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ARTICLE INFO ABSTRACT

Keywords: In the progress of understanding the mechanical behavior of pulp fibers, advanced material models have to be

Pulp fibers developed alongside experimental investigations. The transverse behavior of pulp fibers is tested by atomic force

I;A‘FromFCha'flcs microscopy (AFM)-based nanoindentation experiments to record both, the volume reduction and the force-
015S0N $ ram? displacement curve. Our measurements clearly indicate a compressible plastic behavior in conjunction with a

Nanoindentation . . . . . . X

Atomic force microscopy highly nonlinear elastic behavior, both which are attributed to the nanoporous structure of pulp fibers. We

Compression therefore advocate a numerical model based on a compressible plastic model combined with a hyper-foam

model. Our evaluation yields three key findings for the transverse behavior of pulp fibers: first, the compres-
sion behavior is dominated by plastic deformation and nonlinear elasticity, in agreement with the experimental
indentation results; second, we found evidence that a compressible plasticity model is justified, with an estimated
Poisson’s ratio of 0.23; and third, a good agreement of our numerical model with out-of-plane compaction ex-
periments from the literature for a sheet of paper was achieved.

1. Introduction

The investigation of mechanical properties of pulp fibers and paper
sheets is an ongoing field of research. Mechanical models of paper- and
other nonwoven materials are widely used in the development of con-
verting processes (e.g. printing, creasing) and end use products (e.g.
liquid containers, paper trays). Even though, the mechanics of paper is
of primary importance, a deeper insight into the mechanics of its com-
ponents — the single pulp fibers — is necessary for a better macroscopic
understanding.

Thin paper sheets used in printing applications are bent or elongated
and so are the fibers in the paper network. Consequently, in such ap-
plications the longitudinal tension mode of the fiber has been given a
higher priority. For thick paper, paper board and carton which are used
mostly in packaging applications, compression behavior is very relevant.
Since the fibers are mainly oriented in the paper plane, the transverse
compression behavior is dominating in high local deformations such as
creasing, folding (Beex and Peerlings, 2009), converting processes, deep
drawing (Wallmeier et al., 2015), and embossing. Therefore, an inves-
tigation into the compressible behavior of the fiber is of interest. This

was primarily approached in the literature by investigating the
geometrical deformation (e.g. lumen collapse) of the whole fiber. For
instance, the fiber’s transverse compression was studied with a simu-
lation approach (Shiari and Wild, 2004; De Magistris and Salmén, 2008)
and also in the context of fiber-to-fiber bond formation (Brandberg and
Kulachenko, 2017). Consequently, further investigations into the
compressibility modeling of the fiber material is of major interest.
Experimentally, the fibers’ compressible behavior was investigated
by several authors (Dunford and Wild, 2002; Hartler and Nyrén, 1970;
Hardacker, 1969; Wild et al., 2005). These experiments revealed that the
fiber is collapsing during compression. However, it is difficult to extract
material parameters for the fiber wall, since only little is known about
the geometry of the fibers in these experiments. The compressibility
could be probed with a hydrostatic compression test for isotropic ma-
terials or a plane strain compression test for transverse isotropic mate-
rials (Christensen, 1980, Eq. 1.4). To the authors’ best knowledge no
hydrostatic compression tests for pulp fibers are available in the litera-
ture, which might be related to the difficulty of fiber preparation and the
friction influence of the fixture. In contrast to fibers in wood blocks, it is
difficult to alter the geometry of single pulp fibers and perform tests on a
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well-defined geometry (Adusumalli et al., 2010b). Furthermore, classic
experimental setups lack the ability to access the transverse direction of
the fiber. Here, advanced techniques are necessary. With the develop-
ment of depth-sensing techniques, the properties of the fiber surface
became more accessible. First, conventional nanoindentation (NI) in-
vestigations were obtained on cross-sections of wood fibers (Wimmer
et al., 1997; Gindl et al., 2004; Gindl and Schoberl, 2004; Adusumalli
et al., 2010a; Eder et al., 2013; Jager et al., 2011). In the last few years,
atomic force microscopy (AFM) evolved into a useful technique for the
characterization of pulp fibers (Fahlén and Salmén, 2005; Schmied et al.,
2012; Nilsson et al., 2001; Yan and Li, 2013). The development of an
AFM-based nanoindentation (AFM-NI) method enabled local access of
the rough surface topography of single pulp fibers on the nanometer
scale. Here, the influence of relative humidity and water on the elastic as
well as plastic properties was studied for pulp fibers (Ganser et al., 2014;
Persson et al.,, 2013; Ganser and Teichert, 2017). Additionally, an
AFM-NI approach was developed to investigate the viscoelastic behavior
of pulp fibers in transverse direction (Czibula et al., 2019; Seidlhofer
et al., 2019).

1.1. Pulp fiber structure, nanoporosity, and surface morphology

A pulp fiber mainly consists of cellulose, lignin and hemicellulose.
Small crystalline cellulose regions (nanocrystals) are forming a band by
connecting with semi-crystalline regions (Bergander and Salmén, 2002;
Salmén, 2018; Gibson, 2012). Several of these bands are in close prox-
imity to each other and form a bundle - a so-called microfibril — which
has a diameter of approximately 30 nm. These microfibrils further form
larger fibril bundles which are mainly oriented along the fiber axis. As a
result, the fiber has a significant strength difference in longitudinal and
transverse direction.

In between the microfibrils a matrix consisting of lignin and hemi-
cellulose is present. Both lignin and hemicellulose are rather soft
compared to crystalline cellulose. Lignin is — in contrast to hemicellulose
— a highly cross-linked hydrophobic polymer. It provides structural
stability and limits the swelling of the matrix (Conners, 2001; Cristian
Neagu et al., 2006; Booker and Sell, 1998).

Several cell wall layers are building up the fiber. These layers can be
most prominently distinguished by the regularity of the orientation of
the microfibrils. In contrast to the outer primary (P) wall, the secondary
(S1, S2, S3) walls have a regular microfibril structure. During chemical
pulping, the thin P and parts of the S; wall are removed due to the high
lignin content (Alava and Niskanen, 2006). Furthermore, the S, wall is
the thickest layer of the total cell wall with the highest degree of
microfibril alignment and represents about 80% of the cell wall (Salmén,
2018; Gibson, 2012).

Apart from lignin and hemicellulose the matrix of pulp fibers also
consists of pores. Porosity of the matrix is strongly influenced by the
pulping process. During kraft pulping, lignin is to a high percentage
removed from the fiber wall, which results in a considerable increase of
the pore volume (Stone and Scallan, 1965). Interestingly, even though
for thermomechanical pulp in principal no lignin is removed, the pore
volume still increases due to micro-cracks and delamination (Maloney
and Paulapuro, 1999). The measurement of the pore size distribution in
single pulp fibers is a tricky task and results obtained by several tech-
niques can be found in the literature. Thermoporosimetry or adsorption
of gases and polymers (Alince, 1990, 2002; Maloney and Paulapuro,
1999) have been frequently applied to pulp fibers. The reported values
show a large pore diameter range, which depends on the moisture
content and is influenced by sample preparation as well as the mea-
surement technique. However, during drying capillary forces cause the
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collapse of macro pores and only small pores in the mesopore range (<
50 nm (Lovikka et al., 2016)) remain (Park et al., 2006) at moderated
moisture content.

The structural combination of nanopores, lignin and hemicellulose
has a major influence on the transverse compression behavior of the
fiber. The nanopores can collapse and the crystalline cellulose blocks can
stack during mechanical compression. As a result, increasing stiffness
with compression is to be expected. As an additional result, a
compressible behavior is to be expected not only in the elastic but also in
the plastic regime.

1.2. Scientific approach

Material development frequently makes use of incompressibility
constraints to reduce the complexity of the model. Subjecting incom-
pressibility is either physically motivated due to high compression to
shear modulus ratios or due to a low impact of compressibility on the
targeted application of the model (Seidlhofer et al., 2019). In compac-
tion applications, incompressibility cannot be motivated for pulp fibers
due to the present porosity. As a consequence, this has as well impli-
cations on the selection of an appropriate plasticity model: It has to be
identified if the plastic deformation is volume preserving. Therefore, this
work focuses on the quantification of the compressibility in transverse
direction of the fiber in both the elastic and the plastic material
behavior.

The compressibility of a solid body — a measure of its relative volume
change as a response to a pressure — will play a major part in the
following. If a material is compressible, the volume (or in a plane the
area) will change. If a material is incompressible, the material will only
be pushed aside to establish a volume preserving state. Consequently,
the area change in a plane strain setting is a measure of the compress-
ibility of the material (Fig. 1).

Here, we pursue a plane strain testing procedure in which both two-
dimensional (2D) geometrical and one-dimensional (1D) force-
displacement signals can be extracted. This way, sufficient informa-
tion is provided to estimate compressibility parameters as, for instance,
the Poisson’s ratio.

Furthermore, we demonstrate the importance of the fibers’ nano-
porosity. As it is in most cases impractical to model nanopores
geometrically in fiber simulations, the constitutive equations have to be
enhanced. Therefore, we propose a nonlinear elastic model and a
compressible plastic model to close this gap.

The structure of the article is as following. An introduction to rele-
vant aspects of pulp fibers is given first. As this study combines nu-
merical and experimental work, the subsequent methods section is
divided into an experimental and a numerical modeling part. The link
between experiments and model is established with suitable numerical
optimization techniques. In the results section, an interpretation of the
estimated parameters is given. Finally, a discussion closes this paper.

2. Methods

AFM-NI has advantages in contrast to classical NI: It enables the
possibilities to measure the surface topography, to choose specific spots
on the scanned surface for indentation experiments, and to re-scan the
same position after the experiments again. This high local resolution can
be used to determine the lateral displacement after indentation on rough
surfaces.

In Fig. 2, several 5 x 5 um? AFM topography images are stitched
together to present the characteristic surface morphology of a single,
unbleached, spruce kraft pulp fiber. Since during the pulping process the
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S compressible

Fig. 1. The difference between an incompressible material and a compressible material during indentation is illustrated: If the material is incompressible, material is

pushed aside to fulfill the volume preserving constraint.
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Fig. 2. Overview of the topography of an unbleached spruce kraft pulp fiber surface. (a) Three locations of wrinkles are indicated. Subfigures (b) to (d) give the

corresponding wrinkle profiles that are averaged over 20 scan lines.

P and only few parts of the S; wall are removed, AFM measurements are
usually performed on the S; wall (Ganser et al., 2014). As can be seen in
Fig. 2, the fiber’s surface is not smooth, but exhibits specific surface
features — labeled wrinkles — which are caused by the drying-induced
shrinkage of the fiber (Maloney and Paulapuro, 1999). During the dry-
ing process the fiber shrinks, which leads to surface instabilities, and
wrinkles are preferably formed transversely to the stiff microfibrils.
Consequently, it can be assumed that microfibrils are oriented perpen-
dicular to the cross sectional plane of a wrinkle. In Fig. 2b-d,
cross-sections of line scans of individual wrinkles are presented. These
wrinkles have an average width of about 500 nm and are about 200 nm
in height. Their length can be several pm. In Appendix A a further dis-
cussion on the microfibril alignment is given.

indenter
wrinkle

If an indentation is performed on the wrinkle, then — due to the stiff
out-of-plane material behavior and the assumption of having long
wrinkles — deformation is preferred in the cross section. Hence, a plane
strain state can be assumed. A further discussion on the plane strain
assumption is given in Appendix C. The AFM probe and a wrinkle of a
fiber surface are illustrated in Fig. 3. This indentation experiments
require due to the complex boundary conditions appropriate models to
investigate material parameters. Whereas for flat surfaces 1D analytical
based models tend to be sufficient (Fischer-Cripps, 2000; Ganser and
Teichert, 2017; Chang and Liu, 2018), for arbitrarily curved surfaces in
general a 2D simulation is required. Hence, the following methods
section is divided into an experimental and a simulation part.

Fig. 3. Schematic visualization of an indentation of a wrinkle on the fiber surface. The indentation process can be idealized as a plane strain problem.



T. Seidlhofer et al.

A
10

10 uN for 10 s

10uNs—!

force [uUN]
9

0.5 puN for 30 s

L G 1

(a) 1 time [s] e

Mechanics of Materials 153 (2021) 103672

10— original T -
cropped
= 8
=
g /
L
<
e
£ 4 !,/
= -~
v
o
£ 9 /w/
0" o
0.00 0.02 0.04 0.06 0.08
(b) indentation displacement [pn]

Fig. 4. (a) Load schedule of the AFM-NI experiment. (b) The experimentally obtained force-displacement curve was cropped to remove rate effects in the modeling.

Exemplarily a typical curve is shown.
2.1. Experimental setup

All AFM-NI and AFM topography measurements have been obtained
with an Asylum Research MFP-3D AFM equipped with a closed-loop
planar x-y-scanner. For AFM-NI, ND-DYIRS full diamond probe
(Advanced Diamond Technologies) were used. The tip geometry of the
probe is evaluated by scanning an NT-MDT TGTO01 calibration grid (an
array of sharp spikes) and utilizing the tip-sample dilation principle
(Villarrubia, 1994; Ganser and Teichert, 2017). These probes feature a
regular, four-sided pyramid as a tip. The angles between the pyramidal

0.0 um 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.0

faces are about 75°, and the apex radius is about 50 nm. This scanned tip
geometry was used for the indenter geometry in the simulation. The
spring constant of the cantilever was determined with the thermal sweep
method (Hutter and Bechhoefer, 1993) to be 87.38 Nm~! with a reso-
nance frequency of 386.6 kHz and a Q-factor of 572. All measurements
were carried out at a controlled relative humidity (RH) of 50 % in a
closed AFM fluid cell and at a temperature of 23 °C. Data analysis of the
topography had been obtained with the open-source software Gwyddion
(Necas and Klapetek, 2012).

The load schedule (Fig. 4a) consisted of fast loading and unloading
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Fig. 5. Surface topology of a fiber wrinkle before (a) and after (b) the nanoindentation. Typical curves of the measured contours (c) indicate a decrease of volume by

the permanent deformation.
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ramps and two different holding periods. The loading and unloading
rate was 10 pNs~!. At maximum load, a holding period of 10 s was
necessary allowing dynamic effects to decay in order to obtain an un-
distorted unloading ramp (Feng and Ngan, 2002; Tang and Ngan, 2003;
Gindl et al., 2004). Since pulp fibers are viscoelastic, the material soft-
ened during the holding period and thus the indentation depth
increased. This additional deformation was recovered completely after
removing the load in most cases. We simplified the evaluation by
cropping out the holding part in the signal to prevent the inclusion of
rate effects in the modeling, which is sketched in Fig. 4b. Therefore, we
postulate that the shifted unloading part represents the instantaneous
unloading without viscoelastic material history.

A representative surface topography of the wrinkle before and after
the AFM-NI experiment is presented in Fig. 5a and b. Permanent indents
reflecting the four-sided pyramidal shape of the AFM tip are clearly
visible. Furthermore, the measured wrinkle’s geometry before and after
the nanoindentation shows a significant decrease in volume.

2.2. Material model

The complexity of the material model is motivated by experimental
observations (compare Fig. 4b). First, the force-displacement curves
show in the unloading branch a considerable curvature, which cannot be
explained by the contact nonlinearity. As this branch is solely deter-
mined by the elastic part of the model, nonlinear elasticity has to be
introduced. Second, plastic deformation is observed and a residual
volumetric change (compare Fig. 5¢). This motivates the introduction of
a volumetric plastic contribution.

To simulate the observed experimental behavior, a model has to be
established which is suitable to handle finite strains and which includes
two parts. The first part models a nonlinear elastic constitutive behavior
and the second part includes a Green-type plasticity yield criterion (also
known as crushable plasticity).

The nonlinear elastic behavior is mainly implied by the micro-
structure. Homogenization strategies as for instance (Morin et al.,
2018; Godinho et al., 2019), which were successfully applied to fibrous
materials, are an interesting alternative to phenomenological models.
However, we adopt a phenomenological description in this work, which
is with respect to parameters fitting presumably more appropriate. For
the description of thermodynamically based nonlinear elastic behavior
at finite strains, either hyperelasticity — which is in stress rate-form a
special case of hypoelasticity according to the definition (Truesdell
et al., 2004, Eq. 99.1 & 99.2) - or a rather recent approach on implicit
rate-type models (Rajagopal and Srinivasa, 2009, 2011; Rajagopal,
2007) can be motivated. Implicit non-dissipative rate-type models are
under special circumstances advantageous as for instance for incom-
pressibility or instant stiffness increase (Rajagopal, 2007). In this work,
material isotropy is assumed due to the transverse testing, the reduced
compound effect implied by pores and the plane strain assumption (see
also Appendix C). Furthermore, we hypothesize the existence of a free
Helmholtz energy (elastic potential) that can describe the experimental
response very well. The hyper-foam elastic potential fulfills these re-
quirements. For the treatment of plastic behavior we propose the exis-
tence of a yield surface. Hence, the model falls in the constitutive class of
hyperelasto-plasticity, a class which is next to hypoplasticity and
endochronic plasticity (Kolymbas, 1991; Kolymbas and Medicus, 2016;
Suchocki and Skoczylas, 2016). The latter two are better suited for
problems with complex load path dependence or poorly defined elastic
limit, as it is encountered for instance in soil mechanics (Medicus and
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Schneider-Muntau, 2019; Medicus et al., 2019) or hysteresis effects in
rubber (Netzker et al., 2010).

Finite deformation theory requires the definition of a nonlinear map
¢ (X,t) » ¢(X,t) which maps a point X of the reference configuration
% onto a point x of the spatial configuration .%; at time t. The defor-
mation of infinitesimal elements is governed by the deformation
gradient F : = % The volume change is characterized by the Jacobian J :
= det(F), which must be strictly positive J > 0. An appropriate dimen-
sionless description of deformation requires the definition of suitable
strain measures. In this study, Hencky strains of the Seth-Hill family are
applied which enables an additive finite strain elasto-plastic approach
(Miehe et al., 2002). The relation between the Lagrangian Hencky strain
tensor and the logarithmic stretches is given as:

N
Ey, :ZAiNi®Ni~ (€9)]

The quantity N; is the i-th eigenvector of Ej,, and the logarithmic
principal stretches A; give the eigenvalues of the Hencky strain tensor.
The total logarithmic strain is decomposed into an elastic and a plastic
part

E.=E; +E). (2)

The elastic potential of the hyper-foam material (Dhondt, 2004) in-
cludes the principal stretches 4;. These are substituted by its logarithmic
counterpart A; = In(4;). Similar the Jacobian J can be expressed by the
principal logarithmic stretches J = exp(A; + A, + Asg). As a result, we
write the elastic potential of the hyper-foam material as

y/:i—f("?”+eA5“+e"§“—3+%(J;"/’f1)); €)
where the arameter o governs the degree of nonlinearity, p is the shear
modulus, A{ the elastic principal logarithmic stretch of Ej, and J. =
exp(tr(E},) ) the elastic Jacobian. The parameter § can be evaluated
with the elastic Poisson’s ratio v (Storakers, 1986, Eq. (8))as f =v/(1 —
2v).

The first derivative of the elastic potential (Eq. (3)) with respect to
the logarithmic strains yields the logarithmic stress tensor S,:

oy

Sln - dEfn' (4)

This stress tensor will be converted to the Cauchy stresses for output
purposes in a later stage of the material routine (Miehe et al., 2002).

An elliptic yield criterion was used in early studies (Green, 1972)
modeling a volumetric contribution to plastic deformation for porous
solids. Recently this was employed by (Fritzen et al., 2013) and, in a
modified form, also within the context of Hencky strains (Zerbe et al.,
2017). Extensions to isotropic hardening were developed by (Deshpande
and Fleck, 2000) and are available in commercial codes (Simulia, 2009).
We give the Green type plasticity yield criterion as

2
P =R a1+ (5) ®

where q represents the deviatoric equivalent stress (von Mises stress)
and p the hydro-static stress:

3 1
q= \/Es’ln S8, P = *gtr(sln)a S'n =S +pl. (6)
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Fig. 6. Definition of the wrinkle geometry for the simulation input. The solid line represents the experimental data, the dashed line the geometry in the numeri-

cal model.

The yield surface ellipticity R is related to the plastic Poisson’s ratio
v, (Deshpande and Fleck, 2000, Eq. (5)):

3 1 -2y,
R=— P 7
V2\ 1+, )
Furthermore, a linear hardening model is proposed:
y(@an) = yo + Kay; ®

where Yy, is the initial yield stress, K the hardening slope, and a, the
internal hardening variable.

The yield function is defined with the logarithmic stress tensor, and
consequently the estimated yield strength y, and hardening parameter K
are measured in logarithmic stresses. However, benchmarks show that
the deviation from a multiplicative plasticity approach are small (Miehe
etal., 2002). As a consequence, a comparison to other models using, e.g.,
the Mandel stress, is within bounds possible. In the special case of small
strains, the difference between the stress measures vanishes.

Following standard arguments, the evolution of plastic strains E is
proposed to follow an associative flow rule. With the plastic multiplier 7,
the evolution of the plastic variables can be given as:

P

In — }/EV (9)

dh:f’

2.3. Simulation

The AFM-NI experiment on surface wrinkles of pulp fibers was

modeled by the finite element method (FEM). The topology of the
wrinkle needed to be spatially discretized. As mentioned earlier, the
wrinkles are elongated bumps on the surface, and the indentation pro-
cess can be approximated by a 2D plane strain problem. The hybrid
mesh - consisting in most parts of linear quad elements and few linear
triangle elements — was generated with a characteristic element edge
length of 8 nm. With respect to the force-displacement needed and the
topography information, this coarseness was sufficient. To keep the in-
fluence of the boundary fixation minor, the topography was on the right
and left sides extended with 30% of the wrinkle width and the bottom
was extended by a fixed value of 0.6 pm, which is approximately twice
the wrinkle height. Fig. 6 shows the creation of such an area to be
meshed with Gmsh (Geuzaine and Remacle, 2009).

The simulations were carried out with code_aster 14.4 (EDF, 2020)
and the material routine interface Mfront (Helfer et al., 2015). For the
surface interaction between the indenter and the fiber surface, a friction
coefficient of 0.26 was assumed according to (Bogdanovic et al., 2001).
Due to the high incompatibility of the surface curvatures a penalty-based
contact algorithm was selected. The boundary conditions for the simu-
lation are displayed in Fig. 7. The indenter was modeled as an unde-
formable body and its axis was fixed in horizontal direction. Since the
movement of the AFM cantilever in vertical direction was very small
compared to the cantilever’s length, this simplification — of neglecting a
slight rotation of the indenter - is valid. The indentation force was
vertically applied to the indenter. Since in a plane strain problem the
subjected force is applied per unit length, the force has to be divided by
the thickness. The effective thickness is computed from the maximum

von Mises stress (MPa)

0 50 100
| !

150 200 267

“ ‘

Fig. 7. Boundary conditions and simulation of the nanoindentation experiment.
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minimize
——sim
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Fig. 8. Definition of three differences to fit the simulation and experiment.

indentation depth of the respective experiment and the indenter ge-
ometry. See Appendices B and C for a detailed explanation and a com-
parison with a three-dimensional simulation.

2.4. Optimization

The material model in Section 2.2 comprises six parameters (i, a, v,
Vp, Yo, K). For the optimization, the parameter set was reduced to three
(1, v, K) by setting the exponent a for the elastic nonlinearity and the
yield strength y, to a fixed value as well as the elastic and plastic Pois-
son’s ratios v and v, to be equal. The fixed value for o was determined by
choosing a value that shows in the relevant strain domain

104 — sim
===t &p

indentation force [1:N]
{2}

() L=t . . . '
0.00 0.02 0.04 0.06 0.08 0.10
indentation displacement u [pm)]

—-— exp before
0.2
----- exp after
sim
Z 00
L
]
=
o
5 —02
<)
o
>
_0'4,
—06 —04 —02 00 02 04

x coordinate [pm]

(¢)

(approximately up to 30 %) a visible nonlinear effect, which was a = 60
in this study. Therefore, this exponent turned out to have a larger value
for pulp fibers as it would normally be the case for very soft and
extensible foams (a =3...7 (Kim et al., 2019)). Besides, a constant
exponent ensured also a better comparability between the fitted Young’s
moduli. The fixed value for the yield strength y, was motivated by the
fact that no clear yield point can be detected for pulp fibers (Dumbleton,
1972; Sedighi-Gilani and Navi, 2007) and that y, and K had to be
interpreted in combination. A remedy for this problem was to set a
suitable value for y, for all experiments, which turned out to be y; =
50 MPa. The connection between K and y, will be further discussed in
Section 3. By equating v with v, it is assumed that the difference in

104 — sim

indentation force [1:N]
e}

000 002 004 006 008 010
indentation displacement u [pm)]

(b)

—-—- exp before

----- exp after
0.14
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—0.21

40.3_

—0.2 0.0 02
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(d)

Fig. 9. Difference of the two quality groups. (a,b) Typical fits of the force-displacement curves. (c,d) Comparison of the simulated topology and the measured

topology. (a,c) Quality group I and (b,d) quality group II.
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Fig. 10. Box plot of the optimization parameters E, K and v.

lateral contraction during plastic and elastic deformation is negligible at
small strains. This can be especially motivated in the beginning of the
compaction phase since part of the pore volume reduction is irreversible
which does not alter the apparent lateral contraction. At larger strains,
the Poisson’s ratio is known to be strain dependent for porous and foam
materials (Sanborn and Song, 2019; Patterson et al., 2015; Rinde, 1970).
This nonlinearity is accounted for in the hyper-foam strain energy
function in Eq. (3). Therefore, the apparent elastic Poisson’s ratio will be
naturally different at higher strains to the plastic Poisson’s ratio vj,.

For the optimization, an appropriate objective function F(¢, K, v) had
to be presented. Three differences between estimated and true values
were defined for this purpose. Fig. 8 presents two displacement type
differences between the error at maximum force (rmax) and at a hold load
of 0.9 PN (rmin), respectively. Additionally, the difference between the
deformed cross sectional areas Aeyp, in the experiment and Ag, in the
simulation was defined. The area itself was computed with the Gauss’s
area formula. To maintain consistent units, the displacement errors were
normalized by the constant experimental displacement dgg,n at 0.9 pN
and the area error with the experimental undeformed cross sectional
area Aundeform'

Aexp - Asim F'max T'min

5 Tmaxn = Fminn =

Tarean =

(10)

s .
Aundeform dO.QuN dO.QuN

The objective function is the sum of squares of all three differences
previously defined multiplied with a factor of 100 to ensure good
scaling:

F= (100 Fyean)” + (100 riinn)” + (100 rpasn) - a1

The optimization problem was solved within the OpenMDAO
framework 3.0.0 (Gray et al., 2019) which provides a comprehensive
interface to several optimization strategies. For this study, a sequential
least squares programming (SLSQP) algorithm of the SciPy package
(Virtanen et al., 2020) was utilized. Since the parameters have different
magnitudes and sensitivity an appropriate scaling procedure was
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Fig. 12. Compaction of a sheet of paper. Paper cross section at mean
compaction pressure of 3.528 MPa.
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Fig. 13. Comparison of a typical force-displacement curve of Chen (2016) with
the numerical simulation.

applied (Gill et al., 1981) to optimize all parameters at once.
3. Results

In this study, 17 individual indents on 8 wrinkles were analyzed.
Spruce fiber samples were extracted from unbleached unrefined kraft
pulp from industrial production by Mondi Frantschach, Austria.

A comparison of the cross section before and after the indentation
yields an area reduction of 17 % on average. However, it should be
noted that this value is only indicating the order of magnitude of the
compaction but is not fully representative as a total value, since the
compaction with the indenter leads to a highly inhomogeneous
compression field in the solid. Hence, the compaction could be locally
considerably higher.

b)

Fig. 11. Cross sectional geometry of a paper sheet. Manual pore volume detection by binarization (b) of a microscope image (a). Some fibers are cut longitudinally,
and they move at some point out-of-plane. It is assumed that they are still close to the cutting plane, and therefore this region is not accounted for as pore volume.
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3.1. Estimated material parameters by optimization procedure

The results of the fitting procedure were classified into two quality
groups (compare Fig. 9). In group I, consisting of 10 indentation ex-
periments, both force-displacement and topological deformation
matched each other very closely. The remaining 7 indentations form
group I, in which the fits did not overlap very well. An overview of the
data is provided in the electronic supplementary information.

As mentioned above, the values a = 60, yo = 50 MPa and v, =v
were fixed. Since the shear modulus p is not an appropriate parameter to
be compared with values in the literature, the shear modulus was con-
verted to the Young’s modulus E = 2u(1 +v) (Dhondt, 2004). Therefore,
the fitting procedure resulted in optimized values for the hardening
slope K, the Young’s modulus E, and the Poisson’s ratio v.

The obtained material parameters are presented in Fig. 10. The
scattering of values for E and K are within a reasonable range as a strong
natural variation of mechanical properties is to be expected (Mark,
1983; Niskanen, 1998). The distributions of E, K and v are slightly
skewed which can be attributed to the sample number. Most impor-
tantly, the Poisson’s ratio is clearly indicating a compressible behavior.

The fitted parameters of the numerical model are interdependent. A
discussion of this interdependency and its influence on the optimization
strategy is given in Appendix D.

3.2. Numerical example

In this section a numerical example of an out-of-plane paper
compaction is presented. We prove this way the suitability for complex
applications of both the numerical model, i.e. a hyper-foam material
model and Green-type plasticity model, and the precedingly fitted pa-
rameters, i.e. the fitting strategy to experimental data. A representative
paper cross sectional structure was generated out of a microscope cross
section image of a paper microtome cut (Fig. 11) (Lorbach et al., 2012).
The detection of the pore volume was done manually. During that pro-
cedure, it was assured that all fibers are interconnected with each other.
We compare the obtained numerical results qualitatively with the
experimental work of Chen (2016, Fig. 2.5(a)) and Chen et al. (2018).

The paper segment had a width of 256.6 pm and a height of
104.4 pm. The horizontal movement of the sides was restricted. An
equivalent compaction force was computed to achieve the same mean
contact pressure of the flat punch of the reference data (Chen, 2016, Fig.
2.5(a)). The zero point was set to the preload of the reference data.
Furthermore, the material parameters as found in the previous section
were used in this simulation. A compacted state of the cross section is
given in Fig. 12.

Fig. 13 presents a typical force-displacement curve of Chen (2016)
and compares it with the corresponding curve obtained by the numerical
simulation. Besides both curves show an alike shape, the simulation
exhibits kinks due to the small sample and the lack of a statistically
smooth pore structure and surface. The difference in the total compac-
tion (compaction distance) can be attributed to various reasons: a
different pore structure was present in the experiment; no filler material
was considered; a smaller sample size was investigated in the simula-
tion; the specific friction coefficient between punch and paper was not
known and was set to the same value 0.26 as used in the preceding
parameter evaluation. Considering both, that the parameters are
extracted from single fibers and that the simulation results are in the
same order of magnitude as macroscopic experiments (the resultant
Young’s modulus is too high by about a factor of two), this example
motivates further investigation of single fiber properties and suitable
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material models.

Fig. 11b offers an interesting observation in combination with
Fig. 13. The load is transferred locally through bands (force chains) from
the top to the bottom. Consequently, the regions with low slope in the
force-displacement curve are determined by the geometrical pore col-
lapses, and regions with increased slope are derived by the compaction
of the fiber material.

4. Conclusions

Wrinkles are formed on the pulp fiber surface during drying due to
surface instability effects. These wrinkles were used in this work to
extract both topological and force-displacement information out of
AFM-NI experiments. On the simulation side, we utilized a Green type
yield criterion in combination with a hyper-foam material. The material
parameters were estimated by an optimization approach. The optimi-
zation of the full set of parameters was avoided by identifying the in-
fluence of the parameters on the force-displacement curve. As a result,
two of the parameters could be set to predefined values and two addi-
tional parameters could be set equal by assuming that the plastic Pois-
son’s ratio is equal to the elastic one. The remaining three parameters
were well related to three appropriate error definitions in the objective
function which ensured that the optimization converged to a unique
solution.

Within the force schedule employed, the maximum force was held
for 10 s. During this holding period creep was observed. To a certain
extend this creep was reversible after unloading, thus it seemed
reasonable to remove the hold period for further analysis. A conse-
quence by this simplification is the underestimation of the contact area.
The influence of the contact area is especially high at the beginning of
contact, since there is a singularity present. With the progress of
indentation depth, the material deformed plastically and consequently
the contact area increased less as it would have been the case with a
linear elastic material model and Hertz theory (proportional increase)
(Johnson, 1985). Hence, the deviation is expected to be negligible.

Nonlinear elasticity was used in several studies concerning out-of-
plane compaction of paper (Borgqvist et al., 2015; Li et al., 2018). In
addition fiber network simulations indicate as well an exponential
behavior (Hossain et al., 2019; Chen and Siegmund, 2019). Even though
the fibers are on a different length scale, a similar mechanism seems to
be present. Compared to previous works (Czibula et al., 2019; Seidlhofer
etal., 2019) the Young’s modulus is in the same range. However, it must
be noted that the Young’s modulus is estimated in classic depth sensing
nanoindentation theory in the upper part of the unloading curve (Oliver,
W.C. and Pharr, 1992). Since the material exhibits nonlinear elastic
behavior, the tangent modulus is much higher at higher strains than in
the initial state. Since in this study the initial modulus is used as a
parameter, a direct comparison is not possible.

The limitations of this work are determined on one hand by the
measurement accuracy and on the other hand by the numerical and
modeling assumptions. Due to the finite size of the AFM cantilever tip, i.
e. the indenter, the detection of the surface topology was subjected to
dilation and the topography was blurred. In the force-displacement
signal, viscoelastic effects were removed. This was justified by obser-
vations that the deformation recovered after unloading and the contact
area error could be neglected due to plastic deformation. The mea-
surements were performed on the surface of the fiber. The porosity in the
center of the fiber could be different and consequently the compress-
ibility lower.

The major finding of this study is that during compaction of pulp
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Appendix A Microfibril alignment and angle

It is assumed that wrinkles are preferably formed in such a way that the microfibrils are aligned along the wrinkle depth (i.e., the wrinkles on the
fiber’s surface are parallel to the microfibrils). A visualization with a connection of wrinkle orientation to the microfibril angle (MFA) is given in
Fig. A14. Therefore, the microfibrils point in out-of-plane direction of a wrinkle’s cross section. As a result, the testing procedure is perpendicular to
the microfibril reinforcement and this suggests that mainly the transverse behavior of the fiber is tested. It is clear that any misalignment has an
influence on the results. However, this misalignment’s effect is considered to be negligible.

transversal

-\ﬁr\

wrinkle region of interest

longitudional

— approximate
MFA

Fig. A.14. Orientation of the microfibrils alongside the wrinkle length.

Appendix B Effective thickness

The effective thickness for the plane strain simulation can be approximated by the projected out-of-plane contact arc length (Fig. B15 (a)). This
length can be estimated by assuming a flat out-of-plane extension of the wrinkle’s cross section and the given indenter’s geometry. This assumption
implies a fixed relation between the projected arc length and the indentation depth as shown in Fig. B15 (b). With this relation and taking the
maximum indentation depth of the experiment into account, the projected arc length can be identified and used as the effective thickness.

AFM nanoindentation measurements on pulp fibers have shown that the adhesion forces have a magnitude of 0.1 uN to 0.9 pN (Czibula et al.,
2019) and are, therefore, comparable to the applied 10 pN. Since in out-of-plane direction the wrinkle surface is less curved and consequently the

10
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contact pairs are closer to each other, preferably an adhesion meniscus is formed (Kendall, 2001; Barthel, 2008) (see Fig. B15 (a)). This meniscus leads
to a non-zero initial contact area. One experimental indication for this effect is the lack of a convex shape in the initial force-displacement curve.
Therefore, the used constant thickness can be justified as an implicit consideration of adhesion effects.

co\nta\ct area
in-plane projected
contact arc length

wrinkle surface

o

—

Ut
L

<
—
jes)

projected arc length [pm]

0.05 1

0.00 . - . :
0.00 0.02 0.04 0.06 0.08

indentation depth [pm]
(b)

Fig. B.15. (a) Illustration of the projected contact area on a wrinkle. The out-of-plane contact arc length extends differently than the in-plane contact arc length.
Adhesion forces implicate an increased contact area due to a forming meniscus. (b) Projected out-of-plane contact arc length with respect to the indentation depth.

Appendix C. Plane strain assumption

To validate the plane strain assumption, a three-dimensional simulation was carried out with the evaluated parameters from the plane strain fit of
the data set presented in Fig. 9 (a) & (c). The required three-dimensional geometry was generated by an extrusion of the two-dimensional wrinkle
topology in out-of-plane direction by 1/3 of the wrinkle width. The displacements of the bottom and side faces were fixed.

11
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Fig. C.16. Three-dimensional simulation of the indentation problem. (a) Out-of-plane strains with the actual indenter geometry. (b) Force-displacement curve for the
three-dimensional simulation pictured in (a). (c) Simplified flat indenter geometry to illustrate the reduction of out-of-plane strains due to adhesion effects. The out-
of-plane strains are much smaller than in (a). (d) Force-displacement curve for the simulation in (c): A better qualitative fit is achieved in the force displacement
graph; however, the 3D simulation does not match the experimental curve well due to the additional boundary influence. This influence can be observed at the
backside of the indenter, where a high stress region is located. (c).

Fig. C16 (b) shows obviously a progressive loading curve in the simulation, which one would also expect from Hertz theory (Fx 6°/2 (Johnson,
1985), with F being the force and & the indentation depth). As the experiments do not indicate this curve shape — it is more linear-like — either the
material or the contact geometry are the cause for the non-progressive behavior. While a material with a degressive hardening behavior could partially
compensate for the curvature — after a sufficient contact area is formed - it cannot explain the initial progressive shape, as this is mainly influenced by
the contact geometry. Consequently, the initial contact geometry, which is influenced by adhesion and surface roughness, is the cause of the linear-like
loading curve in the experiments. Since the latter two are difficult to implement, the force-displacement curve in Fig. C16 (b) serves as an indication if
the optimized parameters are of a similar order of magnitude with the three-dimensional simulation. Apart from the curves’ shape, the maximum and
residual indentation depth are quite close to the experimental ones. Therefore, the final plane strain parameter set can still be regarded as a good
approximation for the three-dimensional problem.

In Fig. C16 (a), the out-of-plane strains are visualized, which are approximately one third of the maximum strains. Since in this simulation no out-
of-plane microfibril reinforcement is considered, the strains are expected to be smaller. Furthermore, due to adhesion effects outlined in Appendix B
the load is transferred more evenly over the thickness. As a result, smaller out-of-plane strains are observed as it is visible in Fig. C16 (c) with a flat
indenter geometry in out-of-plane direction. The flat-indenter geometry induces unrealistic edge effects which explains the large difference to the
plane strain simulation in Fig. 9 (a). However, the force-displacement curves are qualitatively similar.

Appendix D. Uniqueness of the estimated parameter sets

The fitted parameters of the numerical model (the hardening slope K, the Young’s modulus p, and the Poisson’s ratio v) are strongly coupled during
optimization. In particular, we discuss the uniqueness of the optimized parameters with respect to the yield stress yo.

To reach point 1 in the force-displacement curve while loading, both K and p have to meet a single constraint (constraint 1), as is sketched in
Fig. D17. While unloading to point 2, the material behaves purely elastic and only p is active to meet this additional constraint (constraint 2). Hence,
with these two constraints p and K would be uniquely defined. However, the yield stress y, provides an additional degree of freedom, thus uniqueness
would be lost. As there is no distinct change in stiffness at the yield point of the material, the parameters K and p are of the same order. This results in
an insensitivity of the optimization algorithm to the specific value of the yield stress, as displayed in Fig. D17. Many different combinations of y, and K
give practically the same quality of fit. Hence, the optimization would either optimize K or y, and the other value would stay close to its starting value.
As this would make a comparison of different data sets difficult, we set the yield stress a priori to a reasonable value.

12
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Fig. D.17. a) Influence of the parameters on the force-displacement curve. b) Small influence of the yield point if the tangent modulus during plastic deformation is

close to the Young’s modulus.

The determination of the Poisson’s ratio v requires an additional error to be minimized so that the problem stays determined (constraint 3, the area
change). However, it should be mentioned that there is unavoidably a strong coupling between the area change and the force-displacement errors.

Appendix E. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.mechmat.2020.103672.
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