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a b s t r a c t

Calendering of paper is an industrial finishing process designed to smoothen its surface so as to improve
gloss as well as printability. In this article, we describe how calendering affects paper roughness on
both microscopic and macroscopic length scales. We also discuss how these modifications relate to the
morphology of the fibers composing the paper sheets. The characterization of the surface is carried out
vailable online 7 May 2010
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using an optical profilometer and two different species of fibers, as well as their mixture, are used. We
first show that calendering induces modifications of the surface on all length scales measured and that
these modifications are related by straightforward transformations. We also show that these results hold
for papers formed from a mixture of fibers.

© 2010 Elsevier B.V. All rights reserved.
opography

. Introduction

The surface properties of papers and boards play an important
ole in converting operations such as sizing or coating [1] as well
s having a determinant influence on the gloss appearance of the
urface [2–5] and the properties of the final printed product [6].
oot mean square roughness, a typical descriptor of surface height
ariations, is traditionally measured and used as an indicator of
aper quality [7]. It is however well-known that roughness is only
n average measure of surface variations and does not specify on
hich length scale these variations occur [8–10] and therefore must

e expressed as a function of both the evaluation length [11] and
n the discretization step [12,13].

Fiber deposition models [14,15] were developed. However,
hese models based on fiber deposition do not reproduce the sur-

ace roughness properties of real paper sheet [15]. We focus here
n industrial material measurement. This is an important point
or paper since it is known that its surface exhibits multi-scale
ehavior and hence cannot be described by a single parameter [9].
ike other materials, this has immediate practical applications for

∗ Corresponding author at: Laboratoire de Génie des Procédés Papetiers (LGP2),
NRS/Institut Polytechnique de Grenoble (Grenoble INP), 461, rue de la papeterie,
P 65, 38402 Saint-Martin-d’Hères cedex 9, France.
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oi:10.1016/j.apsusc.2010.05.004
gloss, which depends crucially on the surface correlations [3,4,16].
The multi-scale nature of paper surface also becomes important in
sizing or printing. These operations involve paper surface compres-
sion, which cannot be adequately described by usual theories based
on a distribution of Gaussian asperities [17].

The origin of the multi-scale behavior of paper surface is still
largely unknown and is of interest. This question can be explored
through numerical simulations using fiber depositions algorithms.
Such simulations can reproduce laboratory-made paper sheets.
However, commercial paper sheets undergo calendering, an oper-
ation which consists in compressing the paper past the elastic
threshold between two hard or soft rolls [18]. It is also customary
that one or both rolls are heated. Calendering reduces the rough-
ness of paper and generally increases the gloss properties of the
surface [19].

A detailed comprehension of the effects of calendering on the
scale-dependent roughness of paper is still lacking. In the paper, we
explore this question by following the changes induced by calen-
dering on the paper surface of laboratory paper sheets of controlled
composition. The nature of the raw material used in the prepara-
tion of the sheet is also investigated, as the topographical properties
are related to the morphological properties of the fibers. The plan

of this paper is as follows. Section 2 details the fiber content of
the laboratory hand-sheets as well as the calendering operations
performed. The surface descriptors used are also described in this
section. Section 3 details the results and conclusions are presented
in Section 4.

dx.doi.org/10.1016/j.apsusc.2010.05.004
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:p.vernhes@yahoo.fr
dx.doi.org/10.1016/j.apsusc.2010.05.004
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Table 1
Main morphological characteristics of fibers.

Alpha fibers Scots Pine fibers

Average length (um) 533 1364
Average width (um) 18.8 31.6
Coarseness (mg/m) 0.20 0.071
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on the type of surface considered, on the type of treatment that the
surface has received and on the way the surface was produced.
. Material and methods

.1. Fiber characterization and paper preparation

One of the goals of the study is to explore the origins of the
ength scales encountered through a detailed analysis of the sur-
ace properties. We thus concentrated on two types of fibers with
ifferent characteristics as may be seen in Fig. 1: Alpha fibers, very
hort fibers and a sharper fiber distribution, and typical softwood
urnishes composed of Scots Pine fibers. The properties of these
bers were analyzed with a standard fiber analyzer (Morphi®). The
verage fiber length and width as well as the coarseness of these
wo types of fibers are presented in Table 1, with the detailed length
nd width distribution shown in Fig. 2.

Fig. 2 and Table 1 show that the Scots Pine fibers are roughly
wo times thicker than Alpha fibers, while their length is roughly
hree times larger. Standard isotropic hand-sheets were made using
hese fibers. A set of hand-sheets consisting in a mixture 50/50 were
lso made.

.2. Calendering conditions

The hand-sheets were calendared using the two metal rolls of a
aboratory calendering machine using two different line pressures,
max = 100 kN/m and Pmax/2. In addition, the hand-sheets were also

alendared at a fixed temperature at T = 100 ◦C and under a load
max/2.

Fig. 1. Microscopic images of fib

Fig. 2. Distribution of (a) fiber w
ience 256 (2010) 6923–6927

2.3. Surface measurements

Surface measurements were performed with an Infinite Focus
Measurement Machine (IFM) which is an optical profilometer
allowing measurement of the surface position at high depth of focus
similar to the scanning electron microscopy (SEM) [9]. The surface
is obtained as a two-dimensional matrix of points Z(x,y), with a size
of 1024 pixel × 1280 pixel. All measurements were performed with
a resolution of 0.8 �m.

2.4. Surface descriptors

(i) The first descriptor of the surface is the function Sq(l), the stan-
dard deviation of the surface for a square subset of area l2 of the
total surface area.

Sq(l) =
√

1
l2

∑
x,y ∈ l

(Z(x, y) − Z̄)2, (1)

where Z̄ is the average of the surface. If the surface is isotropic, as it
is the case for paper hand-sheets, the local width can be described
through the single length l. In several cases, it is observed that the
local width scales with distance as a power law, with an exponent
� often called the roughness exponent. This power law behavior
holds until a certain crossover length lX after which the local width
saturates to a constant value that corresponds to Sq, the standard
deviation of an interface with infinite extent [8].

Sq(l � lX ) ≈ l� (2)

Sq(l � lX ) ≈ Sq (3)

Both the roughness exponent � and the crossover length depend
(ii) Another quantity of interest for several applications is the nor-
malized correlation function, defined as follows:

ers: (a) Alpha and (b) Pine.

idth and (b) fiber length.
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ig. 3. (a) Sq as a function of system size for un-calendared hand-sheets composed
function of system size for un-calendared hand-sheets composed of Alpha fibers,

l(x, y) = 〈Z(x′ + x, y′ + y)Z(x′, y′)〉l

〈Z(x′, y′)Z(x′, y′)〉l
(4)

gain, it is computed for a subset of area l2 of the total area of the
urface. The correlation function determines the extent of the cor-
elations between two points on the surface separated by a distance
x,y). For an isotropic surface, it depends only on the radial distance
2 = x2 + y2. As for the local width, a scaling form is usually observed.

− Cl(r � lX ) ∝
(

r

l

)2�

(5)

ith Cl(r � lX ) = 0. From the correlation function, it is custom-
ry to extract the correlation length Lc, defined as the length at
hich the normalized correlation function reaches the value of

1/e). This quantity is often used to relate several surface proper-
ies (e.g., gloss) to the surface characteristics. However, its use is
ustified only for surfaces which present an exponential decay of
he surface. For a self-affine surface, it is clear that the correlation
ength is not a definite value, but rather scales with system size as
ollows:

c(l � lX ) ≈ [ˇ(1 − e−1)]
1/2�

l (6)

c(l � lX ) ≈ [ˇ(1 − e−1)]
1/2�

lX (7)

he algorithms developed for the calculation of Sq(l) and d Lc(l) are
traightforward and have been described previously [8,9].

. Results
.1. Surface properties of un-calendared hand-sheets

Fig. 3 shows Sq(l) for un-calendered hand-sheets composed only
f Alpha or Scots Pine fibers as well as a 50/50 mix of the two species.

ig. 4. (a) Logarithmic slope of Sq as a function of system size for un-calendared hand-she
orrelation function as a function of system size for un-calendared hand-sheets compose
ha fibers, Scots Pine fibers and a 50/50 mix of both species. (b) Dimensionless Sq as
Pine fibers and a 50/50 mix of both species.

For all species, Sq(l) initially increases (with a slope roughly equal to
one) until it saturates to a constant value. Hand-sheets composed
of Scots Pine fibers have a larger roughness than hand-sheets com-
posed uniquely of Alpha fibers. It is however surprising to observe
that the surface properties of hand-sheets composed of a mix of
fibers are extremely close to those of hand-sheets composed only
of Alpha fibers. It is not in the scope of this paper to explore this
aspect. We rather focus on the effects of calendering on the sur-
face properties. Nevertheless, it is possible that the similarity in
the surface properties may be due to a lower settling velocity of
Alpha fibers compared to Scots Pine fibers during the hand-sheet
formation.

It is interesting to see that Sq(l) for hand-sheets composed of
Scots Pine fibers can be collapsed onto the values obtained for the
ones composed of Alpha fibers through the following scaling trans-
formation: Sq(l) → ˇ−1Sq(l/˛), as shown in the Fig. 3b. The value
ˇ = 1.6 corresponds to the ratio in the RMS roughness of the two
hand-sheet while ˛ = 4/3 is closer to the ratio of the fiber width (see
Table 1). The crossover length for hand-sheets of Alpha fibers can be
roughly estimated as lX ≈ 100 �m and lX ≈ 120 �m for hand-sheets
composed of Scots Pine fibers.

The characteristics of the un-calendered surfaces are further
explored in Fig. 4. We first show the value of the logarithmic deriva-
tives of the functions Sq(l) for the various species:

� = d
d(log(l))

log(Sq(l)). (8)

For a self-affine fractal, the value of the derivatives yields the rough-

ness exponent � [8]. The value of the slope is initially close to
one and drops to a near-zero value after a length l = 75 �m. It is
however clear that the surfaces cannot be considered as true self-
affine fractal since a constant value of � cannot be observed on any
length interval. Fig. 4b shows how the correlation length varies as

ets composed of Alpha fibers, Scots Pine fibers and a 50/50 mix of both species. (b)
d of Alpha fibers, Scots Pine fibers and a 50/50 mix of both species.
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Fig. 5. (a) Sq as a function of system size for calendared hand-sheets composed of Alpha fibers and (b) normalized values of Sq.
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endering operations. This is confirmed in Fig. 6 which shows Sq(l)
for the three types of furnishes under two different calendering
loads. The smoothest surfaces are produced by calendering with
a temperature gradient, an operation which also reduces greatly
Fig. 6. Sq as a function of system size for calendared hand-sheets co

function of scale. The short scale behavior of Lc(l) is independent
f the hand-sheet composition, being roughly linear. The scaling
escribed in Eq. (6) thus holds, even though the surfaces are not
rue self-affine surfaces. At larger scale, the different behavior of Lc

imply reflects the different crossover length lX as well as the slight
ncrease in Sq(l) that can still be observed for l » lX.

.2. Surface modification due to calendering

We now discuss how calendering modifies the surface proper-
ies of the hand-sheets. Fig. 5a shows how calendering affects the
ocal roughness function Sq(l) for hand-sheets composed of Alpha
bers.

Calendering reduces roughness on all scales. The crossover
ength is only very slightly affected by calendering, the most notice-
ble effects being the general decrease of roughness. This is not too
urprising since it is already known that the mechanical Poisson

atio of paper is very small [20], that is to say that there is no planar
eformation due to a transverse compression. It is however inter-
sting to notice that the shape of the curve is similar for all levels
f calendering, including the one dedicated to the modification of
emperature. As for un-calendered hand-sheets, it is possible to

able 2
arge scale roughness of the hand-sheets with the three furnishes under considera-
ion. The value of Sq(∞) is obtained from averaging the values of Sq(l) from l = 530 �m
o l = 1000 �m, with the number in parentheses consisting on the standard deviation
f the value.

Sq(∞) (�m)

Alpha fibers 50/50 mix Scots Pine fibers

P = 0 5.14 (0.07) 5.3 (0.2) 8.3 (0.2)
P = Pm/2 2.42 (0.04) 2.86 (0.04) 3.1 (0.1)
P = Pm 2.02 (0.03) 2.40 (0.07) 3.28 (0.04)
P = Pm/2, T = 100 ◦C 1.55 (0.02) 1.71 (0.03) 2.15 (0.02)
d of various compositions: (a) P = Pm and (b) P = Pm/2 and T = 100 ◦C.

perform a scaling transformation of all curves and collapse them
on a single scaling function, as shown in Fig. 5b. The scaling fac-
tors, ˇ and ˛, are close to 1, since all the curves are similar in the
first place. This is nevertheless an unexpected and intriguing new
result.

Table 2 shows how calendering affects large scale roughness
for all hand-sheets considered in the study. It is clear that hand-
sheets composed of Alpha fibers are always the smoothest and
those composed of Scots Pine only are the roughest, indepen-
dent of the calendering operation. The table also shows that the
roughness with furnishes composed of both Alpha and Scots Pine
fibers has a roughness closer in value to those of hand-sheets
composed uniquely in Alpha fibers, and this for all types of cal-
Fig. 7. Correlation length for Alpha fibers, considering different pressure and tem-
perature conditions.



face Sc

t
t
f
F
i
a

3

o
c
d
r

4

s
r
l
W
h
p
h
F
i
T
o
S

A

fi

[

[

[
[

[

[

[

[
[

P. Vernhes et al. / Applied Sur

he differences introduced by the different furnishes. It is clear that
here is very little difference between the curves of Fig. 6b, obtained
rom a calendering load Pm/2 and T = 100 ◦C, and the curves of
ig. 6a, obtained under a single load P = Pm without any heat-
ng. Although not shown, all curves can also be collapsed through
ppropriate scaling transformations.

.3. Effects of calendering on the correlation length

Fig. 7 shows how the correlation length, defined for a system
f size l, varies with calendering for all furnishes and calendering
onditions. The behavior is extremely similar in all cases, minor
ifferences arising only at large scales due to different overall
oughness levels and crossover lengths.

. Conclusion

We first showed that non-calendared hand-sheets possess a
elf-affine structure up to a definite crossover length scale. Our
esults show that calendering reduces surface variations on all
ength scales, with only a minor change on the crossover length.

e further show that the surface properties of the calendared
and-sheet can be related to those without calendering by a sim-
le scaling transformation. This transformation can be done for
and-sheets of various compositions and calendering conditions.
inally, we observed that the modifications induced by calender-
ng are quite independent of the composition of the hand-sheets.
he detailed properties of the fibers will influence the overall value
f the roughness, but not the shape of length-dependent roughness
q(l).
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