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SUMMARY

The most common nonwoven ber composite material, paper, has a porous, hetero-
geneous ber network structure and complicated mechanical properties. The mechanical
properties of machine made papers are orthotropic and are sensitive to loading rate, mois-
ture content, and temperature. Thus, de ning the constitutive relationship of paper has
remained as a challenge due to the stochastic nature of the structure and countless variables
that affect the mechanics of paper. Moreover, the technology to non-destructively char-
acterize the three-dimensional network topography at the ber length scale is not readily
available. This presents a critical barrier to establishing the structure-property relation-
ships of paper. Here, | approached the problem with a fundamentally different strategy and
used the structure of the strain elds as a proxy for the network topography. The strain
elds of paper from tensile, fatigue, tearing experiments revealed new information about
each damage mechanisms. During the tensile deformation, the interplay between the axial
and the transverse motions in the ber network resulted in specimen-orientation-dependent
(MD and CD) parameters such as Poisson's ratio, hot spot length scales, and the degree
of nonaf nity, D. These metrics were direct manifestation of the anisotropic ber network
in paper. Next, | used strain eld mining to track the fatigue crack lengths and quanti ed
crack growth rates during cyclic and constant loading conditions. The fracture pro les and
the crack growth rates revealed that there was a unique fatigue damage mechanism in paper
which induced the ber fracture rather than the ber pull-out. Moreover, | found that the
pre-applied creep damage in paper can signi cantly reduce the fatigue crack growth rate
and extend paper's high cycle fatigue life. Lastly, from the strain elds of tearing speci-
mens, | was able to characterize paper's crack tip process zone whose shape depended on
the orientation of the ber network. Although paper has a completely different structure
and failure mechanism from metals, | found that tearing of paper also followed a steady-

state process, which was previously observed in thin sheet aluminum foils.
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CHAPTER 1
INTRODUCTION

1.1 Background and Motivation

Paper is one of the oldest engineered composite materials, and its importance in our society
has evolved over millennia. In recent decades the need for paper in printed media has
been eclipsed by its dominance in product packaging and shipping box applications. This
dominance is, in part, because paper is manufactured from a renewable resource (cellulose-
based wood bers), can be readily recycled, and is biodegradable and surprisingly strong
[1, 2]. Moreover, one of paper industry's most recent technology objectives was enabling
new products to meet the demands for more sustainable, energy ef cient, recycling, and
economic products [3]. Engineering the new products requires more in depth research on
understanding of paper's processing-structure-property relationship.

Paper is a nonwoven ber composite material where cellulose bers are held together
by inter- ber hydrogen bonds [2, 4, 5]. During the manufacturing processes of commer-
cial papers, the bers are placed on a moving web, water is removed from the ber slurry,
and the bers bond to each other via hydrogen bonding [1]. A heterogeneous network of
cellulose bers are formed where the majority of the bers are aligned with the machine
direction (MD), the direction that the paper web travels. This preferential ber alignmentin
MD results not only structural anisotropy but also mechanical orthotropy [6—8]. The elastic
modulus and the yield and ultimate strengths are typically 2—3 folds larger in the machine
direction than the cross machine direction (CD) of the paper. Paper has stress-strain (con-
stitutive) behavior that is qualitatively similar to structural metals— linear, elastic (i.e., re-
versible) deformation is followed by permanent (plastic), nonlinear deformation that ends

with catastrophic failure (Fig. 1.1).



Figure 1.1: Typical stress-strain curve of machine made papers in MD and CD orientations

Despite the familiar macroscopic tensile behavior, paper's mechanical properties are
very complex; The hydrogen-bonded, cellulosic ber network of paper is porous and the
bers are heterogeneously distributed in the sheet [9, 10]. As a result, the mechanical
properties of machine made papers are anisotropic and sensitive to moisture content, tem-
perature, and loading rate [9]. Moreover, the constitutive relationship of paper is governed
by not only microstructural variables such as ber length, ber modulus, ber density,
bond strength, but also macroscopic, architectural network, and processing variables such
as bond density, ber occulation, and ber orientation [1, 6, 11]. Both the properties
of the bers (e.g., geometry, modulus, density, and orientation) and their arrangement in
the network contribute to the physical properties of paper [12—-16]. Therefore, establish-
ing the structure—property relationships for paper still remains as a challenge due to its
complicated structure and stochastic nature [2]. It is extremely challenging to incorporate
all the conceivable variables in a constitutive model and relate the structural properties to
the macroscopic tensile response. Existing constitutive models are often limited to several
structural parameters to describe the deformation behavior of paper. Different models are

derived at different levels of scales in paper, from a hydrogen bond to a continuum ber



network [6, 7, 13, 17, 18].

Understanding the structure of the brous network is, thus, important for linking macroscale
properties such as strength, stiffness, and permeability with the structure. And only when
the structure is fully understood, we can verify many network models [11, 12, 18-20] that
describe the constitutive relationship of paper. Because spatial distribution of bers and
other constituents strongly in uence many physical properties (e.g., mechanical, transport,
optical) of paper, knowing the relationship between structure and properties is important to
be able to predict the properties of the material [1, 2, 9, 10]. Due to the growing demands
for better performance (mechanically robust) paper for packaging and shipping applica-
tions, there has been a widespread interest to fully characterize the structure of paper at the
length scale of the bers (micrometer scale). Therefore, visual and quantitative descrip-
tions of the 3D structure of paper has long been a goal for the paper industry [21, 22].
Various methods such as scanning electron microscopy (SEM), microtomy [23-25], resin
block grinding [26, 27], confocal laser scanning microscopy (CLSM) [28-30], X-ray com-
puted tomography [22, 31, 32], have been developed to characterize 2D cross sections of
paper and 3D reconstructed structure of the ber network.

Despite the progress in various techniques that can characterize the structure of paper
at the ber level, there still remains challenges and limitations. Microtomy has been used
to evaluate paper cross sections embedded in epoxy resin and to extract relevant parame-
ters for the mechanical properties such as number of contacts per ber, contact area and
curvature of bers [23—-25]. However, the sliced sections of paper are not an accurate rep-
resentation because the sample structure can get distorted during mechanical sectioning
[29]. Williams et al. [26, 33] developed an alternative method where the embedded block
surface rather than thin sliced sections are imaged after manually grinding and polishing
the resin block surface and exposing the top layer of the embedded paper by resin removal
process. This method allowed minimal disturbance of the structure and reliable exposure

of ne microstructure and its examination and elevated magni cation. This grinding—resin



removal-imaging process can be repeated and get the same result as the serial microtome
sectioning. However, 3D reconstruction of the paper structure using the sectional images
requires extensive steps of post-processing analysis and is very time consuming, yet only
small volume of paper can be constructed [23-25]. A nondestructive methods such as
CLSM and X-ray CT are more recently developed. CLSM technique is dying the paper
sample with uorescent dyes that reacts with lignin part of the cellulose bers and uo-
rescence imaging under the confocal microscope. It has an optical sectioning capabilities
and has been used as a nondestructive way to visualize the 3D structure of paper; however,
its limitations are the low contrast between bers and voids and the rapid signal intensity
attenuation with the sample depth, which limits the depth below the surface that can be suc-
cessfully imaged to about 50 um [28-30, 34]. The X-ray computed tomography technique
has now been received as the most promising way of imaging the 3D structure of paper
at the spatial resolution of bers. Many studies have shown that X-ray microtomography
can successfully depict the 3D structure of paper at relatively high resolution [21, 22, 28,
31, 32, 35]. The resolution and the quality of the reconstruct images, however, vary by the
voxel resolution, volume sizes, and imaging conditions that change according to the type
of X-ray sources used. Therefore, the high resolution x-ray microtomography which can
only be achieved with advanced synchroton sources is not readily available and extremely
costly and time consuming.

The fundamental challenge of characterizing the 3D structure of paper comes from the
fact that paper is both very long and extremely thin. This means that we must be able to
characterize a relatively large area and volume of paper at the micrometer resolution to
see the whole heterogeneous network and identify individual bers [24]. While individual
and small groups of bers can be characterized at small length scales, the larger scales
that capture the whole network are harder to be characterized. Many fracture mechanics
related problems of paper arise when the paper is in the web which means that large area

of the structure needs to be analyzed. Another challenge of characterization of paper is that



wood bers are predominantly carbon. The atomic number of carbon is very low (Z=12),
so it is dif cult to use energetic particles and/or waves to distinguish between open (free)
space in the bers and the bers. Similarly, it is dif cult to distinguish between the bers
and the inter ber regions- regardless of the tomographic approach that is used. While
the characterization strategies will continue to improve, with the current techniques and
limitations mentioned above, characterizing a small volume of the material is not helpful
for identifying the structure—property relationship of paper. Thus, we need a scheme to
identify which parts of the ber network are important to the deformation, degradation,
and failure of the material.

A more indirect yet more approachable alternative way to map the structure-mechanical
property relationship is using the strain elds obtained with Digital Image Correlation
(DIC). In fact, non-contact, optical strain measurements have been used for over 40 years
to study the relationships between ber network structure and deformation of paper. Early
work by Lyne and Hazell [37] used the fringes in interference holograms of tensile spec-
imens to demonstrate that nonuniform strain elds just before fracture were more pro-
nounced in papers with ocs ( ber agglomerates). DIC techniques pioneered by Sutton
et al. offered improved spatial resolution of optical strain elds and its rst application
to paper; Chao [38] and Sutton [39] examined deformation elds of paper and concluded
that the method could be used to interrogate the strain eld on various length scales by
selecting appropriate analysis regions. Similarly, Ting [40] used confocal laser scanning
microscope imaging to study individual ber and network movement of notched handsheet
specimens at limited eld of view. Wong [36] correlated the mesostructure (millimeter
length scale) to tensile strain and stress eld of unbleached kraft handsheets few seconds
before the fracture (Fig.1.2). Wong et al. found that the local tensile strain is inversely
proportional to the local grammage, a way of measuring weight per unit area of paper ma-
terials, and that the fracture initiated from one of the (many) high strain zones. Considine

[41], using DIC, showed that the variation in strain increased as the global tensile stress



Figure 1.2: Comparisons of (a)grammage map, (b)strain map, (c)fracture line of 20mm
50 mm handsheet specimen near fracture. [36]



increased (Fig.1.3). Borodulina [42] observed millimeter-scale damage localization in the
random ber networks of handsheets and concluded that the local strains are precursors of
bond failures using a simulated 3D network model (Fig.1.4). These DIC studies showed
the spatial heterogeneity in tensile straining of paper and potential correlations to the local
ber densities. However, the light transmission images used to identify ber density are
not an accurate representation of local ber density due to light re ection and scattering
[9, 43], and identifying which of the many high strain regions would initiate fracture still
remains to be solved. Moreover, these studies were done on isotropic handsheets instead
of the anisotropic, machine made papers relevant to industrial applications.

In this work, instead of directly characterizing the ber network structure, high delity
axial and transverse strain elds analyzed with various strain eld mining approaches will
be used to reveal new insights about deformation, fracture, and subcritical crack growth
mechanisms during tensile, fatigue, and fracture processes of machine-made papers. It
is impractical and dif cult to blindly characterize a large volume of paper structure, so
strain eld mining can be used to identify strain eld microstructures that are relevant to
the mechanical behavior and deformation process. Once strain eld microstructures are
distinguished, the length scales that control damage accumulation can also be found. The
important strain microstructure and mesostructure of the strain elds identi ed in this dis-
sertation are strain hot spots, crack extent, and crack tip process zones of machine-made
papers in two orthogonal specimen orientations. The orientation-dependent characteristic
shapes, sizes, and length scales of these strain structures obtained with the strain eld min-
ing will contribute to the fundamental understanding of how paper and packaging products

deform and how to extend the methodology for product development and process control.

1.2 Structure of Dissertation

The main goal of this dissertation was revealing the relevant features in the strain elds

and correlating them to deformation mechanism. First, in chapter 3, | will detail existing



Figure 1.3: Grey-scale image of a low-grammage region of a 100 Mifamm tensile
handsheet specimen. Two lines of deformation across length of specimen near failure. [41]



Figure 1.4: Strain maps of 10mm4mm, 27 gm? handsheet specimen. [42]



structural characterization methods for paper structure and the challenges and limitations
associated with each technique. Then, in chapters 4, 5, 6, | will present how strain eld
mining was used to understand tensile deformation, fatigue damage accumulation, and
subcritical crack growth mechanisms in the heterogeneous ber network of paper.

In chapter 2, | will detail materials, experimental setup, and analysis methods used in
this study. The chapter will start with details about materials and specimen preparation,
including specimen cutting, speckling, and conditioning. Then, mechanical testing set up
and testing parameters used in tensile, fatigue, creep, and tearing experiments will be de-
tailed. Following this section, | will explain the set ups related to DIC such as imaging
settings and feature tracking and correlation methods. Next, different analysis methodolo-
gies, both numerical and strain eld mining techniques will be discussed. Finally, structure
characterization techniques including imaging tools and cross sectioning techniques will
be detailed.

In chapter 3, the results of different structural characterization techniques used to image
paper samples used in this study will be presented. | will start the chapter with the formation
analysis of paper using the transmission light optical images and move onto discussing
more direct characterization methods such as microtome sectioning, grinding, CLSM, and
X-ray tomography. Each section will show the limitations of destructive or nondestructive
methods and dif culties of reconstructing the three dimensional structure of paper sample
in large volume at high resolution.

In chapter 4, | will focus on the nonaf ne deformation characteristics of paper during
uniaxial tensile loading. This chapter will begin by going over the macroscopic tensile
properties of copy paper in two orthogonal orientations and the Weibull analysis on the
strength distribution of paper. Then, representative strain elds as well as evolving Pois-
son's ratio will be presented. The hot spots of the strain maps will be analyzed using the
lineal path correlation method. In the later part of the chapter, axial and transverse dis-

placement maps and the nonaf ne characteristics of them will be discussed with the degree
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of nonaf ne deformation metrid).

In chapter 5, | will discuss paper's cyclic deformation mechanism that was different
from tensile or creep. Here, | used a strain eld mining technique to track and measure
the extent of fatigue damage (crack) and the crack growth rates of specimens subjected
to different loading conditions (cyclic and constant loading). | will also present fracture
pro les of tearing, fatigue, and creep specimens and show that there is a distinct cyclic
damage accumulation mechanism in paper.

In chapter 6, I will detail a study on the tearing of single edge notched tensile (SENT)
specimens in two orientations. The relationship between the applied nominal stresses and
normalized crack lengths as well as experimentally measured crack tip strain elds will
be presented. | will rst qualitatively discuss how strain maps changed over the course of
a tearing experiment. Then, | will show that a quantitative analysis on the zone of active
plasticity prove that tearing in paper is a steady-state process.

In chapter 7, 1 will rst discuss the summary of the overall goal and motivations of this
study. Then, I will wrap up the dissertation by summarizing the results and conclusions

from key experiments. | will end the chapter with a recommendation for future studies.
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CHAPTER 2
MATERIALS AND METHODS

This chapter will detail materials and testing and analysis methods used to evaluate tensile,
fatigue, fracture, and structural characteristics of paper. The rst part of the chapter will
describe what materials were used and how specimens were prepared. Then, the set up for
mechanical tests and the parameters used for tensile, fatigue, creep, and fracture experi-
ments will be detailed. The following section will describe imaging conditions and feature
tracking and correlation methods for Digital Image Correlation (DIC) used for most parts

of this study. Next, different quantitative analysis methods and strain eld mining tech-
niques used to interpret experimental and strain data will be explained. The chapter will
conclude with characterization tools and techniques used to characterize the structure of

paper.

2.1 Materials and Specimen Preparation

Three types of machine made papers were used in this study: copy paper, lter paper, and
linerboard. Copy paper (135855-WH) with grammage of #H§was purchased from
Staples (Framingham, MA). It was found that mean length and width of the bers that
compose the paper were7/04 mm and 25 pm, according to the ber quality analyzer
(FQA) analysis per TAPPI standard T401[44] (see Appendix A). A roll of 15 cm wide and
100 m long Iter paper (Whatman 3001-681 cellulose chromatography paper, grade 1) was
purchased from Data Support Company (Panorama City, CA). The manufacturer speci ed
thickness and grammage werd®mm and 87 gm?. A series of proprietary, commercial
linerboards were also evaluated. All of the experiments in this dissertation were conducted
on the copy paper unless stated otherwise. For comparison, some experiments were re-

peated on the linerboard and the Iter paper since raw materials and specimen thicknesses
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Figure 2.1: SEM images of surface of copy paper (left) and Iter paper (right) show that
copy paper contains a lot of inorganic llers (bright spots) and Iter paper is made of
cellulose bers only.

of three types of paper were different. For example, the copy paper contains a lot of inor-
ganic llers (e.g. TiG,, CaCQ) where the lter paper is only composed of cellulose (Fig.
2.1).

Specimens were cut into 2mm wide (v) and 88 mm longl{ strips in two orthogonal
orientations (machine and cross-machine directions) using the Sizzix Eclipse 2 paper cut-
ting machine (Sizzix, Lake Forest, CA). The actual gauge length of a specimen was 50 mm
because each grip end was 19 mm long. The specimen dimensions were modi ed from
TAPPI standard, T494 [45], to gain a full eld view of the gauge section when capturing
images for DIC. For notched specimens, a pre-cut notch was additionally cut on one side
of the specimen during the specimen cutting process. For fatigue and creep experiments
(results in Chapter 5), single edge notched CD specimens with a crack size of 27 % of the
width (a= 0:27w) were used. For fracture experiments (results in Chapter 6), single edge
notched MD and CD specimens with crack sizes of 20, 25, and 30 % of the sample width
(a= 0:2;0:25;0:3w) were used.

Since paper is not a material with distinguishable surface features, arti cial features
were created on the surface of the specimens for DIC feature tracking purpose. For the

earlier work in this dissertation (results in Chapter 4), a grid array.bfrin dots 1 mm
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(40 pixels) apart from each other were printed using a Xerox Phaser 5550 laser printer (Xe-
rox, Norwalk, CT) on the copy paper sheets. For later experiments in this study (results
in Chapters 5 and 6), instead of printing small dotted features, a random speckle pattern
was airbrush painted (Iwata, Portland, Oregon) on the specimens. Note that these arti cial
features did not have a signi cant effect on the mechanical performance of the paper speci-
mens used in the study. Specimens with and without the features resulted indistinguishable
stress-strain curves under the same uniaxial tensile testing condition.

As speci ed by TAPPI standard T402 [46], all copy paper specimens after specimen
preparation (cutting and speckle patterning) were preconditioned a0Z8 C and 35
3% RH for an hour and conditioned at 23:3 C and 50 3% RH for at least four hours
prior to testing in a SH-241 (ESPEC Corp., Osaka, Japan) bench top temperature and hu-
midity chamber. The preconditioning and conditioning times to reach equilibrium with the

atmosphere for other paper types are longer as speci ed in the TAPPI standard T402.

2.2 Mechanical Testing

All mechanical tests were conducted with a 100 ND(6 %) Instron 2530-427 static load

cell and the Instron 5848 (Instron, Norwood, MA) load frame equipped with a magnetic
linear encoder with a 20 nm resolution (Heidenhain, Shaumburg, IL) placed on a bench
top vibration isolated platform (BM-4, Minus K Technology, Inglewood, CA). This load
frame, a dedicated low force, small displacement system, was routinely used to conduct
closed loop, force and displacement controlled tests on small, exible specimens in the
research group. The specimens were gripped with the Instron 2716-16 serrated mini wedge
grips. The load frame, grips, and specimens were precisely aligned every time experiments
were conducted. A small preload 8 N) was applied to remove any slack in the specimen
and to obtain focused images for the experiments. LabVigw(National Instruments,
Austin, TX) software was used to control the actuator and to collect the tensile data from

the load cell.
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For chapter 4, tensile tests were conducted in displacement control mode at a rate of
3 mmEmin. 60 specimens were tested for each of the two principal orientations, machine
direction (MD) and cross-machine direction (CD). All tensile tests were conducted in a
controlled atmosphere of 28 and 50 % RH. Tensile properties obtained from the tensile
tests will be detailed in section 2.4.1. For chapter 5, fatigue tests in tension were conducted
in load control mode at 1 Hz with a minimum to maximum load raig,i{=Smay Of 0:1
wheres min is the minimum stress arglyax is the maximum stress during each sinusoidal
cycle. Unnotched CD specimens were loaded at various maximum stresses, ranging from
10:8 MPa to 1872 MPa until fracture. Notched CD specimersw = 0:27) were also
loaded at various maximum stresseséx = F\’;V“—gx), ranging from 5% MPa to 108 MPa.
These chosen maximum stresses fall between specimens' yield and tensile strengths. Creep
tests were also conducted in load control at a constant stresgMi&. For chapter 6, frac-
ture tests were conducted in displacement control mode. For results in section 6.2.1, 12 MD
specimens were loaded attGnnm=min and 12 CD specimens were loaded @rfnm=min.
For results shown in section 6.2.2, three MD and three CD specinaens< 0:3) were

loaded at 0L mnmeEmin.

2.3 Digital Image Correlation

Digital Image Correlation (DIC) is a non-contact strain measurement technique that cap-
tures motion, shape, and deformation of solid objects [47]. This technique relies on track-
ing the positions of surface features (speckle pattern) from a series of images taken during
motion or deformation of specimens and calculating displacements and strains from the
tracked information. For this work, images of the specimens during mechanical tests were
captured, where the camera triggering times were synchronized with the Instron load frame.
Therefore, the images of the specimens were captured from the start to the end of the exper-
iments, and each image was time-stamped so that stress values at the time of image capture

were available.
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2.3.1 ImagingSystem

For the early experiments in this study (results shown in Chapter 4}, em8gapixel PL-

B776 digital camera (Pixelink, Ottawa, Canada) with Toyo optics TV64/5 mm F18

zoom lens (Toyo Optical Glass LTD, Hong Kong, China) was used to image the gauge
sections of the specimens during the tensile tests. A 33120A function generator (Agilent,
USA) was used to trigger the camera and to collect images at a rate of 2Hz that were
synchronized with the crosshead displacement and load cell data.

For later experiments (Chapters 5 and 6), the imaging setup was upgraded so that im-
ages with higher pixel count can be used for DIC. A 24 megapixel (6000 x 4000) Nikon
D3300 DSLR camera with a Nikon macro lens was used to capture images of specimens
before and during experiments. An Arduino Mega microcontroller with custom rmware
was used to trigger the camera and to collect images at a rate of 1 Hz that were synchro-
nized with the crosshead displacement and load cell data. For fatigue tests, the camera was
triggered every 1 minute (60 cycles), and at each triggering point a total of 9 phase lagged
images were taken every 1.125 seconds to reconstruct the sine wave cycle. For every exper-
iment, the camera was aligned such that it was parallel to the plane of the specimen being
imaged, and the specimen was centered in the eld of view.

For specimen illumination during experiments, a Dolan-Jenner Fiber-Lite light source
with a Dolan-Jenner FLD light diffuser box was used to uniformly illuminate specimens
from the front, and it was positioned between the camera and the specimen. The DSLR

camera settings were set to ISO of 100, aperture of F3.3, and shutter spe&@ of 1

2.3.2 FeaturelrackingandCorrelation

For results in chapters 4 and 5, the spatial distribution of deformation and strains were
evaluated by an in-house DIC program developed by Collins et al. [48], which is based on
conventional correlation algorithms [49]. Each tracked feature was about 12 pixels long

and wide and was composed of pixels that varied in grayscale levels so that each feature
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is distinguishable from others. The grids were 16 pixels apart, and the subset size was 16
pixels by 16 pixels. For the strain and deformation maps, a random subset of 25 specimens
each in MD and CD orientations were analyzed, and representative results among them
are presented. For results in chapter 6, a regular grid spacing of 32 pixels by 32 pixels
was generated on the rstimage and then these grid points were tracked through the image
sequence using a Python (Anaconda 2.7) code, developed by Wade Lanning, using the
OpenCV sparse optical ow feature tracking algorithm calcOpticalFlowPyrLK. For both
tracking methods, strain maps based on the motion of tracked positions were plotted using
a linearly interpolation Voronoi tesselation scheme, which eliminated numerical artifacts
found in some cubic spline and other nonlinear interpolation methods.

The magnitude and noise levels in the tracked displacement and strain values were
experimentally determined using a series of rigid body motion tests, and have also been
veri ed with synthetic digital images. Before each experiment, a stationary sample in
the grips was imaged where the camera mounted on a motor controlled precision three
axis stage (ET-50-12, Newmark Systems, CA) was moved. The distance that the stage
and camera moved was recorded by an encoder (optical encoder resolution better than
1um). Then, features on these set of rigid body motion images were tracked using DIC,
and displacement and strain values were calculated. As shown in Table 2.1, the measured
displacement error was up to approximately 0.1 pixel, which corresponded to a strain noise
oor of 10 6. The color bars used to represent the strains were then selected to insure that
apparent differences in color were associated with signi cant differences in strain. The line
width resolution of the images was determined with a 1951 USAF microscope resolution

target and was better than 20 um.
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Table 2.1: Actual and tracked horizonta) @nd vertical ¥) movements during the rigid
body motion test. Displacement error is the difference between the actual and tracked
movements. The full eld strainse(x andey,) were obtained from the tracked displace-
ments using DIC.

Actual Movement, Tracked Movement, Displacement Error,  Calculated Strain,

(%, y) (pixel) X,y ) (pixel) X Xy Y (pixel) (ex ey)

(0.306, 0) (0.384, 0.048) (0.078, 0.048) :31 10 °,4:3 10 9)
(1.258, 0) (1.43,0.019) (0.172, 0.019) 142 10 6,25 10 )
(1.96, 0) (1.796, 0.031) (0.164, 0.031) :§2 10 °, 65 10 9)
(2.47,0) (2.857,0.1) (0.387,0.1) Bl 10 °, 55 10 )
(0, 3.47) (0.06, 3.553) (0.06, 0.083) 62 10 °,2:0 10 )

2.4 Analysis Methods

2.4.1 TensileProperties

For tensile experiments, 60 specimens were tested for each of the two principal orientations,
MD and CD. For each specimen, elastic modulus, yield strength, yield strain, tensile stress,
tensile strain, and tensile energy absorption (TEA) were calculated as speci ed in T494
[45]. It is a common practice to disregard a thickness value and report stress in terms of
force per unit width [1] because paper is easily compressible and it is dif cult to measure
the actual thickness. In this study, a conventional stress unit, force per unit area, was
used with the nominal thickness offdnm, which was con rmed using scanning electron
microscopy images (Fig. 2.2).

Elastic modulus was calculated from the linear portion of a stress strain curve consistent
with the methods detailed in ASTM E1111 [51]. The linear elastic part of the curve was
determined by tting a linear regression line from the rst data point to the data point where
the coef cient of determination, R was 0999. The last data point of the linear portion
was recorded as the yield point (yield stress and strain reported in Table 4.1). The tensile
energy absorption, the energy per unit area of the specimen, was de ned as the area under

load-displacement curve up to the failure point and was calculated from the experimental

18



Figure 2.2: A cross sectional image of copy paper was taken using SEM. In this gure, a
copy paper sample was embedded in Spurr's resin [50] where the direction going in and
out of the page is MD. Bright lumps of particles are ceramic llers and darker regions in
between bers are pores, which explains why paper is very compressible and thus hard
to measure thickness using conventional caliper. The nominal thickness of the sample is
100 pm.

data by numerically integrating using the trapezoidal rule.

2.4.2 MachineComplianceCorrection

Correction for machine compliance is an important step for accurately analyzing the me-
chanical testing data. While compliance correction is not included in current paper testing
standards [45] it is routinely used in single ber tensile test methods [52]. The machine
compliance was determined by testing two of each 30, 40 and 60 millimeter long speci-
mens in each orientation (i.e., MD and CD) at the same loading rate @mmhand nd-
ing their compliance (inverse of stiffness). Compliance of these six specimens versus their
gauge lengths are shown in Figure 2.3. A linear regression was t through these six points,
and the system compliandgs, which is y-intercept of the tted line was determined.

The compliance corrected strain values were calculated by using equation 2.1Gyhere

is the compliance of a specimen whose strain values are being adjusted.

Cs

C_a) (2.1)

€corrected= €uncorrected 1

Three different stress-strain curves plotted using uncorrected crosshead displacement, com-

pliance corrected strain, and DIC calculated full eld average strain of a representative MD

19



	Title Page
	Acknowledgments
	List of Tables
	List of Figures
	Introduction
	Background and Motivation
	Structure of Dissertation

	Materials and Methods
	Materials and Specimen Preparation
	Mechanical Testing
	Digital Image Correlation
	Imaging System
	Feature Tracking and Correlation

	Analysis Methods
	Tensile Properties
	Machine Compliance Correction
	Weibull Analysis
	Lineal Path Correlation
	Crack Length and Growth Rate Measurements

	Characteristic Length Scale of Formation in Paper
	Structural Characterization
	Imaging Tools
	Resin Embedding and Sectioning of Paper


	Structural Characterization of Paper 
	Introduction
	Cross Sectioning of Paper
	Microtome Sectioning
	Hand Grinding and Resin Removal

	Confocal Microscopy
	Micro-computed Tomography
	Conclusions

	Nonaffine Tensile Deformation of Paper
	Introduction
	Results and Discussion
	Poisson's Ratio
	Strain Maps
	Characteristic Length Scales from Lineal Correlations
	Deformation Maps
	Degree of Nonaffinity

	Conclusions

	Fatigue Damage Accumulation in Paper
	Introduction
	Results and Discussion
	Cyclic Loading Lifetimes
	Strain Field Mining for Cracks
	Fatigue-Creep Interaction in Paper

	Conclusions

	Fracture Process of Paper
	Introduction
	Results and Discussion
	Steady-state Crack Propagation
	Crack Tip Plastic Zone

	Conclusions

	Conclusions
	Fiber Quality Analyzer Test Result
	Lineal Path Correlation Analysis
	Weibull MLE Analysis
	Degree of Nonaffinity Calculation
	References
	Vita

