear mode, such as shear in compression loading
(ASTM D905) or tension loading (ASTM D2339). The principal qualifying criterion may
in most cases be reduced to the general requirement that the bond be stronger than the
wood substrate. Only few of these tests return well-defined material characteristics and
none addresses the actual micromechanics of the interphase.
Recently substantial progress in this field has been made possible by employing advanced
imaging techniques, which enabled new experimental approaches to the problem.
“Imaging techniques” is a collective name used to refer to all kind of experimental
techniques recording data in form of two- or three-dimensional images (virtually
anything from cameras mounted on microscopes of all kinds through thermo-cameras to
CT scanners). Their common denominator is the format of the output: features visible and
hidden for human eye are represented as visual maps of light intensity and/or color for
the researchers to behold and analyze (Muszynski & Launey 2010).
One example of widely used imaging techniques is X-ray computed tomography (XCT),
which has been used to investigate and map the three-dimensional (3D) porous wood
structures and adhesive penetration in wood (Kamke and Lee 2007, Kamke et al 2010,
Modzel 2009, Modzel et al 2011, Hass et al 2012). While XCT provided excellent tool
for visual inspection of 3D pathways for penetration, the quantitative characterization of
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the volumetric data posed serious challenges in terms of poor phase contrast and the
representative volume.
The issues with contrast arise from the fact that the x-ray attenuation rates of organic
adhesives are nearly the same as cell wall substance. This challenge was to some degree
addressed by Modzel (2009) and then with much better results by Paris et al. (2013a) who
investigated ways of doping the adhesives with contrast agents to boost the x-ray
attenuation contrast in the bonds.
The representative volume is of concern because standard mechanical testing is done on
macroscopic bond samples with volumes extremely large when compared to order of
magnitude of known features of the composite micro-structure. Such volumes cannot be
practically characterized, analyzed or modeled at the scale of morphological features of
the adhesive bond interphase due to limited resolution of contemporary imaging
techniques and limitations of computing power of available computers. The complicating
factor is the fact that the features of interest related to micro penetration of the adhesive
in the cell lumens and the nano-penetration of adhesive molecules into the cell wall are
separated by at least three levels of magnitude. The common practice thus is to seek a
compromise between the size of the field of view and resolution. The resolution of digital
images is related to the fixed number of elementary sensors (pixels) in the detector array,
which transforms the physical signal into grayscale or color intensity in the digital image
sent to the output. Consequently, increasing the spatial resolution of the images is
achieved by decreasing the size of the field of view.
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It is easy to demonstrate that for micron level spatial resolution necessary to differentiate
thin cell walls from the cured adhesive polymer and the typical resolution of XCT
scanner detectors on the level of thousands across the analysis the size of the bond
samples has to be limited to single millimeters. This makes sense provided that such
small sample of the bond is representative, or that it properly reflects the statistical
variation of morphological features, physical and mechanical properties of macro-scale
bond. In other words, that the bond interphase is statistically homogeneous, and the
statistical properties of all regions of space are similar. This assumption should be
particularly carefully examined in case of the wood-based composites, where the scale of
the features of interest may differ by levels of magnitude. Consequently, the
representative volume for characterization and analysis of micro- and nano-penetration
will also have to be different by several levels of magnitude. Problems arise when
morphological features of different scales are of interest at the same time. Analogue
principle for modeling was proposed in terms of representative volume element (Hashin
and Shtrikman 1962, 1963, Hill 1963).
Further progress was made possible by utilizing fundamental compatibility of the outputs
of new full-field optical measurement techniques and numerical simulation software
packages based on finite element analysis (FEA) or related principles. Both outputs
consist of spatially organized maps of the same quantity: in this case, the displacement
and strain components. This is how micromechanics of adhesive bonds was investigated
by Müller et al. (2005) and by Serrano and Enquist (2005). The first study measured the
two-dimensional (2D) strain field of single-lap bonded wood assemblies in shear by
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tension loading using interferometry with spatial resolution of 0.1 micron. Results were
used to calculate shear moduli of the interphase region of specimens. Serrano and Enquist
(2005) used optical method based on the digital image correlation (DIC) principle to
measure 2D strain fields of bonded wood assemblies. Both methods require a clear view
of the edge of the specimen. Serrano and Enquist (2005) used spatial resolution of 0.2
mm. Both studies reported distinct differences in strain patterns between investigated
adhesive systems, despite nearly identical ultimate strengths of bonded specimens (which
most likely failed outside of the interphase). Both studies used idealized models of the
bonds based on finite element analysis (FEA) to simulate the empirical tests. However,
for the purpose of these studies the properties of the adhesives were estimated from
previous work and assumptions were made on the thickness of the “bondline” in the FEA
model. It is unclear if bondline thickness referred to pure adhesive at the idealized
interface between the adherents, or to an interphase region (including the region of
penetration of adhesive). While in both studies the authors reported that the trends
simulated by FEA compared well to the full-field strain measurements, the comparison
relied on visual inspection of full field diagrams, not on direct statistical analysis of the
outputs. The assumptions leading to simplification of the geometry of the bond render the
proposed models unfit for the realistic analysis of the effect of adhesive penetration and
features related to micro-morphology of the substrates.
As stated earlier, the predictive power of numerical models depends as much on sound
constitutive theory as on reliability of the input data, which include morphology,
boundary conditions, as well in-situ characteristics of the phases present in the interphase
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and bulk characteristics of the modeled object acquired through measurement and
empirical tests. This is difficult to achieve when the empirical characterization of the
specimens and the modeling are focused on single modality (or one physical principle of
measurement) and limited by a fixed scale range, while simplifying assumptions are
being made on other physical aspects of the specimen and information related to different
levels of magnitude. Combining scales and modalities has been a fundamental challenge
for various reasons and is inhibiting further advancement of knowledge and discovery in
the area of complex materials. Our aim is, generally speaking, to confront this challenge.
Our approach is based on an observation that all imaging techniques, regardless of
modality (or the physical principle of the measurement) and scale return data organized
in essentially uniform and potentially compatible manner. Pixels or voxels carry values of
physical quantities (e.g. visible light spectrum, X-ray attenuation, displacement or strain
components) expressed as colors or grayscale intensities related to physical points in the
specimen volume or on its surface. The utility of these images goes far beyond what is
available for visual inspection. A fact that is often overlooked or underappreciated.
Regardless of the specific technique, all information coded in digital images can be
efficiently extracted and manipulated by means of advanced, quantitative image analysis
coupled with tools for automatic image processing. Image datasets related to the same
physical specimen can be effectively interpolated and compared numerically. Datasets
obtained at various scales and by different modalities can be combined by turning
pixels/voxels into multi-dimensional vectors.
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The Global Information System (GIS), Google Maps or even the SilviScan project
(CSIRO 2011, Evans 206, 2013) are familiar examples of organization of layers of data,
information, material characteristics collected on the same system/object (the globe or a
material sample) at various scales and in a variety of ways into seamlessly integrated
systems that enable efficient execution of complex queries and correlations capable of
revolutionizing the way we interact with data and generate new knowledge. An example
of such integration on the modeling side may be the Comsol Multiphysics system
(www.comsol.com).
Another observation is that quantitative information coded in images can be relatively
easily handled by contemporary modeling packages, which can accept images at input
and do routinely organize outputs in a similar, and thus readily compatible, manner.
Examples of limited utilization of this compatibility were mentioned above.
Finally, the in-situ mechanical characteristics of the components of adhesive bond
interfaces can be obtained via inverse problem methodology. This approach proposed by
Grediac and Pierron (1998) is generally analogous to the process of obtaining material
characteristics by fitting a linear model to a set of empirical data. The difference is the
level of complexity of the model and the number of variables involved in the process. A
schematic diagram summarizing the general idea of the inverse problem method is
presented in Figure C.1.
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Figure C.1. Schematic diagram summarizing the general idea of the inverse problem
method (based on Grediac and Pierron 1998).
We believe that the complexity of the wood-adhesive interaction in the interphase should
be effectively addressed by integration of multi-scale and multi-modal imaging
techniques, three-dimensional numerical modeling of the composite structure and
elements of inverse problem methodology (Grediac and Pierron 1998, Muszynski and
Launey 2010).
The objective of the study presented here was to develop such integrated method for
quantitative assessment and numerical simulation of the elastic micromechanical
behavior of bonded wood systems that could capture the effects of wood morphology (on
the cellular level) and the penetration of the adhesive into the cell lumens.
While developing the methodology we made a systematic effort to integrate instruments,
test procedures used in this project as well as the organization of the empirical and
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simulated data generated in the project, into a compatible system available for inspection,
analysis, or as input to multi-physics, multi-scale numerical models.
In the present paper we describe the conceptual framework for this approach, while the
fine details on individual techniques covering adhesive formulation, manufacturing the
bond specimens and imaging the micro-morphology of the interphase, micro-mechanical
testing, numerical modeling of the specimens and computer simulation of the tests are
explained in the related publications (Kamke et al. 2014, Nairn et al. 2013, Paris et al.
2013a & b, Schwarzkopf et al. 2013).
Materials and Methods
Essentially, in order to make statements on load transfer across the bond interphase one
needs to analyze the development of stress distribution in a loaded bond specimen. It is
important to note however that stress cannot be measured directly, and thus the common
approach is to resort to analytical solutions or numerical models capable of calculating
stress distributions in samples of known geometry, known mechanical properties of the
component materials, subjected to known boundary conditions (including loads)
according to an assumed constitutive model(s) relating the stress and deformation in the
material. A schematic diagram illustrating an outline of a generalized numerical model
for simulation of mechanical behavior of physical specimens is shown in Figure C.2.
The predictive power of such models depends as much on sound constitutive theory as on
reliability of the input data, which should reflect the actual test configuration closely
enough to achieve acceptable accuracy of the calculations sent to the output. In absence

154
of measured standard the accuracy of the calculated stress cannot be tested.
Consequently, the reliability of the model is verified based on displacements and strains
that can be directly measured with quantifiable accuracy and precision in the decision
box on the bottom of the diagram in Figure C.1.
In order to achieve a level of integration and compatibility the methodologies for
empirical characterization of the bond samples and the numerical model had to be
developed in parallel. Selection of experimental tools and procedures was guided by the
specific type and format requirements of the inputs and outputs of the model. In the
selection of the model platform and structure was guided by specific modes, scales and
limitations of the available equipment and selected procedures. It was also decided that
the characterization of the morphological structure of the interphase and mechanical tests
will be performed on the same physical specimens, in order to achieve high level of
reliability of the numerical models.
Defining model input information
The process begins with the selection of the method for empirical characterization of the
three-dimensional morphology of the wood-adhesive interphase, which is one of the
required inputs for the model. One of the more accessible choices is X-ray computed
tomography (XCT) in which a tree-dimensional geometry of complex heterogeneous
material specimens is reconstructed from a series of radiograms obtained by recording
attenuation of x-ray beam projecting through the specimen on a detector screen.
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Figure C.2. Schematic diagram illustrating an outline of a generalized numerical model
for simulation of mechanical behavior of physical specimens.
At this point, the material point method (MPM) was selected as a platform for numerical
modeling because it allows direct use of the three-dimensional XCT data for
morphologically accurate representation of the specimen geometry (Nairn 2006, Nairn
2011).
Given the required high resolution the scanning was performed on beamline 2-BM-B at
the Advanced Photon Source (APS) at Argonne National Laboratory. Synchrotron
radiation was desired for couple reasons: 1) its high energy, parallel, monochromatic
beam that grants clear signal and allows fast and accurate reconstruction algorithms,
which translates into 2) high image quality, and 3) allows rapid scanning, which reduces
the chance for biological specimens to change moisture content during the scan (Paris et
al. 2013a).
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The choice of the beamline determined the size of the physical bond specimens to be
used in the scanning and in the micromechanical tests, because in order to achieve spatial
resolution of the reconstructed data within 2 microns the scanned volume could not be
larger than a cube of 3 mm on the edge. The actual cross section of the bond specimens
was 2.0 x 2.0 mm2 in cross section, which translated to spatial resolution of the
reconstructed scan of 1.45 microns per voxel. In fact the scanned volume was a cube
including only a segment of the specimens machined for microscopic single-lap shear
tests. Whether specimens that small constitute a representative volume reflecting the
variability of the adhesive bond interphase remains an open question. However, this
resolution allowed visual separation of the three principle components – wood cell wall,
adhesive, and voids, so that individual pits and thin cell walls, such as those found in the
earlywood region of softwood species, could be clearly represented in the 3D digital
tomogram (Paris et al. 2013a & b).
While the resin in the 3D XCT scans could be easily identified via visual inspection the
x-ray attenuation contrast between the resin and the cell wall material was too small to
allow automatic phase segmentation. Such segmentation is needed for proper assignment
of mechanical properties to the constitutive components of the interphase in the model.
In order to enhance the attenuation contrast, the resins were tagged with functional
groups containing elements that absorb more x-ray than the regular polymers. For
instance, the phenol formaldehyde (PF) adhesive was formulated using 100 percent 3iodophenol (IPF) with a synthesis procedure similar to the manufacture of a commercial
plywood adhesive. At the energy levels used for XCT scanning, the resulting tagged resin
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demonstrated an x-ray attenuation coefficient approximately 30 times greater than wood
substance, which allowed automatic phase segmentation based on the grayscale intensity
of the reconstructed datasets (Figure C.3a). It should be noted that the physical properties
(molecular weight and viscosity) and possibly the curing characteristics of the doped
resins differed from their commercial counterparts. These differences however did not
compromise the objective of the project, which was developing a methodology for
characterization and modeling of micro-mechanical bond behavior (Paris et al. 2013a &
b).

Figure C.3. Three-dimensional rendering of an XCT volume reconstruction of a bond
specimen with tagged resin (a), and two examples (b and c) of effective phase
segmentation showing different patterns of resin penetration in the bond (Paris & al.
2013b).
The segmented volumes constituted the input data covering the geometry and
morphology of the specimens (top left box in diagram in Figure C.2). Because modeling

158
at a resolution high enough to reflect the morphological structure of the bond is
computationally expensive the modeling of micro lap-shear test was accomplished on a
sub-volume of the specimen containing the immediate neighborhood of the bond-line was
identified in the tomography data represented with reduced spatial resolution (Nairn et al.
2013).
The micromechanical tests had to be specially designed to accommodate the small
specimen size needed for high resolution scanning. The bonded assemblies are too small
for even the smallest grips. Instead, the specimens are loaded through graphite-epoxy tabs
bonded to each end of the specimen and securely fixed in the grips as shown in Figure
C.4a and b. Surface deformations and strain patterns across the bond line were monitored
with an optical measurement system based on a digital image correlation (DIC) principle
(Vic-Micro 3DTM by Correlated Solutions, Inc.). The system consisted of a
stereomicroscope equipped with two digital cameras, a dedicated image acquisition unit
and DIC processing software (Vic3D). The field of view for the DIC analysis was
roughly equivalent to the size of the volume scanned in synchrotron XCT and included
the notch (overlap) on one end of the specimen. The notch provided a clear reference
point for spatial indexing of tomograms, DIC data, and modeling results (Schwarzkopf et
al. 2013, Kamke et al. 2014).
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Figure C.4. Single-lap shear test setup showing the position of the optical measurement
system (a) and specimen geometry (b), with a micrograph of the mictoromed surface (c)
and applied speckle pattern (d) used to enhance optical measurement (Kamke & al.
2014).
To enhance optical measurement, a random speckle pattern of laser-printer toner will be
applied to the microtomed specimen surface (Figure C.4c and d). The speckle pattern
provided unique reference targets needed for DIC analysis. During the tests, stereoscopic
images of tested specimens of resolution roughly equivalent to that of the XCT scans
(1.27 μm/pixel) were captured at one second intervals (Schwarzkopf et al. 2013).
As a practical measure to avoid losing scanned specimens to failures in the machining
process the specimens were shaped before XCT scanning.
Thus arranged test setup defined the physical boundary conditions used in the numerical
simulation of the test. This information was used for a low-resolution finite element
analysis (FEA) simulating the test on the entire lap-shear specimen, in order to determine
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the boundary conditions for the subsequent refined high-resolution MPM analysis of the
scanned sub-volume (Nairn et al. 2013, Kamke et al. 2014).
At this point the two remaining items on the input side of the model diagram in Figure
C.2 were the constitutive models for the component materials (cell wall material and
cured resin) and the respective material characteristics expressed in terms of the model
parameters.
In this stage of the project all tests were performed in non-destructive mode, roughly
within the elastic limits of the bond specimens. Therefore the linear elastic model was an
adequate choice. The initial guess for the material properties for cell wall material and the
cured resin were assumed from literature (Kamke et al. 2014). Even though using the
published data is charged with substantial uncertainties, the initial guess allowed us to
generate initial output (displacement, strains and stress components), which could be
directly compared with the strain distributions measured directly on the specimen
surfaces and trigger the inverse problem procedure as shown in Figure C.1.
Outputs and the inverse problem approach
The process of comparing the simulated and measured data requires some explanation.
While in general case the measurement and the output of the model may be reduced to
single numbers (e.g. the average or total deformation along some representative
direction) to facilitate the comparison with the empirical measurements, large portion of
the information is lost in the process. As discussed in the introduction, the fundamental
compatibility of image outputs of advanced optical measurement methods based on DIC
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coded as displacement or surface strain maps on the contour of the specimen and the
displacement or strain maps sent to the output of the simulating model makes it possible
and much more interesting to compare the maps directly. That way not only the global
error but local deviations signaling specific issues with the model or its parameters can be
picked up, so that the sensitivity analysis and following adjustments represented in the
upwards branch of the diagram in Figure C.5 may be better focused.
At this point it should be noted that despite the fundamental compatibility of the image
data generated by XCT and input format of the MPM software, as well as between the
outputs of the MPM model and the output of the optical measurement system, direct
exchange of the data and comparing outputs requires careful consideration of the
resolution and the default orientation of the reference coordinate systems associated with
each modality. In order to make the calculations physically possible the resolution of the
massive high-resolution XCT data (9 billion voxels) had to be reduced by half before it
could be used as input for the MPM software. Furthermore, only a sub-set of the volume
near the surface mapped by micro-bond experiments was used in the MPM simulations.
The reduced region covered the full length and width of the specimens, but only a partial
depth equivalent to about 200 µm. Even though the resulting model was reduced to about
8 million particles, the simulations took about 11 days in multi-core parallel code using
12 cores (Kamke et al. 2014, Nairn et al. 2013). Another challenge in direct comparison
of the measured and simulated displacements and strains was that the empirical data were
measured on the specimen surface, while the model returns volumetric data. Extracting
the surface displacement and strain data from the 3D MPM output was not a trivial task.
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Both datasets show effect of the internal structure of the volume below the surface (like
the pattern of adhesive penetration, the nature of the adhesion between polymer and cell
wall, the mechanical properties of the polymer and strain patterns disturbed by large
vessels close to the surface).
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Figure C.5. Diagram summarizing the data flow in the inverse problem approach as
implemented in this project.
This direct comparison of the MPM model results with displacement and strain fields
measured in the physical specimens allows very accurate verification of the model but
also application of the inverse problem approach in which the more realistic model
parameters (or component material properties) are determined by iterative minimizing the
differences between the measured and simulated outputs.
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It is worth noting that in the inverse problem approach the measured surface
displacements and strains become de facto model inputs, while procedure resolves the
refined component material properties. The inversion may be illustrated with modified
model diagram in Figure C.6.
Once an acceptable agreement between the measured and simulated displacements and
strains fields is achieved the stress distribution and load transfer in the tested volume may
be analyzed with a measurable level of confidence.
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Figure C.6. Schematic diagram illustrating the inverse problem approach on the
numerical model outline as implemented in this project.
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Results and Discussion
Systematic presentation of the results and analysis of is beyond the purpose of this paper.
However, even a quick comparison of the surface displacements and strains maps
measured on the specimen with simulated results for the same surface in Figure C.7
allows one to appreciate the effectiveness of this procedure in reproducing complex
micromechanical interactions in complex multi-phase media. It is important to note that
this faithful replication of the micro-mechanic behavior of adhesive bond interphase was
achieved with a very simple constitutive model (linear elastic). In fact none of the
individual aspects or empirical techniques used in this procedure is fundamentally new or
revolutionary. What is relatively new is the level of integration of multi-modal and multiscale empirical measurement methods and numerical simulations developed in a parallel
process. Focusing all measurements and modeling on the same physical specimens
allowed avoiding many risky simplifying assumptions and unavoidable uncertainties
related to procedures using matched specimens. The great number of virtual measurement
points within the specimen returned by full-field methods provided enough statistical
redundancy for the numerical model with complex morphology. This approach allowed
us an insight into wood-adhesive bond micromechanics unprecedented in woodadhesives research area.
Complete results will be presented in separate publications (Kamke et al. 2014, Paris et
al. 2013a & b, Schwarzkopf et al. 2013, Nairn et al. 2013).
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Figure C.7. Comparison of the surface displacements and strains maps measured on the
specimen (top row) with simulated results for the same surface (bottom row). (Kamke et
al, 2014)
Summary
In this paper we presented an integrated method for analyzing the micro-mechanical
performance of adhesive bonds in wood at a spatial scale approaching 1 µm. The
empirical methodology and numerical simulation model were developed in parallel
allowing for substantial level of integration, compatibility and easier flow of data
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between modalities. The methodology consisted of optical measurement of full-field
deformations and surface strains on the same adhesive bond whose three-dimensional
complex morphology was previously captured using high resolution X-ray computed
tomography (XCT). Chemical tagging of the resin enabled effective phase segmentation
of the bond interphase XCT images at near micron resolution. The segmented bond
geometry from XCT allowed realistic morphology-based simulations of the
micromechanical tests. The simulations were done using a numerical tool called the
Material Point Method (MPM) that can digitize actual 3D structures from XCT data. By
coupling simulation results with micromechanical strain fields, we were able to
characterize internal stress distribution and load transfer through the bond interphase,
which by principle cannot be measured. Use of inverse problem methodology allowed
estimation of unknown material parameters and fine tuning of the model. This integrated
methodology provides unprecedented insight into the micro-mechanics of complex
adhesive bonds within the elastic domain. Despite employing simple linear elastic
constitutive model at its core the resulting model makes it possible to predict the
mechanical response of the loaded bond interphase as a function of the morphological
structure of bonded wood, depth of the adhesive penetration, and mechanical properties
of the cell wall and cured adhesive.
This integrated methodology is particularly suitable to address the complexity of the
internal structure of wood-based products and have a potential for bridging the gap
between experimentation and modeling of complex interphases in general.
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