PEER-REVIEWED CALENDERING

Influence of calendering conditions on
paper surface characteristics—a comparison
between hard-nip, soft-nip, and extended
soft-nip calendering

ISABEL ENDRES AND GUNNAR ENGSTROM

ABSTRACT: This study investigated the influence of different calendering conditions on newsprint
surface and absorption characteristics, strength, and compression uniformity. We used a combination of
traditional and new measurement techniques to evaluate newsprint calendered using a hard-nip, a
conventional soft-nip, and an extended soft-nip. This study points out and compares the advantages and
disadvantages of the respective calendering techniques.

In all cases, flocs carried the greater part of the load. The different calendering techniques yielded
dissimilar compression patterns. At constant process parameters, flocs were flattened most in hard-nip
calendering, which had a positive effect on smoothness, gloss, thickness uniformity, and ink hold out.
However, it negatively affected tensile strength, gloss uniformity, and print mottle. Extended soft-nip calen-
dering produced opposite effects, including a rougher surface, non-uniform thickness, and less print mottle.

Application: A combination of traditional and new measurement techniques to analyze the effects of
calendering on paper properties is introduced.

alendering is performed mainly to
Cenhance paper surface characteris-
tics, such as gloss and smoothness, and
thereby create a higher quality print sub-
strate. However, different printing tech-
niques require different paper characteris-
tics. In rotogravure, good contact between
the paper and the printing cylinder is cru-
cial to a good print result. Consequently
smoothness and compressibility are
important. Other printing techniques,
such as offset, have a low demand on
smoothness, but a considerably higher
demand on uniformity of density and
porosity distribution. Therefore paper is
calendered differently, depending on the
printing process to be used.

In general, achieving a uniform calen-
dering treatment is rather difficult consid-
ering the non-uniform mass distribution of
the paper.This non-uniformity shows in an
uneven thickness profile of the uncalen-
dered paper, with flocs giving areas of
higher mass and intermediate areas of
lower mass [1]. With a hard-nip, a fairly
uniform thickness is obtained by com-
pressing fiber flocs substantially more
than valleys, which remain almost uncom-
pressed [2-4]. High smoothness and gloss
are achieved. However, the density dispar-
ity from a fiber floc to a valley in the paper
can diminish end-product quality with
respect to gloss and print mottle.

In a conventional soft-nip, on the
other hand, the load is distributed over a
larger area due to the deformable
polymer roll cover. The paper is thus
exposed to lower pressure levels for a
slightly longer time. The porosity and
density distributions are more uniform,
but flocs show in the form of thickness
variations [5].

In an extended soft-nip, the load is dis-
tributed over an even larger area. The
pressure is assumed to be less concen-
trated on the thicker areas in the paper
(fiber flocs) than in conventional calen-
dering, and density variations are further
reduced [6].

To fully understand the interplay
between calendering conditions and
paper properties and their influence on
print quality, local stochastic properties
of the paper need to be further charac-
terized [7].

In this study, traditional and modern
measurement methods are applied to
characterize differences between the cal-
endered papers. A combination of two
new methods for characterizing local sur-
face characteristics is introduced. We
measured the surface topography using
OptiTopo [8], and the compression uni-
formity was determined using a local con-
tact and stress analyzer (LCSA) [9]. In

height maps of the hard-nip and soft-nip
calendered papers, we detected flattened
areas of the size of fiber flocs. On the
extended soft-nip calendered paper, the
flattening was much less intense. In the
LCSA, the local pressure distribution on
the calendered paper surfaces was meas-
ured under low applied pressure to pre-
serve the calendering effect. We found
that on all the calendered papers, flocs
carried the greater part of the load. The
structure of these load-carrying flocs
changed significantly depending on the
calendering conditions. At constant
process parameters, flocs were flattened
most in hard-nip calendering, which had
positive effects on smoothness, gloss,
thickness uniformity, and ink hold out.
Nevertheless, it negatively affected ten-
sile strength, gloss uniformity, and print
mottle. Extended soft-nip calendering
produced a rougher surface and a non-
uniform thickness, but less print mottle.

CALENDERING
Newsprint (50 g/m2, 65% thermome-
chanical pulp [TMP], 35% recycled) was
calendered in the STFI pilot calender
using a hard-nip, a conventional soft-nip
and an extended soft-nip at various line
loads, speeds, and temperatures. The cal-

endering conditions are summarized in
Table I.
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Line Machine
Calendering Load, Speed, Temp.
mode kN/m m/min °C
Hard-nip
Soft-nip 70 210 500 1000 80 120
Extended soft-nip
I. Calendering conditions.
Extended
Hard-nip  Soft-nip soft-nip
Thickness 28.3 22.5 12.7
reduction, %
Gloss increase, % 100.2 70.4 53.0

Il. Influence of calendering techniques on thickness and
gloss.

Nip Machine
Load, Speed, Temp.
kN/m m/min °C
70 210 500 1000 80 120
Thickness 16.5 22.6 19.1 19.2 19.0 20.6
reduction, %
Gloss 30.9 101.2 65.8 61.9 56.5 83.9

increase, %

Ill. Influence of process parameters on thickness and gloss.

The extended nip used a rubber belt (Sh® A 87).The polymer
roll in the soft-nip had a hardness of Sh° D 91.1n all the trials the
paper passed the calender nip once.

CHARACTERIZATION METHODS

Paper properties were determined using standard methods and
internal STFI test methods. Paper gloss was measured using ISO
8254-1:1999. Paper thickness was measured using an STFI-
method described by Fellers et al. [10]. The tensile strength
index was determined in machine direction and averaged over
10 single measurements per sample.The topography was meas-
ured using OptiTopo, a photometric stereo imaging method [8].
Height maps (10 mm x 10 mm) and height distributions were
calculated, indicating both positive and negative deviations
from the average height.

The compression uniformity was characterized using the
LCSA method [9], which uses a high-resolution pressure-sensi-
tive film in a platen press and image analysis to calculate the
pressure distribution on the paper surface (Fig. 1).

In this method, a sample is compressed under a given force
between a smooth plate and a pressure-sensitive film which is
positioned on a glass plate.The area of interest is lit from below
with annular illumination. The force is increased and then held
constant for 30 seconds, and an image of the grey-level changes
on the pressure-sensitive film is collected with a CCD-camera.
Via a calibration function, the grey-level image is translated into
a pressure map, in which each pixel represents the local pres-
sure value on the sample.

The image size for this investigation was 12.6 mm x 9.5 mm
with a spatial resolution of 12.3 um. The average applied
pressure was 4 MPa.The water absorption was measured using
the Bristow wheel [11].
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We printed a selection of samples with Sun Chemical black
newsprint offset printing ink using a Pruefbau laboratory print-
ing press (Peissenberg, Germany), at a machine speed of 1 m/s
and a force of 800 N.The printed samples were left to dry for 24
hours at 23°C and 50% relative humidity. The print density was
thereafter determined using a color densitometer. This device
measures color density as the logarithm to the base 10 of the
ratio of the reflectivity of the paper to the reflectance factor of
the printed surface of the paper.The print mottle was measured
on printed sheets with a color density of 1.3. We evaluated an
area of 6 x (21.7 x 21.7 mm?) per sample.The printed samples
were scanned in a flat bed scanner and the coefficient of varia-
tion in reflectance on the printed sheets was measured in sev-
eral wavelength bands.

RESULTS
Influence on thickness and gloss
Paper calendered in a hard-nip was compressed most and devel-
oped the highest gloss, whereas the extended soft-nip calen-
dered paper was compressed least and gave the lowest gloss
(Table II).

With respect to process parameters (Table III), the thickness
was reduced most with increasing nip load, and the gloss
increased with both increasing nip load and increasing temper-
ature. The machine speed (or dwell time) had no effect on
either thickness or gloss [see 12-14].

Tensile strength as affected by calendering
Figure 2 compares the tensile strength index for the uncalen-
dered and the calendered sheets at constant calendering
process parameters. The tensile strength was lowered most by
hard-nip calendering, in which the paper was exposed to the
highest compressive forces. Both soft and extended soft-nip cal-
endering decreased the tensile strength comparatively less.

Influence on water absorption, ink absorption,

and print mottle
The compression-related absorption behavior was compared at
constant process parameters (as in Fig. 2). Figure 3 shows the
water absorption as measured with the Bristow wheel, where
the transferred water is plotted as a function of time. At short
absorption times, the water transfer to the uncalendered paper
was lower compared to that of the calendered papers. No sig-
nificant difference in water absorption could be detected
between the calendered papers.

Figure 4 shows a measure for the ink absorption, where the
ink amount required to produce a print density of 1.3 is plotted
as a function of calendering technique. Unlike the water absorp-
tion measurements, clear differences between the calendered
papers were observed. While the uncalendered paper required
the highest amount of ink to reach the target print density, all
calendered papers decreased the ink demand. The extended
soft-nip calendered paper required the comparatively highest
amount of ink, whereas the hard-nip calendered paper required
considerably less ink.This may be explained by the level of den-
sification. As could be seen in Table I, the thickness was
decreased most in the hard-nip and thus the sheet was densified
most. Leaving the dominant role of fiber swelling, as in the case
of water absorption aside, it seems logical that an oil-based ink
absorbs less easily into a denser paper, with presumably less
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1. Experimental set-up of the local
contact and stress analyzer.

pore volume than into a bulkier struc-
ture.

A measure for the print mottle is
given by the coefficient of variation in
reflectance, which is here presented as a
function of wavelength bands.The hard-
nip calendered sheet produced the high-
est print mottle and the extended soft-
nip the lowest (Fig. 5).

Influence on the surface
topography
Topographical data for the differently cal-
endered papers are presented in height
maps, in which grey-scale coding indi-
cates height variations in micrometers.

Figure 6 shows typical examples for
the uncalendered, hard-nip, soft-nip, and
extended soft-nip calendered paper.
Figure 7 gives the corresponding height
distribution curves.

The uncalendered paper had the least
uniform surface topography, followed by
the extended soft-nip and the soft-nip
calendered papers. The smoothest sur-
face was produced by hard-nip calender-
ing. On both the hard-nip and the soft-nip
calendered papers, flattened areas of the
size of flocs were detected.

A frequency analysis of the surface
topography (Fig. 8) indicated that all the
calendering techniques reduced the stan-
dard deviation in the 0.5 mm to 4.0 mm
wavelength bands. The reduction was
greatest for the hard-nip calendered
paper and least for the extended soft-nip
calendered paper. This is most likely
linked to the compression and associated
with the flattening of fiber flocs. Height
variations in other wavelength bands
were unaffected by the calendering.

Compression uniformity
‘We have used pressure maps to describe
the effects of calendering on the paper
surface. The different calendering tech-
niques yielded very dissimilar compres-
sion patterns, as shown in Fig. 8. In all
cases, fiber flocs carried the greater part
of the load. The structure of these load-
carrying flocs was, however, changed sig-
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2. Tensile strength index as a function
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4. Ink demand to reach a print density
of 1.3 as a function of calendering
technique. Process parameters in cal-
endering: nip load = 210 kN/m;
machine speed = 500 m/min; temper-
ature = 120°C.

nificantly, depending on the calendering
conditions.

In the pressure map for the uncalen-
dered paper (Fig. 92), a small-scale floc
structure (1-2 mm) can be seen. Pressure
peaks are spread out to numerous fibers
and fiber crossings.

On the hard-nip calendered paper
(Fig. 9b), the load was spread fairly uni-
formly over larger areas (here approxi-
mately 4-8 mm).These areas are presum-
ably fiber flocs which have been
deformed during calendering to such an
extent that they form a rather uniform
surface under compression.

On the soft-nip calendered paper (Fig.
90), the load was spread over larger areas
(flattened flocs), similar to those seen on
the hard-nip calendered paper. However,
on these flattened flocs, the load was
spread less uniformly and floc tops were
exposed to pressure peaks.

On the extended soft-nip calendered
paper (Fig. 9d), the greater part of the
surface was exposed to very low local
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3. Water absorption as measured
with the Bristow wheel, characterized
by the quantity of water transferred
to the paper sample as a function of
time. Process parameters in calender-
ing: nip load = 210 kN/m; machine
speed = 500 m/min; temperature =
120°C.
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5. Coefficient of variation in
reflectance as a function of wave-
length bands. Process parameters in
calendering: nip load = 210 kN/m;
machine speed = 500 m/min; temper-
ature = 120°C.

pressures, whereas floc tops experienced
exceedingly high local pressures. These
peaks could reach up to 40 MPa on the
conventional and extended soft-nip cal-
endered paper.The pressure distribution
on the hard-nip calendered paper
showed a much lower maximum pres-
sure (~ 25 MPa), due to the smoothening
by extensive compression during the cal-
endering. Figure 10 presents the data for
the pressure maps of Fig. 8 in a pressure
distribution graph.

Figure 11 shows the standard devia-
tion in pressure for different wavelength
bands. The extended soft-nip calendered
paper exhibited the highest overall stan-
dard deviation and the hard-nip calen-
dered paper the lowest. The peak in the
two lowest bands originated from load-
carrying fiber crossings that were
exposed to higher pressures than their
surroundings.
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7. Height distributions corresponding
to height maps in Fig. 2.

6. Height maps calculated from OptiTopo measurements on uncalendered and

calendered newsprint (50 g/m?). Process parameters in calendering: nip load =

210 kN/m; machine speed = 500 m/min; temperature = 120°C. Grey-scale bar in
micrometers. Image size = 10 mm x 10 mm. (a) Uncalendered; (b) Hard-nip cal-
endered; (c) Soft-nip calendered; (d) Extended soft-nip calendered.

We determined the influence of line
load, machine speed, and temperature on
compression uniformity. For all calender-
ing techniques, the compression unifor-
mity increased with both increasing nip
load and increasing machine speed
(shorter dwell time). Temperature had
only a minor effect on the uniformity of
the pressure distribution.

DISCUSSION

For this study, we measured thickness,
gloss, tensile strength, absorption, print
mottle, surface topography, and compres-
sion uniformity on calendered newsprint
papers. Trends are summarized for the
two extreme cases of hard and extended
soft-nip calendering, which were com-
pared at constant process parameters in
Table IV.The plus and minus signs are to
be interpreted as high and low values of
the respective measured property. Soft-
nip calendering produced results that
ranked between hard and extended soft-
nip calendering.

In summary, paper calendered in a
hard-nip was compressed most and it
developed the highest gloss (and the
highest gloss variations, visually
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assessed). In the height map (Fig. 6b),
large patches of flattened, smooth sur-
faces were seen. In the pressure map
(Fig. 9b), areas of the same order of mag-
nitude carried a very uniformly distrib-
uted load. These smooth, load-carrying
and glossy areas on the surface of the
hard-nip calendered paper represent flat-
tened flocs.

These findings are in agreement with
the theory that fiber flocs are exposed to
much higher compressive stresses than
valleys during hard-nip calendering.As a
consequence, flocs are compressed con-
siderably more, developing a smoother
surface, higher gloss, good ink hold out,
and a uniform thickness profile.
However, the greater the disparity
between flocs and valleys, the less uni-
form is the gloss and the ink absorption,
which can result in mottling. Another
drawback that is linked to a higher den-
sification level is the lowered tensile
strength, which can cause runnability
problems.

Thickness reduction and gloss
increase were slightly less in the soft-nip
calendered paper than in the hard-nip
calendered paper. However, smoothened
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8 Height standard deviation in wave-
length bands.

patches could still be seen in the height
map (Fig. 9¢). The pressure distribution
on the flattened flocs was more non-uni-
form than in the hard-nip calendered
paper. This indicates that the pressure
distribution during the soft-nip calender-
ing was more uniform than that in a hard-
nip, with the flocs being compressed less
and the thickness non-uniformity being
less affected.

On the extended soft-nip calendered
paper, the thickness reduction and gloss
increase were the least. The height map
showed no patches of smooth areas and
the pressure maps indicated that the load
was spread very uniformly over the
paper surface, creating peaks only on
floc tops.The lower densification level in
this calendering technique led to a com-
paratively lower ink hold out, but less
print mottle. The latter may be explained
by the fact that flocs and valleys were
exposed to approximately the same com-
pressive stresses in the nip. Differences
between compressed flocs and uncom-
pressed valleys, as seen in both the con-
ventional calendering techniques, are
nearly non-existent, as the polymer belt
in the extended soft-nip followed the
contour of the paper to a much higher
extent.
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9. Pressure maps of newsprint (50 g/m?) calendered with different calendering
techniques. Process parameters in calendering: nip load = 210 kN/m,; machine
speed = 500 m/min; temperature = 120°C. Images taken with LCSA after calen-
dering. Mean applied pressure = 4 MPa; grey-scale bar in MPa. Image size =
12.6 mm x 9.5 mm. (a) Uncalendered; (b) Hard-nip calendered; (c) Soft-nip cal-
endered; (d) Extended soft-nip calendered.

Figure 12 summarizes the main find-
ings graphically.

CONCLUSION

Hard-nip calendering is the technique of
choice when the demands on smooth-
ness and thickness uniformity are high,
such as in rotogravure printing. It also
produces a high ink hold out, which is of
interest in offset printing. Drawbacks
include the lower tensile strength and
possible runnability problems. In addi-
tion, the risk of mottling due to differen-
tial compression of flocs and valleys is
heightened. Extended soft-nip calender-
ing, which represents the other extreme,
produces a rougher surface, which is less
suitable for rotogravure printing. The
gloss and print mottle are, however,
much lower, which are beneficial for off-
set and flexographic printing.The bulk of
the paper and the tensile strength are
preserved, whereas gloss and ink hold
out are comparatively lower. The way of
compromise leads to soft-nip calender-
ing, which gives results that rank
between the two extremes of hard-nip
and extended soft-nip calendering. TJ
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Comparisons of different calendering techniques on
newsprint are rather rare. This research compares and
shows the effect of the calendering treatment on the
paper using a combination of unique and conventional
test methods.

The development of the Local Contact and Stress
Analyzer, including the development of a high-resolu-
tion pressure-sensitive film, took its time but has now
become a promising and interesting research tool.
Compression uniformity is the topic of my PhD project,
in which a new method for the local contact characteri-
zation was developed.

During the course of the research, the compression
uniformity measurements on the differently calendered
sheets were most interesting to me. To see how the
pressure distributes locally on the calendered sheets
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broadened my understanding of how the calendering
treatment affects the paper structure.
This paper may be helpful to paper-
makers or mill managers choosing
which calendering technique to
employ when considering newsprint
production. As a next step, we will
continue looking into compression
uniformity and will try to link structur-
al paper properties and their behavior
under compression to print quality.
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