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Abstract The evolution of paper microstructure

parameters, such as porosity and fibre orientation, as

a function of papermaking conditions is most often

studied at a macroscopic scale. However, modelling

the physical and mechanical properties of papers using

upscaling approaches requires understanding the de-

formation micro-mechanisms that are induced by

papermaking operations within the structure of paper

fibrous networks for individual fibres and fibre-to-fibre

bonds. We addressed this issue by analysing three-

dimensional images of model papers. These images

were obtained using X-ray microtomography. The

model papers were fabricated by varying forming,

pressing, and drying conditions. For each image, this

analysis enabled an unprecedented large set of

geometrical parameters to be measured for individual

fibres (centreline, shape and inclination of the fibre

cross sections) and fibre-to-fibre bonds (inter-bond

distance, number of bonds per unit length of fibre, bond

surface area) within the fibrous networks. The evolu-

tion of the as-obtained microstructure parameters was

analysed as a function of papermaking conditions. All

resultswere in accordancewith the data available in the

literature. A key result was obtained for the evolution

of the number of fibre-to-fibre contacts per fibre as a

function of the network density. A representative

number of contacts was obtained using relatively small

imaged volumes. These volumes must only contain

enough fibre segments the cumulated length of which

is of the same order as the mean fibre length. These

results were also used to validate microstructure

models for the prediction of the number of fibre-to-

fibre contacts within fibrous networks.

Keywords Lignocellulosic fibres � Fibre networks �
X-ray microtomography �Microstructure descriptors �
Fibres � Bonds

Introduction

Paper represents a distinctive class of fibrous materials

and is one of the most widespread man-made fibrous

materials. The main constituents of paper are ligno-

cellulosic fibres (mainly wood pulp fibres) that form
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its structural scaffold where mineral fillers and a small

amount of other chemical products are added to obtain

specific manufacturing or end-use properties. Paper

can be considered to be a network of lignocellulosic

fibres that are strongly linked together by chemical

hydrogen bonding at their contacts. Various papers

that exhibit a broad range of physical and mechanical

properties can be fabricated using the same pulp. Thus,

the choice of parameters for papermaking operations,

such as fibre refining, forming, pressing, and drying, is

crucial because all these operations induce drastic

microstructural changes in the paper fibrous networks

(Sampson 2009a; Alava and Niskanen 2006).

Relevant and accurate descriptions of paper mi-

crostructures (BlochandRollandduRoscoat 2009)must

be obtained for the upscaling modelling approaches of

the physical and mechanical properties of this material.

More generally, the effects of themodifications induced

by papermaking operations on the properties of paper

must be understood at the microscopic scale, i.e., at the

scale of fibres and bonds or contacts. However, it is

difficult to experimentally determine microstructural

descriptors for the morphology of fibres and bonds.

Recent studies have focused on the analysis of fibre–

fibre bonds that were individually prepared (Thomson

et al. 2007, 2008a, b; Torgnysdotter et al. 2007; Kappel

et al. 2009, 2010a, b). If these studies delivered very

interesting results on the geometry of the fibre-to-fibre

bond areas, the preparation conditions were rather far

from papermaking conditions. In contrast, X-ray micro-

tomography isunique as this technique candeliver three-

dimensional images of fibres and fibre-to-fibre bonds

inside fibrous networks that were obtained using various

papermaking conditions (Rolland du Roscoat et al.

2007). Above their spatial resolution, X-ray microto-

mography images potentially contain a huge amount of

geometrical and topological information about fibres

and fibre-to-fibre bonds within paper fibrous networks.

Todate the exploitationof three-dimensional imageshas

remained limited because of the current lack of

automatic image analysis techniques to extract relevant

information: see the review of automatic image analysis

techniques reportedbyViguié et al. (2013).However, in

a preliminary study (Marulier et al. 2012), we demon-

strated that a large set of microstructural descriptors for

individual fibres and bonds can be obtained within the

fibrous networks from X-ray microtomography images

by using a ‘‘hand-made’’ and consequently time-

consuming but efficient analysis.

In this study, we investigated the effects of paper-

making conditions on the geometry of fibres and fibre-to-

fibre bonds. For that purpose, model papers made up of

unrefined softwood fibres were fabricated by varying

forming (in-plane fibre orientation), pressing, and drying

conditions. The influence of papermaking conditions on

several microstructural descriptors for the fibres and the

fibre-to-fibre bonds was measured using X-ray microto-

mography images. Statistical distribution functions were

proposed for these descriptors. Besides, the influence of

papermaking conditions on fibre-to-fibre bonds was

investigated because this problem constitutes a major

objective of microstructural analyses of paper fibrous

networks (Bloch and Rolland du Roscoat 2009). For

instance, gooddescription of fibre bonds is a key input for

the understanding of the mechanical performance of

fibrousnetworks.Therefore, experimentalmeasurements

of the number of fibre-to-fibre bonds were compared to

the theoretical predictions of both Sampson’s model for

in-plane isotropic fibrous networks (Sampson 2004;

Eichhorn and Sampson 2005; Batchelor et al. 2006) and

the so-called tube model (Toll 1993; Orgéas et al. 2012;

Guiraud et al. 2012) adapted for networks of fibres that

exhibit elliptical cross sections and planar fibre orienta-

tion (Guiraud et al. 2012). The description of fibre-to-

fibre bonds also requires estimating the area of contacts

and more generally the relative bonded area (RBA), i.e.,

the fraction of fibre surface that is in contact with other

fibreswithin the fibrous networks (Ingmanson andThode

1959). Using acquired data, both parameters were

estimated.

Materials and experimental methods

Pulp fibres and model papers

Model papers were fabricated using an unbeaten

bleached and classified softwood pulp from maritime

pine. Even if unbeaten pulp fibres are not classically used

forpapermaking, unbeaten andclassifiedpulpfibreswere

chosen to limit the complexity of the studied fibrous

cFig. 1 a Length and b width distributions of the maritime pine

pulp fibres measured in wet conditions after the screening

operation. Top views of c an in-plane isotropic model paper (r0 =
0.51 MPa, constrained drying) and d an in-plane orientated

model paper (r0 = 0.42 MPa, constrained drying), and e,
f corresponding fibre orientation distribution functions
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networks. Figure 1a shows the length distribution of

fibres: seeMarulier et al. (2012) for the description of the

Morfi apparatus (Techpap, Grenoble, France) that was

used to make this measurement. This apparatus also

enables the coarseness d ¼ 0:15 mg m-1 to be mea-

sured. The fibre width distribution was measured in

wet state using an optical microscopy technique (see

Fig. 1b). Paper handsheets having a targeted basis

weight G = 40 g m�2 were fabricated using a Rapid

Köthen former (Karl Frank GMBH, Weinheim, Ger-

many) or a dynamic handsheet former (Techpap,

Grenoble, France) to confer an in-plane isotropic or an

in-plane orientated structure to the fibrous networks,

respectively. The obtained wet handsheets were then

pressed between blotters for 3 min at a packing stress

r0 that ranged from 0.10 to 0.91 MPa. The handsheets

were finally dried using two methods: ‘‘free’’ drying

and ‘‘in-plane constrained’’ drying. The first method

consisted of drying handsheets in ambient air by

placing them on a metal plate to prevent sticking. The

handsheets could deform freely, which resulted in

moderate in-plane and out-of-plane deformation phe-

nomena: in-plane shrinkage of approximately-0.25 %

was measured and few cockles were observed. The in-

plane constrained drying method consisted of placing

the handsheets in the dryer of the Rapid Köthen

machine system for 6 min at 85 �C. After drying, the
as-fabricated handsheets of model paper did not

exhibit any in-plane shrinkage nor out-of-plane de-

formation. The constrained drying conditions are

known to induce complex residual stress states in the

fibrous networks (Uesaka et al. 1991).

The thickness t and the basis weight G of each

handsheet were measured after storage in rooms where

the temperature ðT ¼ 23 �C) and the relative humidity

of the ambient air were controlled (50 % RH). These

data were used to calculate the apparent density qapp of
model papers. Their apparent porosity �app was also

estimated from qapp and from the density of pure

cellulose qcellulose of 1500 kg m�3 (Salmén and Fellers

1989), considering that fibres were only composed of

cellulose:

�app ¼ 1�
qapp

qcellulose
: ð1Þ

The orientation distributions of fibres were measured

by identifying the red dyed fibres appearing at the surface

of the handsheets (see Fig. 1c, d) and by determining an

in-plane orientation angle for each segment of all scanned

fibres (Silvy 1980; Naito 2002). The orientation distri-

bution functions became representative (stable) for

approximately 1200 segments. Typical fibre orientation

distributions are shown in Fig. 1e,f for isotropic papers

and for in-plane orientated papers, respectively. For in-

plane orientated papers, a preferential orientation of

fibres was observed in the so-called machine direction

‘‘MD’’ (0�). Note that ‘‘CD’’ holds for cross direction

(-90�/90�).

Basic mechanical properties

The mechanical properties of model papers were

determined by using a commercial horizontal tensile

testing device (Lorentzen and Wettre No. 162, tensile

tester) installed in an air-conditioned room (tem-

perature of 23 �C and relative humidity of 50 %). The

Young’s modulus E, the tensile strength T and the

ultimate stress ru were estimated for each specimen

(Niskanen and Krenlampi 1998).

Optical measurements and relative bonded area

The RBA of a fibrous network is defined by the

following ratio: AT�A
AT

, where AT is the potential total

area available for fibre bonding and A is the remaining

unbonded fibre area after manufacturing.

An estimate of the RBA was made using the method

developed by Ingmanson and Thode (1959) based on the

measurement of the optical scattering coefficient #c of

paper. In this method, #c is considered to be propor-

tional to the total surface area As � A available for

light scattering. By determining the scattering coeffi-

cient #c0 for a completely unbonded sheet of fibre area

As0 � AT , an estimate for the RBA is obtained as

follows:

RBA � As0 � As

As0

¼ #c0 � #c

#c0

: ð2Þ

The optical scattering coefficient Sc can be obtained

from light reflectances R0 and R1 using the Kubelka

and Munk theory [see for instance Leskelä (1998)]:

#c ¼
R1

Gð1� R2
1Þ ln

1� R0R1
R1 � R0

R1

� �
: ð3Þ

Practically, the measurements were made for all

papers using a reflectance spectrophometer (Colour

Touch 2, Technidyne, New Albany, IN, USA) at light
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wavelength k ¼ 457 nm. Besides #c0 was extrapolated

from the evolution of #c as a function of the tensile

strength T , as suggested by Ingmanson and Thode

(1959).

Microstructure imaging by X-ray

microtomography

X-raymicrotomography experimentswereperformedat

the European Synchrotron Radiation Facility (ESRF,

ID19 beamline, Grenoble, France) to obtain 3D images

of the microstructure of model papers (X-ray ener-

gy = 17.6 ± 0.9 keV, CCD detector of 2048�
2048 pixels, voxel size 0.7 lm � 0.7 lm � 0.7 lm,

scanning time:\5 min). The dimensions of the scanned

specimens that were cut in the handsheets were

approximately 1.4 mm � 1.4 mm � t extracted from

the produced sheets were achieved. Image treatments

similar to those given in Marulier et al. (2012) were

performed. Typical resulting images are shown in

Fig. 2a, b. In the following sections, the measurements

of microstructural descriptors were made using vol-

umes of 140 lm � 140 lm � t, see Fig. 3a, or

200 lm � 100 lm � t.

Descriptors of fibres and fibre-to-fibre bonds

The operations of image analysis that were used to

measure quantitative descriptors for the studied

fibrous microstructures are briefly explained in this

section and illustrated in Fig. 3. These operations were

performed for nine scanned volumes representing

different forming, pressing, and drying conditions.

Porosity

Theporosity �X was calculated using the segmented 3D

images as the ratio between the sum of the black

voxels, i.e., the volume occupied by the pores, and the

sum of all voxels, i.e., the volume of the imaged

specimens. Compared to our previous study (Marulier

et al. 2012), note that �X was calculated in the bulk of

the paper microstructure (Rolland du Roscoat et al.

2007), i.e., the upper and lower ‘‘boundary layers’’ of

paper were not taken into account. Consequently, the

measured porosities are lower than those estimated in

the aforementioned study (Marulier et al. 2012). The

local bulk density qX ¼ qcelluloseð1� �XÞ was also

calculated.

Characterisation of the fibre centrelines

The fibre centrelines were determined by manually

picking in the microtomography images the centres

of mass of several cross sections of the fibres inside

bonded zones (one picked point per fibre per bond

zone) (Marulier et al. 2012; Guiraud et al. 2012).

This procedure enabled the fibrous skeleton of each

studied volume to be extracted (see Fig. 3b). The

orientation of each segment of the centrelines was

also characterised by both their angle in the sheet

plane w1 and their out-of-plane angle w2 (see Fig. 3c):

w1 ¼ tan�1 AB � e2
AB � e1

� �
; ð4Þ

w2 ¼ sin�1 AB � e3
kABk

� �
: ð5Þ

Characterisation of the fibre cross section

The width L and the thicknesses l1 and l2 representing

the principal dimensions of the fibre cross sections

were measured (see Fig. 3d). The inclination angle h
between the major axis of the fibre cross section and

the plane ðe1; e2Þ was also measured. To obtain

Fig. 2 3D images of a an in-plane isotropic paper (r0 = 0.51 MPa) and b an in-plane orientated paper (r0 = 0.42 MPa) that were

obtained using X-ray microtomography. Both papers were dried under constraint
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statistical representative distributions, at least 120

measurements of each descriptor were taken for each

scanned volume.

Characterisation of bonds

The curvilinear abscissae si of the centres of the bonds

along the fibre centrelines were used to obtain the

distance between the centre of two consecutive bonds

k and l: Dskl ¼ sk � sl.

The general aspect of bonds between two contact-

ing fibres i and j is shown in Fig. 3e. The bond surface

area Swas roughly estimated as that of a parallelogram

(right scheme in Fig. 3e):

S � lilj

kpi � pjk
; ð6Þ

where li and lj are the widths of the bond on the surface

of fibre i and on the surface of fibre j, respectively.

Practically, it was possible to assess the surface of

about 80 bonds per specimen to build bond surface

area distribution functions.

Characterisation of the bonding degree ratio

For each bond k identified along a fibre, the ratio lk=L

between the bond width lk and the fibre width L was

calculated. This measurement can be considered to be

the bonding degree ratio between two contacting

fibres: a ratio of one stands for a full contact and a

lower ratio stands for a partial contact.

Microstructure and mechanical properties

of the fibrous networks

Porosity

The apparent porosity �app of model papers decreased as

the packing stress increased during wet pressing for all

fibre orientations and drying conditions (see Fig. 4a,

b), for in-plane isotropic and in-plane orientated

papers, respectively. A sharp decrease in the apparent

porosity was first observed. Then the porosity tended

to stabilise as the packing stress increased. For in-

plane isotropic and constrained dried papers, a 12 %-

decrease in the apparent porosity was observed for a

packing stress that ranged between 0.10 and

0.51 MPa, whereas this decrease was only of 4 %

between 0.51 and 0.91 MPa. Note that the stabilisation

at high packing stress of the consolidation of fibrous

networks forming paper has been classically reported

while the wet pressing conditions were increased

(Luner et al. 1961; Alexander and Marton 1968).

Similar trends were obtained for in-plane isotropic and

orientated specimens. Likewise, drying conditions did

not appear to have a large effect on the consolidation

trends. However, constrained dried specimens exhib-

ited a slight decrease in their porosity compared with

freely dried specimens. This decrease can be attributed

to the effect of the Rapid Köthen dryer in which the

handsheets are placed between blotting papers and

brought into contact with hot deformable rubber

plates, which results in applying an extra packing

stress onto the handsheets.

Similar results are shown for �X in the same graphs.

The decrease in �X also corresponded to an increase in

r0. However, �X was slightly different from �app.

Differences are commonly encountered in using

various methods for measuring paper porosity [see

for instance the results reported by Niskanen and

Rajatora (2002)]. In this study, this discrepancy

between porosities could arise from the measurement

method as well as from the size of the specimens that

were used to determine �X and �app. The method for

determining the apparent porosity �app could deform

paper specimens as they were subjected to a slight

compression stress (100 kPa) over a surface of 2 cm2;

bFig. 3 a Volume of 140 lm � 140 lm � 90 lm extracted

from the volume shown in Fig. 2. b Corresponding fibre

skeleton. c Schematic view of a fibre centreline and its

descriptors W1, W2 and Ds. d Schematic view of the fibre cross

sections with a collapsed (left) or an open (right) lumen and their

descriptors L; l1; l2 and h. The principle of the method used to

calculate the bond surface areas is illustrated in e. List of

parameters: ðe1; e2; e3Þ frame of the microtomography image;

Ds inter-bond distance; L fibre width; l1 thickness close to the

extremities of the fibre cross section; l2 thickness in the middle

of the fibre cross section, W1 angle in the sheet plane of the

centreline segments relative to e1; W2 out-of-plane angle of the

centreline segments relative to ðe1; e2Þ; h angle between the

major axis of the fibre cross section and the sheet plane
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whereas the porosity �X could capture local mi-

crostructural changes inside rather small gauge zones

of approximately 2 mm in diameter. However, the

general evolution of �X shows that the scanned

specimens captured the consolidation effect that was

induced on the fibrous microstructure and consequent-

ly on the fibres and the fibre-to-fibre bonds by the

increase in the packing stress.

Mechanical behaviour

Figure 5 shows that an increase in the apparent

density, i.e., a decrease in the porosity, had a

predominant effect on the increase in the Young’s

modulus, the ultimate stress or the tensile strength of

in-plane isotropic papers, which is commonly ob-

served for papers. For instance, an increase in the

apparent density from approximately 400 to

550 kg m�3 led to an increase in the Young’s modulus

that ranged between approximately 700 and

2500 MPa, whereas the increase in the ultimate stress

ranged between approximately 4 and 12 MPa. Besides

the drying operation did not have an obvious effect on

the mechanical properties of model papers. In contrast,

wet pressing was the operation that predominantly

affected the paper mechanical properties because of its

Fig. 4 a, b Porosities �app and �X and corresponding densities

qapp as a function of the packing stress r0 for a the in-plane

isotropic papers and b the in-plane orientated papers. The data of

the apparent porosity qapp were averaged over five tests for each
paper. The minimum and maximum values were used to show

the scattering of the measurements

Fig. 5 Evolution of a the Young’s modulus, b the ultimate stress ru and c the tensile strength T as a function of the apparent density

qapp for the in-plane isotropic papers
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indirect effects on the consolidation of the paper

fibrous network and on the apparent density qapp
(Niskanen and Krenlampi 1998). However, the ulti-

mate stress and tensile strength of the studied model

papers were low, which was certainly related to low

mechanical properties of fibre-to-fibre bonds because

of the use of unbeaten fibres.

Fibrous structure at the fibre scale

Fibre centrelines

The distributions of the in-plane orientation anglew1 are

shown in Fig. 6a, b for the isotropic and orientated

specimens of model papers, respectively. For the

Fig. 6 Distributions of the

angles w1 and w2 for a the

in-plane isotropic specimens

and b the in-plane orientated

specimens. The interval size

used to plot these

distributions was set to 5�
and 0.05� for w1 and w2,

respectively

Table 1 Mean out-of-plane angle hW2i and related standard deviation of rW2
obtained for various forming, pressing and drying

conditions

Forming Isotropic Orientated

Packing stress (MPa) 0.10 0.51 0.11 0.42

Drying conditions F P F P F P F P

Standard deviation rW2
(�) – 0.5 2.4 0.6 1.7 0.4 1.8 0.6

The letters F and P stand for free and in-plane drying conditions, respectively
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isotropic specimens, the distributions were flat. Con-

sequently, the fibre segments did not have any

preferential orientation for all pressing or drying

conditions. On the contrary, the fibre segments of the

orientated specimens (Fig. 6b) exhibited a preferential

orientation that was clearly marked around the 0�-
direction for the specimens that were dried under

constraint. These distributions roughly exhibited the

same shape and the same orientation intensity per

orientation class as the typical fibre orientation

distributions, shown in Fig. 1e. This result is aston-

ishing as the distributions shown in Fig. 6a, b were

built using a low number of segments compared to that

of the distributions that were determined using a

macroscopic method in Fig. 1e, f.

Figure 6c, d shows the distributions for the out-of-

plane orientation anglew2 that were determined for the

isotropic specimens and for low and high wet pressing

conditions, respectively. Figure 6e, f shows the same

distributions for the orientated specimens. These

symmetric distributions exhibited a pronounced peak

that was centered around the 0�-direction, showing
that the fibre segments predominantly lay in the

ðe1; e2Þ-plane of the handsheets, i.e., the main plane of

the images, or close to that plane. Note also the

decrease in the standard deviation of the angle W2 for

constrained drying compared to that measured for free

drying regardless of the orientation of the specimens

(see Table 1), showing that the in-plane orientation of

the fibre segments was more pronounced for con-

strained drying than free drying.

Fibre cross sections

Width

Figure 7a shows a typical example of fibre width

distributions that were determined for the isotropic

and orientated specimens. An increase in the wet

pressing conditions shifted the fibre width distribu-

tions towards higher values for all drying conditions.

Data given in Table 2 for the mean width hLi and
the ratio of the standard deviation to the mean fibre

width rL=hLi also illustrate the effects of wet pressing

bFig. 7 Distributions of a the fibre width L, b the thickness l1 and
c the thickness l2 of the fibre cross sections for in-plane isotropic
specimens. The interval sizes used to plot these distributions

were set to 5 lm for L and 1 lm for l1 and l2, respectively
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and drying conditions as well as of fibre orientation on

the variations in the fibre width.

For the isotropic and freely dried specimens, an

increase in wet pressing resulted in a weak increase in

the mean fibre width hLi. A maximum 18 %-increase

in the mean fibre width was measured for the isotropic

specimens that were dried under constraint between

the lowest and highest packing stresses. An increase in

wet pressing had a similar effect on the mean fibre

width of the orientated and freely dried specimens.

However, similar phenomena were not observed for

the orientated specimens that were dried under

constraint.

The ratio rL=hLi, which represents the scattering of
the fibre width, gives a better understanding of the

effects of wet pressing. For both the isotropic and

orientated specimens and for all drying conditions, the

higher the packing stress during wet pressing, the

lower was this ratio, which shows that the fibre width

was homogenised in the fibrous networks.

The mean fibre width of isotropic and orientated

specimens was similar. However, the ratio rL=hLi was
larger for the orientated specimens compared to the

isotropic specimens, regardless of the pressing and

drying conditions. This behaviour could be easily

observed for equivalent low pressing conditions for

both isotropic specimens (0.10 MPa) and orientated

specimens (0.11 MPa). The effect of drying on the

ratio rL=hLi was not obvious. For the isotropic

specimens, a slight decrease in this ratio was mea-

sured. But this trend was not observed for the

orientated specimens, especially for the lowest press-

ing condition.

Thickness l1

Figure 7b shows a typical distribution for the thick-

ness l1. An increase in wet pressing induced a decrease

in the thickness l1. The evolution of the mean values

hl1i given in Table 2 confirmed this result. Drying

conditions had an effect on the mean value of the

thickness hl1i, which was lower for constrained drying
than free drying. This effect was less pronounced for

the highest wet pressing conditions and nearly disap-

peared for orientated specimens. The mean thickness

hl1i was lower for orientated specimens than isotropic

specimens. The ratio rl1=hl1i was also higher for

orientated specimens than isotropic specimens, show-

ing that the heterogeneity of this fibre property was

related to the fibre orientation in the studied fibrous

networks. Note also that wet pressing and drying

conditions did not have any clear effect on the

evolution of the ratio rl1==hl1i.

Thickness l2

The thickness l2, the mean values of hl2i and the ratios
rl2=hl2i decreased as the packing stress increased

Table 2 Mean width hLi, thickness hl1i, thickness hl2i and inclination angle hhi of the fibre cross sections obtained for various

forming, pressing and drying conditions, and related standard deviations or normalised standard deviation of these parameters

Forming Isotropic Orientated

Packing stress (MPa) 0.10 0.51 0.11 0.42

Drying conditions F P F P F P F P

Mean width hLi (lm) 29.8 30.6 30.6 36.1 29.1 30.0 31.2 29.3

Standard deviation rL (lm) 9.3 8.6 8.7 9.8 12.7 15.9 10.4 10.0

rL=hLi 31 % 28 % 28 % 27 % 44 % 53 % 33 % 34 %

Mean thickness hl1i (lm) 7.7 6.8 6.5 6.3 5.8 5.1 4.8 4.9

Standard deviation rl1 (lm) 1.8 2.0 1.9 1.8 2.7 2.6 2.1 1.7

rl1=hl1i 23 % 29 % 29 % 29 % 47 % 51 % 44 % 35 %

Mean thickness hl2i (lm) 5.6 5.8 5.0 4.5 5.2 4.8 4.4 4.4

Standard deviation rl2 (lm) 2.2 1.8 2.1 1.3 3.3 2.8 2.3 1.4

rl2=hl2i 39 % 31 % 42 % 29 % 63 % 58 % 52 % 32 %

Mean inclination angle hhi (�) 1.81 -1.76 0.77 0.03 4.2 0.9 0.3 -1.6

Standard deviation rh (�) 18.0 20.4 11.4 14.1 25.6 29.4 16.1 16.3

The letters F and P stand for free and in-plane drying conditions, respectively
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during wet pressing for all the investigated drying

conditions (see Fig. 7c and data given in Table 2). The

effect of drying conditions on l2 was not obvious for

the isotropic specimens. In contrast, the decrease in

rl2=hl2i for constrained drying compared to free

drying showed that constrained drying homogenised

this property for the orientated specimens. Note also

that this ratio was larger for the orientated specimens

than the isotropic specimens, suggesting an increase in

the heterogeneity of this property for the orientated

specimens.

Inclination angle h

The distributions of the inclination angle h of the major

axis of the fibre cross section (see a typical example in

Fig. 8) showed that the major axes were mostly

parallel to the plane of the handsheets. Note also that

the mean values hhi were not exactly zero (see

Table 2). This effect could be attributed to the slight

inclination of the main plane of the paper specimens

compared to the ðe1; e2Þ-plane of the X-ray microto-

mography frame. This inclination was very limited.

Interestingly, note that the peaks of the distributions

were higher for high wet pressing conditions com-

pared to low wet pressing conditions (see also the

decrease in the standard deviation of h in Table 2).

Thus, the increase in the packing stress r0 had the

effect of decreasing the inclination angle of the fibre

cross sections, suggesting that their main axes was

more parallel to the midplane of the specimens and

showing that this property was more homogeneous.

In addition, data in Table 2 shows that constrained

drying induced a slight increase in the heterogeneity of

this property compared to free drying. Note also the

high standard deviation rS for the orientated speci-

mens, which shows a more heterogeneous inclination

angle distribution than the isotropic specimens.

Fibre-to-fibre contacts/bonds

Distance between contacts

Figure 9a shows the evolution of the number of picked

contacts on the shape of the distributions of the inter-

bond distance Ds. For a relatively low number of

picked contacts, the distributions astonishingly ap-

peared to be rather stable. This stabilisation is better

illustrated in Fig. 9b: approximately 60 contacts were

sufficient to obtain the stabilisation of the mean and

the standard deviation of Ds, i.e., to obtain a

representative information for this parameter.

The general aspect of these distributions was the same

for all investigated forming, pressing, and drying condi-

tions. In addition, data in Table 3 shows that the

orientated specimens exhibited a larger mean inter-bond

distance hDsi than the isotropic specimens for compa-

rable pressing and drying conditions. For both the

isotropic and orientated specimens, the increase in the

packing stress during wet pressing was also accom-

panied by a decrease in the mean inter-bond distance

hDsi regardless of the drying conditions. For the

isotropic specimens, the medians of the distributions

of the inter-bond distance Ds were not affected by the

wet pressing conditions. On the contrary, an increase

in the wet pressing conditions resulted in a decrease in

the medians of the inter-bond distance for the orien-

tated specimens. Thus, the shape of the distributions

was not largely affected by wet pressing for the

isotropic specimens, whereas the contrary effect

appeared to have been introduced for the orientated

specimens. For the isotropic specimens, an increase in

the wet pressing conditions was also accompanied by

an increase in rDs=hDsi; corresponding to a more

heterogeneous inter-bond distance Ds; whereas the

contrary effect was observable for the orientated

specimens. The micromechanisms that were at the

Fig. 8 Distribution of the inclination angle h of the fibre cross

sections for in-plane isotropic specimens. The interval size used

to plot these distributions was set to 5�
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origin of these differences should be further

investigated.

In addition, the drying conditions affected the

inter-bond distance Ds for the highest pressing:

constrained drying induced larger inter-bond distances

Ds compared to free drying. This difference

could be attributed to a stretching effect of the

inter-bond segments, which may occur during

constrained drying, whereas free drying would enable

a pronounced shrinkage of the inter-bond segments.

Note that the inter-bond distance did not have the

same evolution for the orientated specimens that

were fabricated using the lowest wet pressing

conditions.

Table 3 Mean distance between the centres of two consecutive

bonds hDsi, ratio between bonded width and fibre width hli=Li
and surface of bonds hSi obtained for various forming, pressing

and drying conditions, and related standard deviations, nor-

malised standard deviation and median of these parameters

Forming Isotropic Orientated

Packing stress (MPa) 0.10 0.51 0.11 0.42

Drying conditions F P F P F P F P

Mean inter bond distance hDsi (lm) – 35.8 20.7 30.6 42.8 49.7 30.3 34.0

Standard deviation rDs (lm) – 21.8 15.9 23.1 42.1 28.2 19.9 19.6

rDs=hDsi – 61 % 77 % 75 % 98 % 57 % 66 % 58 %

Median (lm) – 42.0 27.3 43.4 60.1 54.2 37.0 41.6

Mean bonding degree ratio hli=Li (%) – 31 42 41 29 29 34 38

Standard deviation rli=L (%) – 26 25 32 23 23 26 32

rli=L=hli=Li – 84 % 60 % 78 % 79 % 79 % 76 % 84 %

Median (%) – 52.2 56.2 59.1 42.6 39.4 47.2 55.2

Mean bond surface area hSi (lm2) – 375 385 483 260 426 419 590

Standard deviation rS (lm2) – 466 596 1111 378 591 604 960

rS=hSi – 124 % 155 % 230 % 145 % 139 % 144 % 163 %

Median (lm2) – 593 519 611 599 775 605 718

The letters F and P stand resp. for free and in-plane drying conditions

Fig. 9 a Distributions of the inter-bond distances Ds as a

function of the number of randomly picked contacts. b Mean

values and standard deviations of these distributions as a

function the number of randomly picked contacts. These

measurements were made within a scanned volume of

140 lm � 140 lm � t for an in-plane isotropic paper subject-

ed to a packing stress of 0.51 MPa and to constrained drying
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Interestingly, note that the mean inter-bond distance

hDsiwas of the same order as the mean fibre width hLi
for all specimens (see Table 2), which shows that the

investigated fibrous networks were highly connected

despite their rather low grammage and density.

Mean number of contacts per fibre

The mean number of contacts per unit of fibre length

was estimated using the data for the mean inter-bond

distance. Figure 10a shows the number of contacts per

unit of length as a function of the normalised

cumulated curvilinear abscissa calculated by random-

ly summing all the inter-bond distances that were

measured along all examined fibre segments inside a

volume. A stabilised number of contacts per unit of

length (of approximately 30 for this example) was

reached for a normalised cumulated curvilinear ab-

scissa of approximately one, i.e., corresponding to a

mean fibre length Lmoy. The same observation was

made for all the investigated microstructures. This

important result shows that a representative number of

contacts can be determined using volumes of fibrous

networks having a limited size.

Figure 10b, c shows the evolution of the ex-

perimental mean number of contacts per unit of fibre

length as a function of the density qX or the porosity �X
for all investigated specimens. The increase in the

number of contacts per unit length was 85, 60 %, over

the range of �X for the isotropic and orientated

specimens, respectively.

Bonding degree ratio

A typical example of a distribution of the bonding

degree ratio li=L is shown in Fig. 11a. The shape of the

distributions was similar for all drying and pressing

conditions. These distributions showed that the major

part of the bonds between fibres were partial

(li=L\100 %). Note also that few values of li=L

could be [100 % because the fibre width was

measured in one position along the fibre centreline.

Fig. 10 a Experimental

number of contacts per unit

of fibre length as a function

of the cumulated curvilinear

abscissa normalised by the

mean length of the fibres.

Comparison between the

number of contacts per unit

of fibre length

experimentally measured

and estimated using the tube

model and Sampson’s

model for the in-plane

isotropic specimens (b) and
the orientated specimens (c)
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The most important and original result is given in

Table 3: the mean bonding degree ratio hli=Liwas low
and ranged only between approximately 30 and 40 %

for all the investigated specimens. However, wet

pressing had a clear effect on the bonding degree ratio

li=L; regardless of drying conditions: an increase in the

packing stress r0 resulted in an increase in hli=Li.
Drying also affected the bonding degree ratio as, for

the highest pressing conditions, the scattering coeffi-

cient rli=L=hli=Li was lower for free drying

(rli=L=hli=Li ¼ 60 % for r0 ¼ 0:51 MPa) than con-

strained drying (rli=L=hli=Li ¼ 78 % for r0 ¼
0:51 MPa), showing that free drying resulted in an

increased homogeneity of the geometry of bonds. The

effect of wet pressing on the heterogeneity of the

bonding degree ratio was unclear as the evolution of

the scattering coefficient rli=L=hli=Li did not exhibit

any clear tendency for both the isotropic and orien-

tated specimens.

Bond surface area

Figure 11b shows a typical example of a distribution

of the bond surface area S for the isotropic and

orientated specimens. Note that the calculations of this

parameter was enhanced compared to a previous study

(Marulier et al. 2012) because the number of scruti-

nised bonds was increased. However, the evolution of

S as a function of r0 was similar in both studies, i.e., an

increase in r0 resulted in an increase in S. In addition,
the bond surface area S remained below approximately

2000 lm2:Note also the pronounced scattering rS=hSi
of the bond surface area S for all specimens.

The mean bond surface areas were close for all the

specimens that were fabricated using similar pressing

and drying conditions (see Table 3). However, the

median values of the bond surface area were greater

for the orientated specimens compared to the isotropic

specimens (see Table 3). This result demonstrated that

the number of bonds having a large surface was larger

in the orientated specimens compared to the isotropic

specimens. An increase in wet pressing resulted in an

obvious increase in the bond surface area S (see the

mean values for S in Table 3). Constrained drying also

resulted in larger bond surface areas compared to free

drying (see Table 3). The origin of this phenomenon is

not obvious considering the aforementioned low

variations in the bonding degree ratio between drying

conditions. However, constrained drying also induced

larger fibre widths compared to free drying for all the

investigated forming and wet pressing conditions.

Discussion

Paper microstructures

To the knowledge of the authors, few studies provided

so many parameters for the morphology of fibres and

Fig. 11 a Distributions of the bonding degree ratio li=L and b
the bond surface area S for the in-plane isotropic specimens. The

interval size used to plot these distributions was set to 5 % for

li=L and 50 lm2 for S
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fibre-to-fibre contacts/bonds inside the microstructure

of papers using a direct observation method. Page

et al. (1962) studied the bond surface and the inter-

bond distance and He et al. (2003) investigated the

fibre morphology in fibre networks. These studies

relied on an extensive and fine microscopy work.

Usually, individual fibres or individual fibre-to-fibre

bonds (Schmied et al. 2012, 2013; Fischer et al.

2012), have been studied. The results of this study

were obtained using X-ray microtomography 3D

images, which demonstrates the outstanding relevance

of these images for revealing the internal 3D geometry

of fibres and bonds in fibrous networks. These

experimental results also contribute to enrich these

former studies as new parameters such as the in-plane

fibre orientation were also assessed.

The present study provided a relevant insight on the

influence of manufacturing operations on the forming

mechanisms of paper microstructures and more par-

ticularly on (1) the collapse of fibre cross sections, (2)

the shape of fibre centrelines and the fibre orientation

as well as (3) the fibre-to-fibre bonds.

The development of a ribbon-like shape for the fibres

was accompanied by the collapse of the fibre cross

sections. The increase in wet pressing had a clear effect

on thesemorphological parameters as it resulted in both

an increase in the width of the fibre cross sections and in

an alignment of the main axis of the fibre cross sections

parallel to the plane of the handsheets. The effect of

drying conditions was less consistent. However, the

shrinkage of the lateral thickness of the fibre cross

sections was more pronounced for constrained drying

than free drying. Note also that the influence of the in-

plane orientation of fibres was weak. However, the

dimensions of the fibre cross sections exhibited a higher

scattering for in-plane orientated fibrous networks than

for in-plane isotropic networks. He et al. (2003) have

already reported that the collapse of the fibre cross

sections is not uniform for in-plane isotropic networks.

These authors attributed this effect to an uneven stress

transfer, induced by the non-uniform structure of fibre

networks and by the scattering in the collapsibility of

fibres. These results are now completed for in-plane

orientated networks into which the stress transfer could

be all the more uneven as fibres have an in-plane

preferential orientation.

Fibres can undergo twist, bending, stretching or

shearing during network papermaking operations. The

inclination angle h of the fibre cross sections can be

related to the torsion of fibres that results from

manufacturing operations. Results showed that an

increase in wet pressing reduced both the fibre torsion

and its heterogeneity. Likewise, the torsion of fibres

was more heterogeneous for in-plane orientated net-

works than in-plane isotropic networks. Fibre bending

(see the angle W2) was also lower for constrained

drying than free drying. These two examples show

how fibres are constrained during wet pressing or

drying. But note that the reported effects were not

pronounced.

Knowing the geometry of fibre-to-fibre bonds

within fibrous networks is crucial for the prediction

the physical and mechanical properties of fibrous

networks. The observations that fibre-to-fibre bonds

were partial were in accordance with the observa-

tions of the impressive study by Page et al. (1962)

on fibre-to-fibre bonding. The estimated bond areas

were also in accordance with those of this former

study. The most important parameters to induce

variations in the degree of bonding were wet

pressing and in-plane fibre orientation. Likely con-

strained drying had also a slight beneficial effect as

this drying could induce an increase in the degree of

bonding.

The physical and mechanical properties of fibre

networks also greatly depend on the number of fibre-

to-fibre contacts/bonds. In this study, we obtained two

original and important results for this property. The

first important result was that a representative number

of fibre-to-fibre contacts/bonds can be determined

using volumes that must contain enough fibres or fibre

segments the cumulated length of which is equal to the

mean fibre length. This result is important as it shows

that a representative elementary volume (REV) for the

number of fibre-to-fibre contacts/bonds has rather

small dimensions. The second important result was

obtained for the evolution of the evolution of the mean

number of contacts per unit of fibre length as a

function of the density (or porosity). Few similar

results were found in the literature for the variations in

the number of contacts per fibre (or per unit of fibre

length) as a function of the paper density. Batchelor

et al. (2006) reported similar results for in-plane

isotropic laboratory papers using a cross-sectional

grinding technique. However, for the in-plane orien-

tated papers, the results that were obtained using X-ray

microtomography images are original to the knowl-

edge of the authors.
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Statistical distributions

The experimental distributions for the morphology of

the fibres and bonds, i.e., L; l1; l2; Ds; li=L and S, were
fitted by Weibull distributions. For the width distri-

bution, the relevancy of the use of Weibull distribu-

tions was already demonstrated by Seth et al. (2003).

For the parameters l1; l2, and li=L and S, the Weibull

distribution enables a correct description of these

morphological parameters. For the bond inter-bond

distance Ds, this distribution gives a good description

of the experimental results. As theoretically proposed

by Sampson (2009b), gamma distributions could also

be used to describe the inter-bond distance. The

probability density function and the cumulative

distribution function of this distribution write, respec-

tively, as follows:

8x� 0; f ðxÞ ¼ c

b

x

b

� �c�1

exp � x

b

� �c� �
for x� 0;

ð7Þ

and

FðxÞ ¼ 1� exp � x

b

� �c� �
; ð8Þ

where b[ 0 and c[ 0.

Two methods were used to determine the scale

parameter b and the shape parameter c. The first

method consisted of a least-squares regression tech-

nique to identify both the parameters b and c, whereas

the second method consisted of taking the parameter b

to be the experimental mean value of the distributions

and determining c by a least-squares method. The as-

determined morphological parameters are given in

Table 4, where b1 and c1 are the parameters corre-

sponding to the first method and b2 and c2 are the

parameters corresponding the second method. Exam-

ples of fitted distributions are shown in Fig. 12a–d.

Both fitting methods well approximated the ex-

perimental distributions for all parameters, except

for the fibre width L. In this case, the least-squares

method induced a shift of the mean fibre width that

was quite important (�5 lm).

The data given in Table 4 could be used to assess

the effectiveness of the numerical generator of fibrous

networks that are currently in development to mimic

paper-like microstructures.

Relative bonded area (RBA)

The RBAX was estimated using the experimental

results of this study for each investigated volume. The

major axis of the fibre cross sections was considered to

be parallel to the midplane of the handsheets (see for

example Fig. 8), which suggests that the available

surfaces for bonding were the upper and lower sides of

the fibres. Noting smax the maximum curvilinear

abscissa and hLii the mean width of fibre i, the total

bonding surface area of fibre i was approximated as

ATi ¼ 2smaxihLii: ð9Þ

In addition the bonding area S
ðiÞ
j of each bond j of

fibre i was estimated for all the fibre-to-fibre bonds.

Consequently, RBAX was estimated for each volume

as follows:

RBAX �
Pi¼N

i¼1

Pj¼ni
j¼1 S

ðiÞ
jPi¼N

i¼1 ATi

; ð10Þ

where N is the number of fibres and ni the number of

contacts of fibre i:

Figure 13a shows the evolution of RBAX as a

function qX . RBAX ranged between approximately 0.1

to 0.3 between�100 and�700 kg m�3. Note also that

RBAX for the orientated specimens was of the same

order as for the isotropic specimens. This result shows

that in-plane fibre orientation has a minor influence of

the RBA, which is in accordance with theoretical

predictions of Sampson’s model (Sampson 2009b).

These local estimates are in accordance with values

of RBA that have already been reported by several

authors. Page et al. (1962) found a RBA of ap-

proximately 0.16 for handsheets made up of unbeaten

sulphite pulp (the paper density was not reported).

Niskanen and Rajatora found RBAs of 0.13 and 0.17

(Niskanen and Rajatora 2002) for unbeaten or slightly

beaten softwood kraft fibres. However, these values

were considered to be low for the paper effective

densities that ranged between 662 and 860 kg m�3

(Niskanen and Rajatora 2002; Sampson 2004). The

RBAs of this study were of the same order as those

measured for handsheets made up of kraft pulp by

Yang et al. (1978). These authors found RBAs that

ranged between 0.3 and 0.5 between 500 and

700 kg m�3. The RBAs of this study were also in
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accordance with the results of Paavilainen (1994).

Thus the present experimental results are reliable even

if several rough assumptions were used to model the

fibre surface and estimate the bond surface area.

Note also that Fig. 13a shows the evolution of the

RBAs that were estimated using the method of

Ingmanson and Thode (1959) as a function of the

apparent density qapp. In this approach, the scattering

coefficient #c is considered to be correlated to the

tensile strength T (see Fig. 13b). The extrapolation of

#c at T ¼ 0 provides #c0, i.e., the scattering coefficient

for a completely unbonded sheet, and consequently the

total surface of fibres. Batchelor and He (2005) and

Batchelor et al. (2008) have underlined that it is

difficult to obtain a good extrapolation for the

scattering coefficient using this method. Therefore,

the results of this method are often questionable. In

this study, the extrapolation function was assumed to

Table 4 Parameters b1; c1 and b2; c2 of the Weibull distributions for L; l1; l2; Ds; li=L and S obtained for various forming, pressing

and drying conditions

Forming Isotropic Orientated

Packing stress (MPa) 0.10 0.51 0.11 0.42

Drying conditions F P F P F P F P

L

b1 (lm) 34.0 35.0 35.0 41.0 34.5 34.5 36.5 34.0

c1 3.8 3.9 4.1 4.0 2.6 2.5 3.6 3.4

b2 = hLi (lm) 29.8 30.6 30.6 36.1 29.1 30.0 31.2 29.3

c2 4.4 4.0 4.4 4.2 2.6 2.5 3.7 3.8

l1

b1 (lm) 7.4 6.2 6.2 5.8 5.6 5.0 4.8 4.8

c1 3.9 3.1 3.3 3.2 2.4 5.1 2.2 3.0

b2 = hl1i (lm) 7.7 6.8 6.5 6.3 5.8 5.2 4.8 4.9

c2 3.8 2.8 3.2 2.9 2.4 1.9 2.2 2.9

l2

b1 (lm) 5.0 5.1 4.3 3.9 4.3 4.3 4.2 4.1

c1 (lm) 2.3 2.7 1.9 2.8 2.6 2.1 2.5 2.4

b2 = hl2i (lm) 5.6 5.8 5.0 4.5 5.2 4.8 4.4 4.4

c1 (lm) 2.2 2.4 1.8 2.5 2.1 1.9 2.4 2.3

Ds

b1 (lm) – 34.0 18.5 28.5 32.0 47.5 30.0 34.0

c2 – 1.6 1.3 1.2 1.2 1.8 1.5 1.8

b2 = hDsi (lm) – 35.8 20.7 30.6 42.8 49.7 30.3 34.0

c2 – 1.7 1.4 1.4 1.4 2.0 1.5 1.8

li/L

b1 (%) – 30 43 38 27 27 33 33

c1 – 1.0 1.6 1.2 1.1 1.1 1.2 1

b2 ¼ hli=Li (%) – 31 42 41 29 29 34 38

c2 – 1.1 1.5 1.3 1.0 1.0 1.3 1.3

S

b1 (lm
2) – 238 264 227 155 271 248 294

c1 – 0.7 0.9 0.7 0.5 0.7 0.7 1.0

b2 ¼ hSi (lm2) – 375 385 483 260 426 419 590

c2 – 0.9 1.0 0.9 0.8 0.8 0.9 1.1

The letters F and P stand for free and in-plane drying conditions, respectively
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be linear, considering the data that have been reported

by Ingmanson and Thode (1959) for classified and

unbeaten pulps. The extrapolated scattering

coefficient #c0 was 40 m2 kg-1. The RBAs were

obtained for the in-plane isotropic handsheets using

the as-estimated parameter #c0 and measured #c. No

Fig. 12 Weibull

distributions for a, b the

fibre width, c the distance
between contacts and d the

bonding degree ratio. In

these figures, note that the

Weibull probability density

functions were discretised

into bins of the same size as

those representing the

experimental data

Fig. 13 RBA as a function of the paper density. a RBA

estimated using X-ray microtomography data (in this case, the

density was the effective density qX) and b the method of

Ingmanson and Thode (density qappÞ. b Light scattering

coefficient #c as a function of the tensile strength T:

experimental values and linear fit. Note that Sampson’s model

was here estimated using the following averaged parameters:

fibre width x ¼ 30 lm, fibre length k ¼ 2 mm
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distinction was made between the drying conditions

for the RBAs that are shown in Fig. 13a. Globally, the

RBA sharply increased for densities over 400 kg m�3;

whereas it did not exhibit any pronounced changes for

lower densities. This result is in accordance with the

observations of Ingmanson and Thode (1959). In

addition the RBA ranged between �0.1 and �0.3 for

apparent densities qapp between approximately 400

and approximately 600 kg m�3: Hence, the values of

RBA were of the same order using the local and global

experimental methods.

Assessment of the number of fibre-to-fibre

contacts/bonds

The predictions of two models for the number of fibre-

to-fibre contacts/bonds per fibre within a fibrous

network were compared to the experimental results.

The simplest model was the tube model (Toll 1993),

commonly used in the fields of fibre suspensions and

composite materials (Toll 1998; Corre et al. 2005;

Vassal et al. 2008; Latil et al. 2011; Guiraud et al.

2012; Orgéas et al. 2012). In this model, fibres are

considered to be straight and homogeneously dis-

tributed in space. Fibres can also overlap (soft core

assumption). Guiraud et al. (2012) have shown that for

fibres with planar fibre orientation (h ¼ 0), identical

elliptical cross sections of major axis dmax and minor

axis dmin and identical length k, the tube model

describes the average number of fibre-to-fibre contacts

�n as a function of the porosity � and the in-plane

orientation of fibres as follows:

�n ¼ ~npadmindmaxk
2

p
k

dmax
u1 þ u2 þ 1

� �
; ð11Þ

where ~n is the number of fibre centre points per unit of

volume and a a parameter used to define the size of the

cross section of the tube with respect to the size of the

cross section fibre (a ¼ 1 when both cross sections are

equal). This equation can also be written as follows:

�n ¼ 4að1� �Þ 2

p
k

dmax
u1 þ u2 þ 1

� �
: ð12Þ

The parameters �, k and dmax were taken as follows:
� ¼ �X; k ¼ Lmoy and dmax ¼ hLi. The functions u1

and u2 given in Eq. 12 only depend on the fibre

orientation. These parameters were estimated using

the following discrete expressions:

u1 ¼
1

N2

XN
i¼1

XN
k¼1

kpi � pkk; ð13Þ

and

u2 ¼
1

N2

XN
i¼1

XN
k¼1

jpi � pkj; ð14Þ

where N is the number of picked fibres within the

studied volumes. Note that for in-plane isotropic

networks u1 ¼ u2 ¼ 2=p.
The microstructure model developed by Sampson

(2004, 2009b) Batchelor et al. (2006), was also used.

This model is based on a statistical description of the

geometry of random fibre networks where the fibre

centres are distributed according to a Poisson process

and fibre axes are uniformly distributed. In this model

the fibres are seen as rectangles of length k and width

x and the number of contacts between fibres is

computed by considering full crossing area. Note that

in the studied model papers, full crossing areas are

scarce (see for example the bonding degree ratio li=L).

Sampson’s model (Sampson 2009b) describes the

number of contacts per fibre (considered to be

rectangles of length k and width x) as follows:

�n ¼ v
p
2

k
x
/c; ð15Þ

where v has been introduced to better fit the ex-

perimental results (v ¼ 1 in the original Sampson’s

model) and /c is the fractional contact area of a

network with mean coverage �c :

/c � 1� 1

�c

� �
1þ �ð2� ð3� �Þ�Þ

ln �

� �
ð16Þ

and

�c ¼ x�b
d

: ð17Þ

The parameters of this model were taken as follows:

� ¼ �X; k ¼ Lmoy, x ¼ hLi; d ¼ 1:5� 10�4 g m-1

and �b ¼ 40 g m�2: Note that the fractional contact

area /c is an estimate of the RBA . As shown in

Fig. 13, Eq. 16 agrees very well with the experimental

data.

The predictions of both models for the number of

contacts �n were compared to the experimental results

for the in-plane isotropic papers in Fig. 10b and for the
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in-plane orientated papers in Fig. 10c where the

number of contacts was normalised by the average

fibre length (Lmoy ¼ 2 mm). Only the tube model was

compared to the experimental results for the orientated

specimens.

When using the original Sampson’s model (v ¼ 1)

and a ¼ 1 in the tube model, both model predictions

underestimate the experimental data (see Fig. 10b, c).

When using a ¼ 2, the tube model well describes

the experimental evolution of the number of contacts

for in-plane isotropic specimens (see Fig. 10b). The

tube model correctly describes the number of fibre-to-

fibre contacts for the in-plane anisotropic and dense

specimens (see Fig. 10c). In contrast, this model

underestimates the number of contacts for the low-

density in-plane orientated papers. The need for an

increase in a from 1 to 2 is potentially related to the the

geometry of fibres, for instance to the torsion and the

bending of fibres.

Similarly, Sampson’s model predictions are much

better for v ¼ 1:5. Batchelor et al. (2006) have already

reported a similar result. These authors explained this

problem in terms of the nature of fibre-to-fibre

contacts. In Sampson’s model, only ‘‘full’’ contact

areas are considered; however the geometry of fibre-

to-fibre contact in fibrous networks is extremely

complex. To get rid of this problem, Batchelor et al.

(2006) classified contacts into two groups: ‘‘partial’’

and ‘‘full’’ contacts. In this study no distinction was

made between ‘‘partial’’ or ‘‘full’’ contacts. This could

explain the differences between the Sampson model

and the experiments when v ¼ 1, which are shown in

Fig. 10b.

This attempt at testing the predictions of several

microstructure models shows that a precise description

of the ‘‘real’’ geometry of the fibre-to-fibre contacts is

needed. This objective is not yet fulfilled. A systematic

classification of the geometry of fibre-to-fibre contacts

could come out from progress in the analysis of 3D

X-ray images of bonding zones. Otherwise con-

fronting model predictions and experimental results

for the number of fibre-to-fibre contacts is difficult.

Conclusion

The measurement of microstructure parameters at the

scale of fibres and fibre-to-fibre bonds is difficult for

fibrous materials such as papers. In this study, we used

3D images of model papers to build a database of

microstructure descriptors for the complex fibre net-

works of model papers. The originality of this approach

is that several microstructure descriptors were deter-

mined for the same set of papers using a unique

observation technique. The investigated images were

acquired using X-ray microtomography. The model

papers were made up of classified softwood pulp fibres

and fabricated by varying forming, wet pressing, and

drying conditions. Descriptors such as the fibre orien-

tation, the geometry of the fibre cross sections as well as

the inclination of the fibre cross sections were quanti-

fied. The inter-bond distance and the number of fibre-

to-fibre contacts/bonds per unit of fibre length and the

bond surface area were also quantified.

• The present experimental results enables a better

understanding of the effect of papermaking op-

erations on the microstructure of paper: i.e., a better

understanding of the deformation mi-

cromechanisms of fibres and bonds that are induced

by these operations. These results demonstrated that

wet pressing was the most important operation for

the morphology of the fibrous networks, fibres and

bonds. The increase in the packing stress during wet

pressing induced a drastic decrease in the porosity,

or conversely a noticeable increase in the fibre

content. The increase in the packing stress also led

the major axis of the fibre cross sections to be

parallel to the main plane of the paper handsheets.

In addition this increase induced a noticeable

increase in the number of fibre-to-fibre contacts/

bonds as well as a decrease in the distance between

contacts/bonds. The forming operation governed

the in-plane orientation of fibres and also induced

appreciable variations in the morphology of fibres

and bonds. For instance, the dimensions or the

inclination of fibre cross sections were more

dispersed for the in-plane anisotropic fibre networks

than the in-plane isotropic networks. The in-plane

anisotropic fibrous networks also contained more

bonds having large dimensions. The effect of drying

conditions was less appreciable, which could result

from the use of unrefined fibres to fabricate the

model papers. It would be interesting to perform the

same type of analysis using papers made up of

refined fibres to show a potential effect of drying

conditions.
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• The statistical evolution of several geometric

properties for the fibres and the bonds was

correctly represented using for example Weibull-

like distribution functions. This result is interesting

to test whether stochastic network generators

correctly represent the complexity of fibrous

materials such as papers.

• Another important result was that a representative

estimate for the number of contacts/bonds per unit

of fibre length could be obtained using volumes

that have a rather limited size: a REV for this

property must contain fibres or segments of fibres

the cumulated length of which is of the same order

as the mean fibre length.

We have also shown that the bond surface areas that

were estimated using the present microstructure

results were in accordance with data that have been

reported in the literature. The estimated RBAs were

also in accordance with experimental results obtained

using a classical determination method. The mi-

crostructure Sampson’s model for RBA also give

correct predictions.

These results were also used to test whether

microstructure models enable a correct prediction for

the number of fibre-to-fibre contacts/bonds. Samp-

son’s model for the number of contacts and the tube

model underestimated the experimental data. For the

tube model, this discrepancy could be related to the

curliness and the torsion of fibres. The prediction was

enhanced by increasing the size of the test tube around

the fibres. For the Sampson’s model, a fitting pa-

rameter was introduced to better fit the experimental

data. In this case, the discrepancy is potentially related

to the geometry of the contact surface.

Finally, the difficulties that are inherent to this type

of analysis should be emphasised. The quality of the

3D X-ray microtomography images is crucial: the

easier the segmentation, the easier is the measurement

of the microstructure parameters. Recent progress in

x-ray image acquisition techniques enhanced the

quality of images and reduced segmentation problems.

In this study, a visual analysis of the 3D images was

performed. This approach is efficient but cumbersome.

No automatic image analysis procedures can be used

to routinely perform this type analysis for complex

fibrous microstructures such as the investigated

papers. However, Viguié et al. (2013) made recent

and encouraging progress in the development of image

analysis algorithms that enable the automatic identi-

fication of several descriptors (number, position,

morphology and geometry) for individual fibres and

fibre-to-fibre bonds in low density papers (15 g m�2).

The effectiveness of these types of algorithms should

be tested and enhanced for denser papers that are for

instance made of beaten pulp fibres.
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The link between the fiber contact zone and the physical

properties of paper: a way to control paper properties.

J Compos Mater 41:1619–1633

Uesaka T, Moss C, Nanri Y (1991) The characterization ofhy-

groexpansivity in paper. In: Proceedings of the interna-

tional paper physics conference, vol 1134. TAPPI Press,

Atlanta, pp 613–622
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