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PEER REVIEWED

T HE PROPERTIES OF PULP FIBERS

have a drastic effect on
paper properties. Chemical
pulp fiber properties are

largely controlled by the inherent
properties of wood fibers, and such
effects on paper properties have
been studied extensively (1–7).
However, the value of different kinds
of papermaking pulps can be evalu-
ated only from the point of view of
the specific demands of a particular
paper grade. Further, experiments
with pulp handsheets may yield
biased results, since many paper
properties result from the interac-
tion of different kinds of pulps in the
furnish, as well as being affected by
papermaking treatments like web
forming, coating, and calendering.

In this paper,we first define three
critical properties for mechanical
printing-paper grades:opacity,smooth-
ness, and runnability.We then discuss
the effects of reinforcement pulp
properties on these, concentrating
on the runnability of a web of rela-
tively high solids content, assuming
that the most critical stages with
modern paper machinery are coating
or slitting on the one hand and press-
room runnability on the other hand.
We support our arguments with
experiments in which the kraft pulps
are blended with pressure ground-
wood and the sheets are subjected to
calendering. Finally, conclusions on
the functionality of different kinds of
chemical softwood pulps in reinforc-
ing different grades of mechanical

printing paper are offered.

THE OPACITY OF PAPER
Since the opacity of paper can be
expressed as an almost linear func-
tion of the product of its light-scat-
tering coefficient and grammage, this
coefficient, despite its deficiencies
(8–10), can be interpreted as the
material property determining opac-
ity. In this paper, we are less inter-
ested in components of paper bright-
ness other than the light-scattering
power, since light-absorption proper-
ties can be manipulated by changing
pulp bleaching treatments,which are
beyond the scope of this study.

Light scatters from optical sur-
faces, thus the light-scattering power
of paper depends on the number of
optical surfaces in the paper. This in
turn means that the fiber morphol-
ogy contributes to the light-scatter-
ing power. The surface area of any
fiber being proportional to the prod-
uct of fiber perimeter and fiber
length, and the mass of any fiber
being the product of fiber length and
coarseness, the surface area per mass
unit is proportional to the ratio of
perimeter and coarseness.With con-
stant cell-wall density (11–13), this
can further be interpreted as cell-
wall thickness. Since only the
unbonded fiber surface scatters light
effectively, the light-scattering power
of paper should be proportional to

r/C (1–RBA) (1)

where r is fiber perimeter, C is
coarseness, and RBA is the relative
bonded area. Only the outer fiber
surface was considered in deriving
Eq. 1. Light also scatters in fiber
lumens, so a different degree of
lumen collapse should cause varia-
tion from the proposed fiber prop-
erty dependency. However, the
inverse effect of fiber coarseness on
the light-scattering power of paper
handsheets has indeed been experi-
mentally demonstrated (1, 4, 6, 14).

Another issue is whether the
light-scattering power of softwood
kraft reinforcement pulp essentially
contributes to the light-scattering
power of paper containing a major
proportion of a highly refined
mechanical pulp. As such, Eq. 1
should be applicable to any kinds of
particles, and the light-scattering
power of the paper might be pro-
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duced by integrating it across the dis-
tribution of particle properties.How-
ever, in softwood kraft pulp consist-
ing of large fibers (on the scale of the
mechanical pulp particles), the spe-
cific surface and thus light-scattering
contribution should presumably be
low. Further, when the cavities
between the large fibers are filled by
the fine particles of the mechanical
pulp, the free optical surface of the
reinforcement fibers may change

drastically. Thus optical properties
measured from kraft handsheets may
yield biased results, and differences
observed in such experiments may
well level off in mixtures with
mechanical pulps.

However, Fig. 1 shows that,
although the fiber coarseness varies
considerably between four softwood
kraft pulps, the light-scattering
power of kraft handsheets is not
very different.This may be due to dif-

ferent lumen collapse or different
external fibrillation. Including 60%
or 80% pressure groundwood (44
mL CSF) in the furnish makes even
the rest of these differences vanish—
the mechanical pulp heavily domi-
nates the light-scattering power. Also
the effect of beating the kraft pulp is
small.

We find from Fig. 1 that heavy
hard-nip calendering somewhat
decreases the light-scattering power
of the paper,but this effect is not dra-
matic. It is obvious that particles are
pressed closer to each other in cal-
endering, but new optical surfaces
are created by bond failure and pos-
sibly particle splitting (15–18). The
more conformable the particles are,
the more easily they form new opti-
cal contacts; thus the moisture con-
tent of paper affects the decrement
of light-scattering power during cal-
endering fundamentally, in addition
to temperature and pressure (19,
20).

THE SMOOTHNESS OF THE 
PRINTING SURFACE

Depending on the printing process,
a very smooth paper surface may be
required. Typically, stiff fibers with
thick cell walls tend to form a rough
surface (3–5, 18). Recent simula-
tions show that the roughness of a
handsheet should depend exponen-
tially on the flexural rigidity of the
fibers (21). Even a rough surface can
be smoothened by heavy calender-
ing, but such treatment degrades
other important properties (4, 18).

However, the roughness volume
between coarse fibers can be
decreased by including fine particles
in the furnish (4, 18). With the small
particles filling the cavities between
coarse fibers, differences in smooth-
ness between different kinds of fiber
networks could be expected to level
out. This effect should be most pro-
nounced if the proportion of small
particles within the furnish at least
reaches the “limiting state” proposed
by Brecht and Klemm (22).

Figure 2 shows that in this case,
the differences between the smooth-
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ness of pure kraft handsheets are not
very great. The coarsest pulp yields
somewhat rougher sheets; this result
was reconfirmed by another method
of measurement (Bendtsen rough-
ness, results not reported here). At a
specified coarseness, spruce fibers
appear to be somewhat more con-
formable than pine and thus form
smoother and denser sheets. This
finding is consistent with previous
observations (6, 23).

We also find from Fig. 2 that most
of the roughness decreases when a
major proportion of mechanical pulp
is added. Differences induced by dif-
ferent reinforcement pulps then dis-
appear with calendering. Papers con-
taining a greater proportion of soft-
wood kraft are somewhat rougher
still.

When moistened, calendered
paper tends to regain its original sur-
face shape at least to some degree
(24–27, 18). This shape recovery is
most pronounced with mechanical
fibers (25–28). Since moisture is
introduced into the surface of the
paper in coating and printing
processes, these stages also induce
roughening of the paper surface.
Thus attention should be paid not
only to the roughness of the paper
after calendering, but also to the fact
that the roughness of the uncalen-
dered paper may contribute to the
quality of the final product.

THE RUNNABILITY OF PAPER
Traditionally, the endurance of paper
has been characterized by tensile

and tear tests. The tensile strength
(or the critical normal stress in the
tensile loading mode) is indeed a
clearly defined material property
contributing to the runnability of
paper. However, the mean value of
tensile strength is hardly very infor-
mative; rather, the frequency of weak
spots contributes to runnability. This
is illustrated in Fig. 3. Local failure
occurs if the local load exceeds local
strength. It is obvious that the local
strain and stress vary; some tensile
failure criteria have been proposed
with only moderate success (29, 30).

Since web breaks are rare events,
it is difficult to find connections
between paper properties and break
frequency: Not only the material
properties of paper, but also gram-
mage, moisture content, and the
manner of machine operation
change with time. However, in some
cases, a correlation has been found
between break frequency and the
fracture toughness of paper (31).

Griffith’s seminal paper (32) pro-
poses that the necessary condition
for continuing crack propagation in
an elastic body under load is that
when the crack grows, the release
rate G of elastic energy exceeds the
rate γ, at which energy is needed to
create new molecular surfaces, or

G ≥ 2 γ (2)

Here γ is the property describing
the material’s ability to carry flaws,
its toughness. Toughness experi-
ments are ideally designed to extract
the critical value of G that fulfills Eq.
2.This value is the measured fracture
toughness. However, if one simply
measures G in some experimental
setup, the result may be completely
different from fracture toughness,
because the rate of energy dissipa-
tion may actually be much greater
than the minimum needed for crack
propagation, as is the case in tear
tests. One measures the total tearing
work without any guarantee that all
the work done is really needed for
crack propagation.

Ideally, the toughness and the
macroscopic load determine the crit-
ical size of a flaw that the web can
tolerate. Further, variation of the
strength within the web determines
the probability density function of
the appearance of weak spots of dif-
ferent dimensions. Unfortunately, as
far as we know, a fracture criterion
that would account for both of these
effects has not been established.
Thus the best we can do at the
moment is to characterize the
runnability of a paper web by means
of the toughness of the paper.
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THE EFFECT OF FIBER PROPERTIES
ON THE TOUGHNESS OF PAPER

A micromechanical theory on the
effect of fiber properties and fiber
bonding on the toughness of paper,
which shows that the toughness
should depend linearly on fiber
length as long as fiber breakage is
not very extensive, was recently
introduced (33). The toughness
should also depend linearly on the
breaking energy of individual fibers
as long as the fibers are not very
strong. The toughness should first
increase, reach a maximum,and then
decrease with increased interfiber
bonding. These predictions agree

with most experimental observa-
tions (32–37).

The fracture toughness of 75 lab-
oratory softwood kraft papers, ana-
lyzed with a J-integral method,
which makes use of the work done
at the Swedish Pulp and Paper
Research Institute (38), is shown in
Fig. 4 (33). We find that the tough-
ness of heavily beaten fibers appears
to be a linear function of fiber
length. In this experimental material,
fiber length and coarseness are heav-
ily correlated. When the fracture
resistance is normalized according
to the number of fibers, the lightly
beaten papers also show a linear

fiber length dependence (33).
The fracture toughness of lightly

calendered paper, where pressure
groundwood has been reinforced
with four different reinforcement
pulps, is shown in Fig. 5. With rein-
forcement pulps made from the
same chip samples as the pulps of
Fig. 4, the toughness as a function of
fiber length shows the same slope as
the well-beaten fibers of Fig. 4. This
is reasonable, since fracture resis-
tance averages out over fiber proper-
ties,unlike tensile strength, for exam-
ple.

We find such an agreement
between Figs. 4 and 5 only in the
case where the proportion of rein-
forcement pulp in the paper blend is
relatively high (40%). Twenty per-
cent of chemical pulp clearly rein-
forces the web, but the effects of dif-
ferent reinforcement pulps do not
appear to differ.The authors find this
somewhat surprising, since it indi-
cates that the toughness of paper
might be a nonlinear function of the
proportion of the reinforcement
pulp.

However, Fig. 6 shows that the
toughness of paper really is a linear
function of the proportion of the
reinforcement pulp, so no evidence
of percolation transition is found
(39–41). It is obvious that, with long
reinforcement fibers from old-
growth forests, a specified toughness
can be reached with about 20% less
chemical pulp than in the case of
fibers from younger trees. It is prob-
able that the difficulty of distinguish-
ing the reinforcing effects in Fig. 5
was due to random experimental
variation.

THE EFFECTS OF PAPERMAKING
TREATMENTS ON TOUGHNESS

As mentioned previously, theory
(33) suggests that the toughness
should first increase, reach a maxi-
mum, and then decrease with
increased interfiber bonding. These
predictions agree with most beating
experiments (34, 35, 37). However,
we find from Fig. 4 that beating only
increased the toughness of kraft
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handsheets, and from Fig. 5 that the
effect of the amount of beating of the
reinforcement pulp on the tough-
ness of paper is negligible, except in
the case of the longest and coarsest
fibers, where beating increases
toughness. The authors are uncertain
whether this is the ideal result or
whether it depends on the method
used to measure toughness.

With calendering, bond failure
and particle splitting occur, but new
contacts between particles may also
be created. Thus Young’s modulus
and the tensile strength of paper
often decrease but may remain
almost unaffected or even increase
(15–17, 42–48). Since bonds and
fibers get damaged, we can expect
the toughness of paper to decrease,
at least in heavy hard-nip calender-
ing. This is seen by comparing Fig. 5
and Fig. 7: Heavy calendering con-
siderably decreases the toughness. It
is somewhat remarkable that differ-
ences in the toughness of paper rein-
forced with different chemical pulps
vanish with heavy calendering (Figs.
5 and 7). Fiber crushing may mean
that the original length of the fibers
no longer contributes to the
endurance of the paper.

Increased moisture content of
paper decreases strength but
increases ductility (49–57). Thus
tensile strength decreases with
increased moisture, but tensile
energy absorption, tear strength, and
obviously toughness and runnability
show a maximum as a function of
moisture, probably at moisture con-
tents of 15–20% (31, 48–52, 54, 58).
Moisture content was not changed in
this study, with all the samples being
conditioned to 8–9% moisture con-
tent at 23°C and 50% relative hu-
midity.

THE COMBINATIONS OF PAPER
PROPERTIES ACHIEVABLE WITH

DIFFERENT KINDS OF 
REINFORCEMENT PULPS

Because chemical softwood rein-
forcement pulp is often the most
expensive furnish component, it is
economically advantageous to reach

a specified runnability with a small
proportion of reinforcement pulp.
We find from Fig. 6 that a specified
toughness can be reached with
about 20% smaller mass proportion
of long softwood kraft fibers,
although these fibers are also
coarser.

The smaller the proportion of
reinforcement pulp, the higher the
light-scattering power of the paper.
Thus, at a specified toughness,
papers reinforced with long fibers
from old-growth forests do have a
greater light-scattering power,
despite the greater coarseness of the
reinforcement fibers themselves

(Fig. 8).
In Fig. 9, the roughness of the

paper is shown both after light and
heavy calendering. Although surface
roughening due to increased mois-
ture content in coating or printing is
most pronounced with mechanical
fibers (25–28), this phenomenon
makes the smoothness of uncalen-
dered (or lightly calendered) paper
important.

We find from Fig. 9 that increas-
ing toughness by increasing the pro-
portion of kraft pulp makes the sur-
face somewhat rougher, but differ-
ences in the toughness–smoothness
relationship between different rein-
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forcement pulps are small. As was
found already in Fig. 2, calendering
considerably smooths the surface,
but there is also a drawback in the
toughness.

CONCLUSIONS AND DISCUSSION
The toughness of paper appears to
be a linear function of fiber length.
Long fibers from old-growth trees
provide great toughness, despite
their higher coarseness. This allows
20% less reinforcement pulp in the
printing paper furnish, which in turn
has positive effects on the opacity
and the cost of the furnish.

The toughness of paper appears
to be a linear function of the propor-
tion of reinforcement pulp, thus no

effect of percolation transition is
found.

Differences between the rein-
forcement pulps appear to vanish
with heavy hard-nip calendering,and
thus the “best” pulps should perhaps
be used in products where the
process stages that are critical for
runnability take place before calen-
dering. This phenomenon is natu-
rally affected by calendering equip-
ment and conditions.

The reinforcement pulps used in
this study were produced by mixing
chips from sources introduced in an
earlier study (23), resulting in
2.0–2.7-mm fiber length and
0.22–0.29-mg/m coarseness, ex-
pressed as length-weighted mean val-
ues for each pulp. These pulps can
be assumed to be representative of
those achievable by wood raw mate-
rial classification in southern Fin-
land.

There is no proof that the
method used to measure the tough-
ness of paper is ideal. For example,
most observations and theoretical
arguments indicate that the tough-
ness should reach a maximum as a
function of beating, but this method
is not very sensitive to it. Further, it is
not clear whether the toughness in

itself is adequate in characterizing
runnability. A parameter defining
flaw size distribution or the variation
of strength within the web might
also be needed to establish a com-
prehensive fracture criterion for
paper.

EXPERIMENTAL
Four softwood reinforcement pulps
were produced by laboratory kraft
cooking of Picea abies and Pinus sil-
vestris of different cambium age.
Chip samples representative of the
populations of young and old spruce
and pine were created by mixing
chips from sources introduced in an
earlier study (23). The pulps were
bleached with a chlorine dioxide-
based sequence and beaten in a PFI
mill with 35 g of pulp in each load.
There were no major differences in
the zero-span tensile indices of well-
bonded kraft handsheets. Pressure
groundwood-containing handsheets
of 50 g/m2 were produced with
whitewater circulation, the ground-
wood having a freeness of 44 mL CSF.

Conditioned sheets were calen-
dered in an 18-cm-diam. hard-nip lab-
oratory calender roll at 23°C with a
feeding speed of 10 m/min. Two nips
and two alternative nip line pres-
sures were used, 30 and 100 kN/m.
Standard laboratory methods were
used to evaluate sheet properties,
but the toughness was evaluated
with Lorentzen-Wettre’s device,
which makes use of the J-integral
approach developed in the Swedish
Pulp and Paper Research Institute
(38).TJ
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