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Analysis of the hygroexpansion of a lignocellulosic fibrous
material by digital correlation of images obtained by X-ray
synchrotron microtomography: application to a folding box board
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Abstract This study provides original experimental data
on the microstructural mechanisms of the hygroexpansion
of a material made up of lignocellulosic fibres. A paper-
board made up of several layers was chosen and subjected
to relative humidity variations during X-ray microtomog-
raphy scanning. The 3D images of the evolving media were
analysed using a digital image correlation technique to
measure the displacement field within the studied material.
This technique allowed the hygroexpansion of the studied
material and of each layer of this latter to be analysed in the
in-plane and out-of-plane directions. Results show that the
hygroexpansion is highly anisotropic. The microstructural
hygroexpansive mechanisms for the pore and fibre phases
could also be revealed. They have been shown to depend
strongly on the fibre content of the fibrous layers. This
analysis provides also useful information concerning the

J. Viguié - P. J. J. Dumont (5<)) - E. Mauret - 1. Desloges -
J.-F. Bloch

Laboratoire de Génie des Procédés Papetiers (LGP2), CNRS/
Institut Polytechnique de Grenoble (Grenoble INP), BP 65,
38402 Saint-Martin-d’Heres cedex, France

e-mail: pierre.dumont@ grenoble-inp.fr

S. Rolland du Roscoat

Grenoble INP/UJF-Grenoble 1/CNRS, Laboratoire Sols-Solides-
Structures-Risques (3SR), BP 53, 38041 Grenoble cedex 9,
France

S. Rolland du Roscoat

European Synchrotron Radiation Facility (ESRF), ID 19
Topography and Microtomography Group, 38043 Grenoble
cedex, France

P. Vacher

Laboratoire SYMME, Université de Savoie, Polytech Savoie,
Domaine Universitaire, BP 80439, 74944 Annecy-le-Vieux,
France

@ Springer

size of the Representative Elementary Volume (REV) for
the hygroexpansion phenomenon of dense lignocellulosic
fibrous networks. In view of the obtained results, the rel-
evancy of common theoretical models used to predict the
hygroexpansion of materials such as papers and boards is
also discussed.

Introduction

The use of folding board as lightweight packaging material
is growing in food, cosmetic and drug industries. Folding
board is a fibrous stratified material. Each layer is made of
pulps mainly composed of wood fibres and has an aniso-
tropic structure due to the orientation of the fibres in the
network, which results from the papermaking operations.
Specific grades of pulps are chosen for layers depending on
their location in the structure. Indeed, pulps differ in their
extraction processes that can be either mechanical or
chemical. To provide high (bending) stiffness and strength
to the folding board structure, inner layers are often made
up of low density mechanical pulps while chemical pulps
are used for outer layers [1]. The folding board surface can
be coated with pigments to improve the optical properties
and printability.

Change in moisture content of folding board results in
many deformation phenomena that can occur at different
scales. Variations of moisture content can indeed induce
hygroexpansion and curl at the laminate scale as well as
they may lead to damage and delamination at the fibrous
layer scale. These phenomena are associated with a sig-
nificant loss of runnability during printing or converting
operations.

Numerous authors studied these phenomena at the
macroscopic scale by cycling the relative humidity of the



J Mater Sci (2011) 46:4756-4769

4757

air surrounding paper and board samples, which induces
changes of the moisture content of paper. These experi-
ments allowed them to reveal two typical features of the
in-plane hygroexpansion with respect to the moisture
content evolution. They observed a non linear hygroex-
pansion behaviour and irreversible deformation phenomena
arising during the first cycles. Typically, shrinkage can be
observed. Then, when increasing the number of cycles,
reversible and linear hygroexpansion phenomena occur [2].
The slope of the curve of hygroexpansion as a function of
the moisture content provides the hygroexpansion coeffi-
cient [3].

The in-plane hygroexpansion is influenced by the paper
anisotropy (resulting from paper formation), by the press-
ing and mainly by the drying conditions. For instance,
irreversible phenomena are usually related to the release of
internal stresses initiated during the drying process [2].
These phenomena are particularly observed in restrained
dried paper [3]. For reversible phenomena, it was shown
experimentally that hygroexpansion coefficients are two to
three times lower in the machine direction (MD) than in the
cross direction (CD), depending on the sheet density [4].
The in-plane hygroexpansivity is two to four times higher
in a freely dried paper than in a restrained dried paper [5].
In addition, the kind of pulp slightly affects the hygroex-
pansivity [6], and hygroexpansion can be significantly
higher for pulps with high contents in fines [5].

There are fewer results for the out-of-plane hygroex-
pansion of paper [7-9]. Salmén and Fellers [9] have shown
that the out-of-plane hygroexpansion coefficient can be ten
times higher than the in-plane coefficients. They have also
shown that for a freely dried paper the density has a strong
influence on the hygroexpansion coefficient. This influence
is lower for restrained dried paper. However, these papers
exhibit a higher hygroexpansion coefficient than freely
dried papers, in contrary to the in-plane phenomena.

Irreversible and reversible phenomena are noticed for
curl similarly to the in-plane hygroexpansion. Curl is
claimed to be related to heterogeneous distribution of the
hygroexpansion properties of papers and boards through
their thickness [10]. Curl can also occur when the moisture
content of these materials is not uniformly distributed
through the thickness [2].

The mechanisms of hygroexpansion and curl originate at
the microscopic scale: i.e. the fibre scale. Indeed, the
hygroexpansive behaviour of fibres is highly anisotropic.
Their transverse hygroexpansion is one order of magnitude
higher than their longitudinal one. At the mesoscopic scale:
i.e. the fibrous network, Uesaka [4] identified the mecha-
nism that governs hygroexpansion as a transfer of the
hygroexpansive behaviour from the fibre to the fibrous
network. This transfer is highly dependent on the config-
uration of the fibre—fibre bonding area. Concerning the

out-of-plane hygroexpansion, Salmén and Fellers [9] ana-
lysed theoretically the evolution of the pore volume when
papers absorb moisture. This evolution depends both on
paper density and drying conditions.

In order to measure the hygroexpansive strains of a paper
sheet, several types of “expansimeters” were developed [2].
They consist in clamping a paper strip at both ends, one is
fixed and the other is movable. Expansion or shrinkage of
the sample causes the displacement of the movable end
which is recorded. Lif et al. [11] used an electronic speckle
photography system to study the in-plane strain field due to
moisture absorption. The speckle pattern on the paper sur-
face was produced by a spray-paint technique. Salmén and
Fellers [9] assessed the out-of-plane hygroexpansion by
thickness measurements. In the case of folding board,
hygroexpansive strain measurements have been up to now
limited to the macroscopic scale.

The objective of this article is to assess the actual
hygroexpansive strain field in a folding board at the fibrous
network scale. At this mesoscopic scale, the hygroexpan-
sive strain field was measured by digital image correlation
performed on images provided by X-ray synchrotron
microtomography with in situ control of the relative
humidity of the surrounding air. This technique, recently
used to image papers [12, 13], gives access to the 3-D
structure of samples in a non-destructive way. Besides, this
technique allows the measurement of the variation of the
fibre content through the board thickness during a moisture
change. The final objective is to relate the hygroexpansive
strain field to fibre content variations.

This study is organised as follows. The technical aspects
related to the folding board structure, as well as to the
experimental setups for moisture, hygroexpansion and curl
measurements are given in the first section. The X-ray
microtomography technique and the image correlation
method are also detailed. Experimental results are pre-
sented in the second section. The hygroexpansive behav-
iour is investigated at the macroscopic and mesoscopic
scales. Maps of the strain field of the folding board due to
an increase of the moisture content are given. In the last
section, the observed evolution is related to the fibre con-
tent of each layer. Finally, it is shown that the obtained
results can be used to improve current approaches for
modelling the hygroexpansion and curl of folding boards.

Materials and methods
Folding board
The studied folding board has a thickness e of 0.71 mm and

a basis weight of 450 g m 2. It is an assembly of 11 layers:
three pigment layers and eight layers made up of virgin
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pulps (mixture of hardwood and softwood fibres), formed
on eight cylinder moulds. From its top face to its bottom
face, the layers of the folding board are assembled as
follows:

— two mineral pigment layers made up of calcium
carbonate, kaolin and latex (2 x 10 g m72),

— two layers made up of bleached chemical pulp
(2 x 30 g m~?), named BCPI,

— one layer made up of bleached mechanical pulp (60 g
In_z), named BMP1,

— three layers made up of mechanical pulp (3 x 60g
m_z), named MP,

— one layer made up of bleached mechanical pulp (60 g
mfz), named BMP2,

— one layer made up of bleached chemical pulp (30 g
m %), named BCP2,

— one mineral pigment layer similar to the previous ones
(10 g m™?).

It can be noticed that mechanical pulp is associated with
production “brokes” , i.e. reslushed boxboard, (until 40%
in weight). Moreover, a slurry of cooked starch was
sprayed between mechanical and chemical layers to
improve bonding (between 7 and 10 g m™~?). This folding
board was supplied by Cascades Group (La Rochette,
France).

Isotropic laboratory papers

The pulps of the folding board layers were used to produce
isotropic laboratory paper sheets using a Rapid Kothen
former (Karl Frank GMBH, Weinheim, Germany). The
basis weights of the sheets were chosen to be in accordance
with those of the folding board layers. A conventional
pressing stage was carried out for all the papers. As it was
not possible to know the actual drying conditions for the
folding board layers, two sets of sheets were prepared.
Some were freely dried and the others were dried under
constraint (or restraint). Cross sections of each sheet were
imaged using an Environmental Scanning Electron
Microscope (ESEM), Quanta 200 from FEI (Eindhoven,
The Netherlands), at a relative humidity of 20%. Then, the
average thicknesses of the sheets were measured. Finally,
the average densities of freely dried and restraint-dried
sheets were calculated. Results are shown in Table 1. For

the sake of simplicity, the names of the laboratory papers
are those of the corresponding layers of the folding board.
These data will be used to perform structural analysis in the
next section. It can be observed that the average densities
of sheets are slighlty higher for restraint-dried sheets than
for freely dried sheets for all tested pulps. Nonetheless, the
dispersion of these results remain quite large, which does
not permit to conclude definitely on the structural differ-
ences induced by both types of drying conditions on the
basis of this simple measurement of apparent densities.
These data will be used for the identification of the layers
of the folding board in Sect. Layer identification.

Moisture, hygroexpansion and curl measurement setups

The moisture content evolution of the folding board was
measured at 23 °C with the especially designed Varimass®
device (Techpap, Grenoble, France) for five relative
humidity steps: 50 — 20 — 80 — 20 — 50%. Each step
lasted for 4 h, except for the first one, which was limited to
2 h. Hygroexpansive strains associated to the same relative
humidity steps were recorded with the Varidim® device
(Techpap, Grenoble, France). These systems include a wet
air generator, with a compressed air pretreatment device
and a control unit, a test chamber where the samples are
placed and a computer that allows the entire process con-
trol with two software applications. The air generator
provides the test chamber with conditioned air. The con-
trolled relative humidity ranges from 15 &£ 2 to 90 £ 2%.

In the Varimass® system, the mass of a sample my is
recorded using a precision balance with an accuracy of
40.5 mg. Then, the moisture content c is calculated using
the mass of the dry sample ms, (oven dried for 24 h at
105 °C) as follows:

c=—% (1)

The Varidim® system allows the length variation of ten
samples of 15 mm in width and 150 mm in length to be
measured. The samples are vertically fastened with
magnetic clamps at both extremities, and the bottom
clamp is movable and attached to a LVDT displacement
sensor. The accuracy of the measurement reaches +3 pum.
The hygroexpansive strain &, can be calculated as:

Table 1 Apparent densities of freely dried and constraint dried isotropic laboratory papers (kg m ™)

BCP1 BMP1 MP1 MP2 MP3 BMP2 BCP2
Freely dried 720 £+ 10 580 £+ 10 550 £+ 20 550 £ 20 550 £+ 20 580 + 10 720 + 10
Constraint dried 725 £ 10 590 £+ 10 570 £+ 20 570 £ 20 570 £+ 20 590 £+ 10 725 £ 10
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&h Lo ) (2)
where L is the length at the end of the first relative
humidity step at 50% RH, and AL is the length variation.
Tested samples were cut along the CD and MD of the
folding board. At the end of each step, the moisture content
and the hygroexpansive strain tend to stabilise: samples has
reached an equilibrium configuration.

Curl of the folding board was characterized by mea-
suring the curvature of five samples of 15 mm in width and
150 mm in length in a test chamber provided with condi-
tioned air at 23 °C. Three steps of relative humidity were
chosen: 50 — 20 — 50 % RH. The strips, cut in the CD
and MD, were centrally supported in a standing position
along their long edges by pins. Curvatures were assessed
using a millimetre paper placed underneath. A similar
method has been developed for curl measurements of
wood—fibre mats [14].

Image acquisition by X-ray microtomography

All images shown in this study were acquired at the
European Synchrotron Radiation Facility (ESRF) in Gre-
noble, France. During data acquisition, a parallel and
monochromatic X-ray beam irradiates the sample. Radio-
graphs of the X-ray beam (20.5 keV) passing through the
sample are recorded for different angular positions (1500)
between 0° and 180°. According to the typical size of the
fibrous constituents of paperboard, a voxel size of
0.7 x 0.7 x 0.7 pm® was chosen, giving an imaged vol-
ume of 1400 x 1400 x e um3, 1.e. 2048 x 2048 x /0.7
voxels. A filtered back-projection algorithm is applied to
reconstruct the 3D structure of the sample using the scan-
ned radiographs. When performing absorption-based X-ray
microtomography, the reconstructed 3D volume represents
a 3D map of the coefficient of absorption of the sample

Fig. 1 a Cross section of the
imaged volume of a 450 g m™
folding board made up of virgin (a)
pulps at 20% RH extracted at

z = e/2. b Imaged volume. ¢
Imaged volume after the
segmentation operation. In
images a and b fibres appear as
light grey. Pores appear as dark
grey. In the segmented image c,
fibres are in white and pores in
black

2

constituents. The values of the absorption coefficients are
represented as different values of grey level coded in 32
bits. Figure 1b reveals a small volume extracted from the
whole imaged volume of 500 x 500 x 1024 voxels. Fig-
ure la depicts a plane cross section of this volume. In order
to obtain quantitative descriptors of the sample structure,
image treatment operations were performed. These opera-
tions consist in segmenting the image to distinguish the
porous and fibrous phases. This was performed using
segmentation algorithms developed by Rolland du Roscoat
et al. [12] for the analysis of paper imaged by X-ray mic-
rotomography. The obtained segmented volume is depicted
in Fig. lc. It should be noticed here that it was checked that
the directions e, and e, pretty much correspond respec-
tively to the MD and to the CD of the folding board despite
the slight tilt of the sample (less than 5° around the e,-
direction).

In this study, the relative humidity of the air surrounding
the sample was in situ controlled during the image acqui-
sition. The sample first stabilised at 50% RH, afterwards
two relative humidity steps were performed: 20 — 50%.
The duration (~20 min) of each step was chosen so as to
reach an equilibrium configuration of the sample. The air
with controlled relative humidity was delivered to the
analysed sample using a similar wet air generator as those
used in the Varimass® and Varidim® systems. The mac-
roscopic hygroexpansive strain &zp of the sample was
calculated as the ratio of the thickness variation Ae for the
jump of relative humidity between 20 and 50% RH to the
reference thickness e of the sample measured at 20% RH
(see Fig. 2).

Digital image correlation technique

In order to study the hygroexpansive behaviour of the
folding board, a 2D Digital Image Correlation (DIC)
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technique was used. This technique relies on comparing the
pattern matching of two grey intensity images coded in 32
bits obtained before and after a relative humidity change.
This comparison allows the measurement of the relative
displacement of the points of the two images. These images
were extracted from the 3D microtomographic volume of
500 x 500 x 1024 voxels (see Fig. 1b). Indeed, such
images of the sample exhibit a random grey intensity dis-
tribution, which can be used as a random speckle pattern.
Images extracted from the volume reconstructed at 20%
RH were used as reference images and compared with
images extracted from the volume scanned at the final step
of 50% RH. In the reference image, some cross sections
parallel with the (e,, e ) and (e, e_) planes in the middle of
the volume were cut, as shown in Fig. 2.

In this study, the DIC software 7D® [15] was used. The
principle of this software is to divide a reference image into
small interrogation windows having a size of 30 x 30
pixels. Then, the displacement of the summits of small
interrogation windows is tracked in the final image using a
correlation technique. For this purpose, a subset of 30 x 30
pixels centred around the summits of the interrogation
windows is defined. A normalised cross correlation crite-
rion is used to find similarities between subsets of the
initial image and pixel zones of the final image. In order to
calculate this criterion, it is necessary to interpolate the
grey level variations in the reference and final images.
Here, a bilinear interpolation function for the grey level
was used for both images. Then, knowing the displace-
ments of the four summits of the interrogation window, the

20 % RH

50 % RH

e+ Qe

Fig. 2 Cross sections cut in the middle of the reconstructed volumes
parallel with planes (e, e ) and (e,,e,) at 20 and 50% RH

@ Springer

displacement field in this window is interpolated using
again a bilinear interpolation function. As the shape of the
subsets of pixels may evolve between the reference and
final images, their detection needs an iterative process. This
latter involves to use at each step the updated displacement
of the summits of the interrogation windows. The error on
the displacement measurement obtained with this method
can be evaluated equal to 0.2 pixel. This corresponds to an
error of 0.14 pm in the studied images.

Of course, when using a 2D image correlation technique
for measuring displacements in microtomographic images,
one difficulty consists in finding the images of the final
configuration to be analysed. In this study, several cross
sections were extracted from the volume of the final con-
figuration (at 50% RH) parallel with the (e,,e,) and (e, e,)
planes as in the case of the reference image 2. The DIC
technique was used to determine for each chosen initial
cross section the best corresponding cross section of the
final image. It appeared that whatever the initial cross
section we tested, there was always one single final plane
giving an optimal correlation. In that case, the number of
the interrogation windows which were found was always
higher than 80%. This percentage corresponds to a good
correlation because it accounts for porous zones where the
correlation cannot work and regions with poor contrast
over the top and below the bottom of the sample, see
Figs. 1c and 2. It was then possible to obtain the local
displacement field u; = ue, + we_ in the plane (e, e_) and
the local displacement field u, = ve, + we_ in the plane
(e,,e,). Figure 3a shows the w component of the local

displacement field u, given by the 7D® software. Com-
plete maps of this field were built using the Matlab®
software (function Griddata), as depicted in Fig. 3b for
the w component. This allowed the small strain tensor
¢ = 1/2(gradu +' gradu) to be assessed numerically by a

centred finite difference scheme.

Results
Hygroexpansive behaviour at the macroscopic scale

Figure 4a depicts the evolution of hygroexpansive strains
in the MD and CD at the end of each step with respect to
the moisture content. In the CD, the hygroexpansive strain
is —0.28% at the lowest moisture content, whereas it
reaches 0.38% at the highest moisture content. In the MD,
the strains are respectively —0.14 and 0.06%. The variation
between the lowest and highest values of moisture content
was assumed to be linear for both tested directions. This
permitted to calculate the slopes of these curves and then
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Fig. 3 a Map of the measured
w component of the
displacement field in the plane
(e,,e.) obtained with 7D®

o&

software. b Same map built by
Matlab® software

X (um)

the in-plane coefficient of hygroexpansion of the folding
board along the MD and CD fyp and ficp, respectively
(see Fig. 4a). The hygroexpansion coefficient in the CD is
almost three times greater than that in the MD, revealing
thus a strong anisotropic behaviour.

The hygroexpansive strain in thickness direction noted
ezp is represented with respect to the moisture content at
two humidity steps 20 and 50% RH in Fig. 4b. As expec-
ted, the hygroexpansive strain in the thickness direction is
largely higher than the values measured in plane. The out-
of-plane hygroexpansion coefficient fp is four times
greater than the CD one. This result is in accordance with
the values obtained by Salmén and Fellers [9].

Table 2 gives the curvatures of the folding board mea-
sured along the MD and CD, respectively kyp and xcp. At
the end of the first step at 50% RH, the folding board
samples are perfectly flat. At 20% RH, the curvature

Fig. 4 a Evolution of the (a)

(b) W (um)
700
-3
600 -4
-5
500
1-6
E 400 17
=2
N 1-8
300 !
-10
200
A1
100 12
50 100 150 200
X (um)

measured along the MD is positive. This means that the
centre of curvature of the folding board is located in the e,
positive direction. Along the CD, the curvature is negative,
i.e. the centre of curvature of the folding board is located in
the e_ negative direction. Similarly to what is observed for
the in-plane hygroexpansion, the curvature is four times
greater in the CD than in the MD. At the end of the final
step of 50% RH, curvatures reached again very low values.

Hygroexpansive behaviour at the mesoscopic scale

The hygroexpansive behaviour at the mesoscopic scale was
studied using the DIC and the microtomographic images as
it has been previously explained. Due to the fact that dis-
placements were measured exclusively in the planes

(e,,e;) and (e, e ), only the components &y, &y, &z, 28x

hygroexpansive strains &, in the
MD and in the CD with respect

. o-- CD

to moisture content measured by 0,4 1
the Varimass® and Varidim®
devices. b Evolution of the 0,2 1
hygroexpansive strain ezp in g
thickness direction measured in o 0.0 1
microtomographic images 021

-0,4 1

-0,6 T

4 6

(b)
4
. ”l
<
5 : /
N
w & B =07
-2
T T -4 T T T
8 10 4 6 8 10
C(o/o) C(°/o)
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Table 2 Curvatures of folding board samples in the machine direc-
tion x,sp and in the cross direction k¢p at different relative humidities

50% RH (ref) 20% RH 50% RH
femp (MY 0 0.30 (£0.05) 0
Kep (m™h) 0 —1.5 (£0.1) —0.1

and 2¢,; of the small strain tensor could be calculated.
These components are given by

Ou ov ow

Exx = a’ Eyy = a_y, &z = a_Z
2¢& z%—i—al 2¢ :@_'_61 (3)

0z oxT T 9z dy

These calculations were performed for three parallel cross
sections of the studied sample. Similar results could be
obtained whatever the studied cross sections. Thus, in the
following, results of a pair of two perpendicular represen-
tative cross sections are presented. Figure 5 shows maps of
the strain components related to a relative humidity change
from 20 to 50% RH. As the w component could be mea-
sured in both perpendicular representative studied cross
sections, the component ¢, of the strain field could be

provided twice. It could be checked that the strain values in
the intersection line (see the dashed line in Fig. 5) of the
two perpendicular studied planes are similar. It should be
noticed here that the hygroexpansive strain components
were not calculated in the outer folding board layers which
are composed of mineral pigments. These layers exhibit
very uniform grey levels. Therefore, the DIC cannot dis-
tinguish any pattern and does not permit to follow the
displacement field of these particular layers.

As shown in Fig. 5, the components of the hygroex-
pansive strain field are largely heterogeneous. The in-plane
components &, and &,, show juxtaposed areas with positive
and negative values. This reveals a complex deformation
phenomenon at the scale of the fibre network. Unfortu-
nately, these maps do not allow a precise description of the
hygroexpansion phenomena at the fibre scale. This point
would necessitate further investigations. The behaviour of
the &,, component is different. It varies a lot through the
thickness of the sample but remains relatively homoge-
neous at a given z coordinate (see Fig. 5). Thus, it appears
that the hygroexpansive behaviour of the folding board is
particularly influenced by its layered structure. In order to
analyse precisely this phenomenon, the average strain

Fig. 5 Maps of the components € (%) &, (%) 2e,, (%)
of the hygroexpansive strain 700 2 5
field related to a relative <<€, >>=0.1% 3
humidity change from 20 to 600 5 4
50% RH, calculated using the 1 2 3
displacement field measured in 500 05
two perpendicular planes ! 2
extracted in the middle of a E 400 0 0 €
volume imaged by X-ray ‘:f -0.5 ‘3 !
microtomography (450 g m~> 300 e 4 -1 0
folding board made up of virgin I/ &
pulps). The dashed line 200 it 1.5 2 -
represents the intersection line 2 3 -
of the two studied planes. ((&y)) 100
and ((eyy)) denote here the 25 -4 -3
average values of the strain 50 100 150 200 50100 150°200
components calculated over the X (um) «e >> =1.6% X (m) X (pm)
surface of the tested planes. £z I e, (%)
({e,,)) is calculated similarly = 5
except that both tested planes <<€y >>=0.23% 2
are considered s00 D © 15 8 4
1 2 3
500 05 1 .
= 0
5 400 . o 1
N 300 ' 4 o
-1
200 1.5 -2 -1
100 2 8 2
2.5

50 100 150 200

y (um)
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Fig. 6 Profiles in the thickness 700
direction of the average value of

the components of the 600
hygroexpansive strain tensor.

The dashed line represents a 500
linear fit of (gyy)

(um)

™300

200

100

0
<Exx >(%)

_’OO
(&)}

700

600

profiles in the thickness are plotted in Fig. 6. These profiles
depict a large heterogeneity in the thickness direction for
all the strain components. The component ¢,, varies from
—0.3 t0 0.3%, &,y from 0.1 to 0.4% and ¢, from —2 to 3%.
Furthermore, it has to be noticed that the average trans-
verse shear components of the strain tensor 2¢,, and 2¢,,
reach higher values than those of the in-plane components,
as depicted in Figs. 5 and 6.

Fibre content profiles through the thickness

Figure 7 shows the profiles of the fibre content through the
thickness of the folding board in the previously considered
cross sections parallel with (gy, e, ). One profile f; was
obtained at 20% RH and the other one f; at 50% RH. These
profiles are found to be highly heterogeneous. For both
profiles, the fibre content varies from 10 to 70%. Two
regions have a high porosity. They can be easily identified
in the microtomographic volume (see Fig. 1). It is worth
noting that the evolution of f; slightly differs from the
evolution of f; in some regions of the thickness.

4763
700 700
600 600
500 500
£ 400 400
=2
N300 N300
200 200
100 100
0 0
2 0 2 2 0 2
<&, >(%) <2g,, >(%)
700 3 700
600 1 600
500 1 500
400 E 400
=
N300 ™300
200 1 200
100 1 100
0 0
2 0 2 2 0 2
<&;, >(%) <2e,, >(%)
700
600
500
—~ 400
S
=
N 300
200
100
0
0

(%)

Fig. 7 Profile f; of fibre content at 20% RH (black line) and profile f
at 50% RH (grey/red line) (Color figure online)

Discussion
Layer identification

The thickness of each layer was determined considering the
following procedure. First, three regions through the
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thickness of the folding board were identified. These
regions are separated by two highly porous zones which
clearly appear in the microtomograhic volume (see
Fig. 1c). They correspond to the minimum value of the ¢,
component reached on the profiles as shown in Fig. 6. It
was assumed that these characteristic zones could corre-
spond to the interfaces between the bleached and
unbleached mechanical layers because of their poor adhe-
sive properties since no starch paste was added between
them. This allows a bottom region to be defined. This
region was assumed to contain the so called layers BCP2
and BMP2. A middle region can also be defined. This one
contains the three layers of unbleached mechanical pulp,
which are designated by MP. The top region is composed
of BMP1 and BCP1. Then, it was assumed that the relative
thickness of each layer in each region could be determined
from the densities of the laboratory papers produced using
the various pulps of the folding board (see Table 1). For
that purpose, the densities measured for freely dried and
restraint-dried conditions were averaged. Finally, in order
to consider the interfacial zones between the three regions,
15 um was added to the thickness of each neighbouring
layer BMP1, MP1, MP3 and BMP2.

Thereafter, the average value of the strain ((g;)) of
each layer k could be calculated as it is illustrated in Fig. 8a
for the plane (gy,gz) in the thickness direction. Layers
made up of chemical pulp show almost the same hygro-
expansive strains, around 2%. On the contrary, layers made
up of mechanical pulp depict largely heterogeneous
behaviours: average strains vary from 1.2 to 2.4%.
Figure 8b specifies the average value (f; ) of fibre content
at 20% RH for each layer. As expected, the fibre content
is higher in layers made up of chemical pulp than in
layers made up of mechanical pulp. This is an effect of the

(a) 700
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Fig. 8 a Profile of the average value (,;) in the thickness direction in
the plane (e, e,) and related average values ((¢.)) for each layer. b
Profile of the fibre content through the paperboard thickness and
average value of the fibre content (fy ) of each paperboard layer at
20% RH
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well-known lower compressibility of mechanical pulps
compared with chemical pulps [17]. This effect can also be
observed with the laboratory papers (cf. Table 1).

Relations between the hygroexpansive strain
and the structure evolution

The evolution of the average hygroexpansive strain in the
thickness direction ({¢,;)) with respect to the average fibre
content (fy ) is shown in Fig. 9a. The layers with the
highest fibre contents (>38%; notice that this value is an ad
hoc value due to the layers forming the specific tested
folding board) exhibit the highest hygroexpansive strains,
ranging between 1.9 and 2.2%. All these layers are made
up of chemical pulps except for the layer MP2, which also
exhibits an average hygroexpansive strain slightly higher
than those recorded for the chemical pulp layers. For fibre
contents below 38%, it can be observed that the hygroex-
pansive strain is only equal to 1.2-1.3%, i.e. merely con-
stant. All these layers which have low fibre contents are
made up of mechanical pulps.

Is it the fibre content or the type of pulps which have the
primary influence on the hygroexpansion in the thickness
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Fig. 9 a Evolution of the average hygroexpansive strain in the
paperboard thickness ((e;;)) with respect to the fibre content (fp). b
Relative variations of pore (open symbols) and fibre (black symbols)
phases (with respect to the fibre content (fy )
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direction? This question is difficult to answer using only
the set of data gained here. It is all the more difficult to give
a definite answer as it may be assumed for instance that the
high hygroexpansive behaviour of the MP2 layer could be
attributed both to the high fine content of mechanical pulps,
which is known to increase the hygroexpansive strain
[5, 6], or to a possible high content in chemical pulp fibres
from the reslushed brokes (see Sect. Materials and me-
thoda). This latter assumption is nevertheless improbable
as the layers MP1 and MP3 which contain the same type of
pulps as MP2 should certainly show similar hygroexpan-
sive behaviour as MP2.

The fibre fraction and the type of pulps parameters have
certainly both a great influence on the hygroexpansion
phenomenon. Notice that drying conditions should also
be taken into account as a third influential parameter.
The present observations open as perspectives to test the
hygroexpansive behaviour of layers made up of mechanical
pulps which would have higher fibre contents than those of
the tested industrial folding board. Conversely, the
behaviour of chemical pulp layers with low fibre contents
should also be investigated.

In order to better understand the dependence between
the hygroexpansive behaviour and the structural properties
of the investigated folding board, the evolution of the
volumes of the pore and fibre phases was estimated.

As shown in the previous sections, the average value
((&)) is largely greater than the average values
((&xx)), ((&yy)). Consequently, the relative volume variation
of the sample can be calculated as follows:

n - o Tr(e) ~ (), ()

where V,, and V; are the volumes of the sample at 20% RH
and 50% RH, respectively and Tr() is the trace operator. It
is further assumed that the relative variation of the volumes
of porous and fibrous phases can be estimated using a
mixture law:

Vf1 - Vf()/ VP B VPO{
5 ~ ! 1-—
(el = Do) + o — )
AVi,. AV,
= — +—(1— , 5
Tl + 521 = () 8

where Vy, and V,, are the initial volumes of fibrous and
porous phases, respectively, Vi, and V,, are the final vol-
umes. Vi, and V; were estimated considering the total
volume of each layer and their fibre content (using data of
Figs. 7 and 8).

Figure 9b exhibits the variation of AV;/V;, and AV, /V,,
with respect to the average fibre content at 20% RH
{fo ) for each layer. As expected, the volume of the fibre
phase always increases when the relative humidity varies
from 20% RH to 50% RH, which corresponds to a moisture

content increase. Moreover, the variation of the volume of
the fibre phase is highly pronounced for layers with low
fibre contents (<38%). This is a sign that fibres are mainly
not strongly constrained to deform in this situation. Nev-
ertheless, the out-of-plane hygroexpansive strains of these
layers remain low. This observation could be explained by
a mechanism where the high fibre expansion is compen-
sated by a large decrease of the pore volume (see Fig. 9b
and Table 3). This particular behaviour certainly requires
that the hygroexpansion of fibres is heterogeneous: fibres
could be constrained from swelling at regions of inter-fibre
bonding; whereas segments of fibres between bonded areas
would be “free” to swell. This mechanism should be
confirmed by further experimental observations. By con-
trast, the swelling of fibres is weak in the densest layers
(>38%): the density of bonded areas is higher in this sit-
uation so that fibres are certainly more homogeneously
constrained from swelling through their bonded areas.
However, the overall hygroexpansion is larger than for low
density networks because there is apparently no compen-
sation of fibre expansion by pore volume decrease.

This is also very interesting to focus on the hygroex-
pansion behaviour of the layers by considering their pore
volume variation. It can indeed be observed that the pore
volume slightly decreases in layers with fibre contents
lower than 38%; whereas it increases in layers with higher
fibre content. However, whatever the considered layers, the
gain remains lower than the gain of the fibre volume,
except for the highest fibre content (the gains of pore and
fibre volumes are equal for the layer BCP2, see also
Table 3). In this latter case, this observation means that the
porosity of the BCP2 layer remains the same between both
studied states. In all other less dense layers, the porosity
decreases with the moisture increase. This effect is here
again particularly visible for fibrous networks with the
lowest fibre contents (<38%) where the decrease of
porosity is combined with a decrease of the pore volume.
For denser layers (>38%), the decrease of porosity occurs
as well but is combined with a pore volume increase. This
means that the pores, even if they can expand, can be seen
in all cases as partially “filled” due to the more important
fibre swelling during the fibrous network expansion. For
the densest layers, this phenomenon is not flagrant because

Table 3 Density of each layer (kg m—>) of the studied folding board
using the average fibre content determined from microtomographic
images, corresponding strain in the thickness direction and relative
pore volume variation

BCP1 BMP1 MP1 MP2 MP3 BMP2 BCP2

Density (kg m™) 675 420 480 570 420 345 750
((£2))(%) 22 12 13 24 13 13 19
AV, Vy, (%) 14  —02 -1121 —-07 —12 19

@ Springer
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the variation of the pore volume shows a tendency to fol-
low the overall expansion of the layers and the fibre vol-
ume variation (see also Fig. 9b and Table 3).

Salmén and Fellers [9] studied the hygroexpansion
mechanisms of freely dried papers and restrained dried
papers with respect to their density. Based on various
assumptions, they could relate the hygroexpansion mech-
anisms of papers to expansion mechanisms of their pore
and fibre phases. They have observed that the hygroex-
pansion coefficient of freely dried papers in the thickness
direction increases with their density. For the highest paper
densities, this coefficient reaches values close to those
observed for papers dried under restraint, i.e. the kind of
papers which exhibit the highest hygroexpansivity in the
thickness direction. They have also shown that the hygro-
expansion of freely dried papers having densities lower
than 500 kg m™> is accompanied by a pore volume which
is unchanged or slightly decreases for a relative humidity
jump between 40 and 65% RH. Furthermore, they have
observed that the hygroexpansion of the same type of
papers with densities higher than 500 kg m ™ is related to a
pore volume increase. This mechanism is all the more
pronounced as the density of papers is higher. For the
highest density values, the variations of the pore and fibre
phase volumes are close.

For comparison, we have reported in Table 3 the density
of each layer of the studied folding board, estimated from
the average fibre content and the cellulose density
(~ 1500 kg m ™), as well as the corresponding strain and
the relative variation of the pore volume. One can note that
the densities slightly differ from those given in Table 1 for
layers BMP1, BMP2, MP1 and MP3 because of the inter-
facial zones between the three regions previously identi-
fied. These data show also that the hygroexpansive
behaviour of the low density layers (<500 kg m ™) of the
studied folding board (BMP1, BMP2, MP1 and MP3)
follows the same tendencies for both the influence of the
density and the relative pore volume variations as those
observed by Salmén and Fellers for freely dried papers. It
is also possible to notice a clear analogy between
the behaviour of the densest layers (>500 kg m™>) of
the studied folding board (BCP1, MP2 and BCP2) and the
observations of Salmén and Fellers.

Nonetheless, it is not possible to conclude definitely e.g.
about the drying conditions the layers of the folding board
were subjected to. Indeed, as previously reported, Salmén
and Fellers [9] have noticed that the hygroexpansive
behaviour in the thickness direction of freely dried and
constraint-dried papers is quite similar when their density
is high. Thus, further experiments should be performed on
a similar material to the studied board with various and
controlled drying conditions.

@ Springer

What representative elementary volume
for the hygroexpansive behaviour of folding board?

One current issue of the microstructure characterisation by
microtomography is the determination of the minimum size
of the sample to be scanned to perform an experiment
which delivers a representative description (or response) of
the material for a considered microstructural property (or
physical phenomenon). This consists in determining the
Representative Elementary Volume (REV). The REV is
a priori not unique and may depend on the studied property
or phenomenon. Regarding the microstructural properties,
e.g. the porosity, it was shown for a large number of papers
that an imaged volume of 1400 pm x 1400 pm x thick-
ness can be considered as being larger than the minimum
size required for a volume to be representative [13]. It was
also shown in [18] that volumes of similar sizes give rep-
resentative results for the effective permeability and ther-
mal conductivity of these materials. Here, we can provide
some insights into the hygroexpansive behaviour of the
tested folding board. The average values of the components
&xx, &yy and &, could be calculated by integrating the data of
the maps of Fig. 5. They reached 0.1, 0.23 and 1.6%
respectively. These values were used to estimate the
hygroexpansion coefficients in the MD and CD that were
compared with those measured using the macroscopic
measurement technique. Results are shown in the Table 4.
It is worth noting that the obtained values are in the same
order of magnitude and that the ratios between the hygro-
expansion coefficients in the MD and CD are close.
Although the values measured at the macroscopic scale are
greater, the set of studied planes seems to be reasonably
representative of the hygroexpansive behaviour of the
macroscopic structure.

The determination of the REV can also be theoretically
supported. As previously mentioned in the introduction, the
hygroexpansive behaviour of the fibre network is thought
to be mainly controlled by the configuration of fibre—fibre
bonding zones. Le Corre et al. [19] estimated, in the
framework of a tube model approach [20], the average
number Z of fibre—fibre contacts per fibre, also called the
coordination number, for planar network of straight

Table 4 Hygroexpansion coefficients in the MD and CD of the
folding board assessed at the macroscopic and mesoscopic scales

ﬁMD ﬁCD
Macroscopic value 0.045 0.13
DIC value 0.036 0.098
Difference (%) 21 24
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cylindrical fibres with an elliptical cross section, the major
and minor axes of which are d,.x and d,;,, respectively.
This number is expressed as follows

Z= nflé* (ldmin¢1 + dmax@min P2 + dmaxdmin)7 (6)

where n¢ is the number of fibres per unit volume, [ the
length of the fibres, 6" a dimensionless parameter which
governs the size of a control volume, @; and &, are 2D-
orientation functions. Here, this model was used to roughly
estimate the number of inter-fibre bonds per fibre in layers
made up of mechanical and chemical pulps. It has to be
noticed that this model is based on a “soft core” approach:
i.e. fibres are considered as cylinders that may overlap and
interpenetrate. Other models such as in Batchelor et al.
[21] which are based on a “hard core” approach where the
fibre flexibility is included could also be used. It can be
checked that this soft core approach gives a reasonable
estimate of the number of fibre—fibre contacts per fibre
compared with the previously cited hard core approach and
even with experimental measurements [22].

The parameter ny was calculated using the fibre volume
fraction (fy ) measured previously and considering that
wood fibres were straight with an elliptical cross section, &
had to be chosen equal to 2 for directly contacting fibres,
¢, =2/n and &, =2/n considering a planar isotropic
orientation of fibres. The length [, the width d,,x and the
thickness d,,,;, of the fibres of the mechanical and chemical
pulps were estimated from experimental measurements
performed using a specially designed apparatus (Morfi,
Techpap, Grenoble, France) and scanning electron
microscopy. All these dimensions are given in Table 5.
They are typical of those observed in paper materials [23].
For mechanical pulp fibres, Z can be estimated ranging
between 6 to 10, whereas it ranges between 40 to 44 for
chemical pulp fibres. This means that the distance between
the centre of adjacent inter-fibre bonds is of the order of
50 um for the mechanical pulp layers, whereas it is of the
order of 30 um for the chemical pulp layers. This is in
agreement with the estimation given by Alava and Niska-
nen [24]. Then, the length of the scanned volume is about
28 to 47 times greater than the inter-fibre bond distance, i.e.
the characteristic length of the microstructural heteroge-
neity for the hygroexpansion phenomenon. According to
this estimation, the hygroexpansive behaviour of the

Table 5 Typical dimensions of the fibres of the mechanical and
chemical pulps used to build the folding board layers

Mechanical pulp Chemical pulp

Length (mm) 0.40 1.20
Width dp,.x (Lm) 30 24
Thickness dp;, (Lm) 25 10

imaged volume, despite its small dimensions, is represen-
tative of the paperboard behaviour.

Thereafter, we wondered whether the folding board
curvatures could be predicted from the in-plane strain
profiles through thickness (see Fig. 6) using classically
modelling approaches. Up to now, approaches for the curl
prediction are based on plate theories [25, 26, 27,28].
These theories assume the form of the displacement field
[29]. Various displacement formulations can be used to
consider only in-plane components of the strain field
(classical theory) or transverse shear (first-order and third-
order shear theories). In these approaches, the in-plane
components of the displacement field vary linearly with the
thickness coordinate z. For instance, in the first-order shear
theory, the displacement components are written as
follows:

u(x,y, Z) = uo(x,y) + Z¢x(x>y)
v(x,y,2) = vo(x,y) + 2, (x,y) (7)
w(x,y,z) = wo(x,y)

where ¢.(x, y) and ¢,(x, y) denote the rotations of a
transverse normal about the y-axis and the x-axis,
respectively.

As a consequence, the in-plane components of the strain
field &y, &y, and 2e,, are linear through the laminate
thickness, while the transverse shear components 2¢,, and
2¢,, are constant and &, is zero [29]. Then, the strain tensor
components can be written using a vector notation as
follows:

(0) (1)

Exx 8/&% Exx

gyy Syyo Sgy)

26 0 =9 26l 0 +24 260 (8)
28y, 2 8)(((1)) 0

2, X0 0

where 8;?(),89),26)((3),26)(2) and 28)(2)

strains and sfol(), sg) and 28)(&) are defined as the curvatures

of the plate. Obviously, such formulation of the displace-
ment and of the strain fields involves large simplifications
compared with the observed fields by DIC (see Figs. 5 and
6). Furthermore, such theories neglect the most significant
component ¢, of the hygroexpansive strain field.

In spite of this point, this is nevertheless interesting to
investigate whether the assumption of linearity through the
thickness of the in-plane components of the strain tensor
holds. Here, the case of the (g,,) component (along the CD
of the folding board) was particularly investigated. A linear
approximation was chosen for this strain: see the dashed
line on the graph 6. It was assumed that the slope of this
line gives us the variation of the curvature AkCs of the
sample along this direction when the relative humidity

are the mid-plane
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Table 6 Variation of the curvature in the cross direction of the
folding board sample for a relative humidity jump from 20 to 50%
RH, measured macroscopically and assessed by DIC

—kep (m™h) 1.5
AKBEC (m’l) 1.4

jumps from 20 to 50%. Results are presented in Table 6
where —Kkcp can be interpreted as the variation of the
macroscopic curvature when performing the same relative
humidity jump. Both values are astonishingly close (6% of
difference). From this point of view, these results may
support the linear assumed strain variations of the com-
ponents &, &, and 2¢,, of the discussed low order plate
theories and tend to confirm that the imaged volume can be
considered as representative. Of course, the presented
results are not exhaustive and should be further confirmed
but they appear as promising. However, it can be noticed
that, as stated by [29], laminate models of folding boards
should certainly account for the in-plane, shear and
through-thickness strain components in order to be able to
describe strain and stress fields and to predict for instance
damage occurrence in these materials.

Conclusion

In view of preserving the paperboard integrity and opti-
mizing the runnability during printing and converting
operations, it is important to understand the main phe-
nomena governing the hygroexpansive behaviour of fold-
ing boards. Thus, a study was performed at the
macroscopic and mesoscopic scales using a DIC method.
This technique was applied to 2D images extracted from a
microtomographic volume subjected to relative humidity
changes. The hygroexpansive behaviour was found largely
anisotropic. The hygroexpansion is five to ten times greater
in the thickness direction than in plane. This technique
shows that the hygroexpansion of each layer of the folding
board is highly dependent on its fibre content. The relative
evolution of the volumes of the pore and fibre phases was
shown to exhibit schematically two types of behaviours.
For layers having high fibre content (or similarly high
density), the fibre phase volume is increased with the
moisture content and the pore phase volume is shown to
follow the fibrous network expansion. For layers having
low fibre content (or low density), the fibre phase volume
highly increases with the moisture content but the pore
phase volume decreases simultaneously. This effect com-
pensates largely the fibrous network expansion. Such
results are in accordance with previous assumptions of the
hygroexpansion of freely and restrained dried papers by
Salmén and Fellers [9]. The hygroexpansive behaviour

@ Springer

observed for the imaged volume is thought to be repre-
sentative of the hygroexpansive behaviour of the studied
paperboard. This is supported by the agreement of average
hygroexpansion values measured by DIC with those
obtained at the macroscopic scale. Moreover, theoretical
considerations on the hygroexpansive behaviour of the
fibre network tend to confirm this statement. These results
allowed also a discussion of the usual models developed
for curl predictions. Some modifications of these models
could be proposed based on the DIC measurements. The
proposed approach can be adopted for studying the hy-
groexpansion of various materials such as papers, boards,
non-woven materials and composites containing wood
fibres and more generally plant fibres. It should be noticed
that this technique does not allow yet the measurement of
the deformation of individual fibres of the fibrous network.
To date, this represents a great challenge for fibrous media
analysed by microtomography and will demand for the
development of specific image analysis techniques.
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