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External fibrillation of wood pulp
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ABSTRACT: Pulp refining produces external fibrillation consisting of fibrils tethered to fiber surfaces, in addition
to loose fibrils and fines. Both contribute to a larger bonding area that increases paper strength, but tethered fibrils
have less likelihood of being washed out during papermaking. This study postulates the mechanism by which refin-
ing produces external fibrillation and the optimum conditions for doing so.

The postulated mechanism is surface abrasion during sliding of fibers in refiner gaps. External fibrillation occurs
when forces are great enough to partially dislodge fibrils from fiber surfaces, but not large enough to break the
fibrils. The refining intensities to achieve these forces were determined by a mathematical model and experiments
using a laboratory disc refiner. The optimum intensities in terms of specific edge load (SEL) for chemical pulps were

about 0.1 J/m for hardwoods and 1.0 J/m for softwoods

An extension of this study suggested that abrasion may also account for most of the energy consumed in the

mechanical pulping process.

Application: This paper provides guidelines to maximize the external fibrillation of fibers in low consistency

refining.

ulp is refined prior to papermaking to increase
Ppaper strength. The increase is caused by the larger
bonded area between fibers created by fiber flexi-
bilization, fines, and external fibrillation. The latter is vis-
ible under a microscope and has long been thought to be
a key outcome of refining. Campbell [1] was the first to
postulate a mechanism for its role. In the last stages of dry-
ing, surface tension from menisci draws fibers together. The
force depends on the length of the menisci at interfaces,
and therefore a large number of fibrils creates a substantial
attractive force between fibers, thereby enhancing bonding.
The importance of external fibrillation has been ques-
tioned by some. In a study of internal fibrillation produced
by rolling compression and external fibrillation by abrasion
produced by shear flow in a narrow channel, Hartman [2]
found that external fibrillation did not significantly add to
paper strength. However, Kang and Paulapuro [3] found
that external fibrillation, produced by abrasion in a grinder,
added about 20% to the tensile strength. The reasons for
these differences are unclear, but the dominant view has
been and remains that external fibrillation is important.
Indeed, Page [4] suggested that enhanced external fibrilla-
tion might produce considerable economic benefit because,
unlike adding loose fibrils and fines to increase surface
area, surface fibrils are attached to the fibers and do not
wash out during forming. This concept was illustrated by
comparing hardwoods having tethered microfibrillated cel-
lulose (MFC) produced by refining with hardwoods pulps
mixed with MFC. The tethered hardwoods had equivalent
strength properties, but significantly better drainage and
formation (uniformity) properties [5].
Surface fibrillation may also play a role in some novel
applications of pulp. For example, air filters require high
surface area to capture particles, along with high porosity

to minimize pressure loss. Surface fibrillation can provide
high surface area while fibers act as a backbone of the net-
work to provide a filter of high porosity and low-pressure
loss. Based on this principle, pulp pads meeting the exact-
ing demands of N95 filters for virus capture were produced
from freeze-dried, fibrillated wood pulp [6,7].

Although surface fibrillation has been observed for
many years, the mechanism by which it is created has not
been studied. The objective of this study is to identify key
factors governing production of external fibrillation and
determine optimum conditions for doing so.

ANALYSIS

Bar crossings in refiners impose forces that strain fibers
and thereby weaken their fibrillar structure. This process
consumes energy, and therefore specific refining energy is
commonly used to quantify the extent of fibrillation. For
external fibrillation, forces must be large enough to detach
a portion of a fibril from a surface but not so large as to
break them off entirely. This constraint is analogous to the
constraint on bar force to avoid rupture of whole fibers [8].

Surface fibrillation is an abrasion process that removes
material by sliding under pressure. This “wear” is com-
monly modeled by the Holm-Archard equation, which re-
lates volume of material removed to the energy expended
in sliding [9]:

Volume of Wear =

k X EnergyExpended (1)
Hardness

Constant k is a wear coefficient defined as the “probabil-
ity of forming a substantial wear particle” [9]. Since refining
imposes abrasion by a succession of impacts on pulp, we
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assume that & is proportional to the intensity of each impact
relative to a critical intensity. The resulting constant may be
combined with material hardness into an abrasion coeffi-
cient linking total fibril area produced to energy expended.
Based on this picture, an equation for total fibrillation has
been derived in Appendix A and shown below:
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where A, is the total area of fibrils, 4, is the area of unfi-
brillated fiber, w is fiber coarseness, D is fiber diameter, E
is specific energy, I is intensity, E, is fiber abrasion energy,
and I is critical intensity.

A fraction of the total fibrils A, remains partially attached
to fibers as external fibrillation A;. This fraction is governed
by a function dependent on intensity, as described in Ap-
pendix A. The resulting fibrillation equation is:
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Function ¢ combines all the intensity terms:
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Alternatively, fibrillation can be expressed in terms of
number of impacts where N = E/I (Appendix A):
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where:

1. (6)

This approach is advantageous when making comparisons
at constant throughput rather than constant energy, for ex-
ample, when changing power in an operating refiner.

OPTIMUM INTENSITY
At constant energy, total fibrillation increases with increas-
ing intensity (Eq. 2) whereas external fibrillation reaches a
maximum (Eq. 3). As shown in Fig. 1, the optimum occurs
when intensity equals the critical value, I =1, and has the
magnitude given by Eq. 7:
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The physical explanation for the optimum is that increas-
ing force loosens more fibrils from fiber surfaces, but above
a threshold level, it also breaks them off fibers. This same
phenomenon occurs for constant N (Eq. 5), but the maxi-
mum occurs at I = 21, because in this case, increasing in-
tensity also increases energy E.

The two key parameters from this analysis, E, and I,
must be determined experimentally.

EXPERIMENTAL PROGRAM
Experiments were carried out on an LR40 laboratory re-
finer (FRANK-PTT; Birkenau, Germany) at 4% consistency.
The apparatus is a self-contained closed system having a
7-in. single disc refiner, tank, and pump. Various levels of
energy are supplied to pulp by the number of cycles cir-
culated through the refiner. Two sets of disc plates were
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1. At constant energy, total fibrillation (A./A,) increases with increasing intensity, whereas external fibrillation (Ag /A,) reaches a

maximum.
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Le;g;h+, Diameter, Coa;;t/e:]ess, Enerlg}/r(l;nge, Plate Code*
Birch 0.94 22.2 72.7 432 0.1,0.2 2.7,5.3 1.3/2.3-3.6-40
Aspen 0.85 23.1 70.7 432 0.1,0.2 34,70 "
NBSK 214 28.8 145.4 864 0.3,0.5,0.75, 1.0,1.2 | 1.6, 2.7, 4.1,5.5, 6.6 | 1.7/4.0-1.45-60
Radiata 2.24 31.8 178.4 864 0.5, 1.0 2.5,5.0 "

+ length-weighted average

* bar width/groove width-bar edge length-cutting angle; initial groove depth 5mm
SEL = specific edge load; | = intensity; NBSK = northern bleached softwood kraft pulp

I. Experimental conditions.

employed, one for hardwood and the other for softwood.
Plate specifications are shown in Table I. After determin-
ing no-load-power, the refiner was set to a target specific
edge load (SEL), which was automatically maintained
through the test.

Pulp samples were taken periodically from the refiner
loop and tested in an L&W Fiber Tester Plus (FT+, Lorent-
zen & Wettre; Stockholm, Sweden). An image of a fiber
from the instrument is shown in Fig. 2. This instrument
optically measures key fiber properties such as length,
coarseness, fines, and of most interest to this study, sur-
face fibrillation. The latter is measured for fibers greater
than 0.2 mm in length. By means of image analysis, the
software identifies the perimeter and area of the fiber, as
well as that of the fiber plus fibrils. External fibrillation is
expressed as the percentage of either fibril perimeter or
area divided by the area of the fibril. Because the pixel
size of this instrument is 7 pm, the measurements are of
fibril bundles rather than individual fibrils.

Two hardwood and two softwood kraft pulps were test-
ed under conditions shown in Table 1.

RESULTS AND DISCUSSION

Because Eq. 3 and Eq. 5 are expressed in terms of fibril area,
we used the area measurement for the degree of fibrillation.
However, from our measurements, fibril perimeter is pro-
portional to fibril area. The L&W Fiber Tester Plus (FT+)
reports the degree of fibrillation (area) for fiber lengths in
increments of 10 pm. The shorter fibers exhibit a higher
degree of fibrillation, which is similar to the finding for HC
refining of mechanical pulp [10], probably because these
fibers were exposed to a greater number of higher intensity
impacts. In this study, we used fibril area weighted to fiber
length to determine the average area of the sample.

Fibrillation dependence on energy
Figures 3 and 4 show the external fibrillation, A, /A, for
the four pulps plotted against E for different levels of inten-
sity, I In all cases, Ag /A, increased linearly with energy.
Increasing intensity produced decreasing surface area for
hardwoods and increasing area for the softwoods.

2. Image of a pulp fiber showing external fibrillation.
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3. The fibril area of (a) birch pulp and (b) aspen pulp increased with energy. Increasing the intensity, shown in units of kJ/kg,
reduced the slope of the fibril area/energy relationship. Lines are fits to Eq. 4, giving the coefficients in Table II.

Dependence on number of impacts
Figures 5 and 6 show A4, /A, plotted against number of
impacts, N, for differing levels of intensity, I. Here, too, area
increased linearly with V. However, in contrast to the case
for E, at a given N, area increased with 7 in all cases.

The experimental data was fitted to Eq. 5 by a nonlinear,
least-squares fitting technique. Values of E, and I, obtained
from the fits are shown in Table II.

As shown in Table II, values of E, and I for softwoods
are about two to three times larger than those of hard-
woods. This suggests that softwoods require more energy

to fibrillate than hardwoods. This accords with a some-
what similar finding in production of MFC by disc refining
in which softwood pulp required about 2 times the energy
of hardwood for similar quality MFC [11].

Dependence of ¢ and 1 on intensity
The effect of intensity on A is specified by the function ¢
for fixed E (Eq. 4) and by the function v for fixed N (Eq. 6).
The data and functions are plotted in Figs. 7 and 8.

The fits in Fig. 7 for constant energy show that for all hard-
woods tested, A, /A, decreased with increasing intensity. In
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4. The fibril area of (a,b) northern bleached softwood kraft (NBSK) and (c) radiata pulps increased with energy. Increasing the
intensity, shown in units of kJ/kg, increased the slope of the fibril area/energy relationship.
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5. Fibril area of birch and aspen pulps increased with number of impacts (N) and intensity (1) shown on the graph in units of kJ/kg.

Lines are fits to Eq. 5, giving the coefficients in Table II.

NBSK

400

a)

Radiata
0.08
007
0.06
5.0
o 0.05 A
<
S oo 25
< 003
0.02
001
0.00
0 50 100 150 200 250 300 350 400
N
b)

6. Fibril area of NBSK and radiata pulps increased with number of impacts (N) and intensity (1) shown on the graph in units of

kJ/kg. Lines are fits to Eq. 5, giving the coefficients in Table II.
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7. Plot of § (Eq. 6) versus intensity (1) divided by the critical
intensity (1_): @ birch, A aspen, ® NBSK, and ¢ radiata.

contrast, for softwoods, all data lie in the range 7 /I.< 1, mean-
ing that Ag /A, increases with increasing intensity. Unfortu-
nately, in no case did one pulp pass through the maximum,
which is a limitation of these tests.

Critical intensity
We postulate that critical intensity I, reflects the strength
of fibrils and therefore the possibility of being detached

8. Plot of O (Eq. 7) vs. intensity (1) divided by the critical
intensity (1,): @ birch, 4 aspen, ® NBSK, and ¢ radiata.

from fibers, as illustrated in Fig. 9.

The average values of I in Table II are 3.2 kJ/kg for hard-
wood and 5.8 kJ/kg for softwood. As stated earlier, a similar
finding of lower energy for hardwood in MFC production by
refining was observed [11], suggesting hardwood is a weaker
pulp. This was confirmed by Jajcinovic et al. [12], who found
breaking load of spruce/pine to be 6 times that of eucalyptus.
When converted to breaking stress, from estimated cross sec-
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9. Fibrils are partially detached from fibers at intensities below
the critical intensity and are fully detached at intensities above
the critical intensity.

tion areas, the softwood is about three times stronger, and
when squared to obtain I, the difference is 9 times. This is
larger than our measured difference, but there are many rea-
sons for this, not least being the extraordinary difficulty of
measuring surface fibrillation on moving fibers less than 1
mm in length. Nevertheless, our findings suggest that the
hardwood pulp is easier to fibrillate.

We may estimate a theoretical value of I from cellu-
lose properties reported in the literature, as shown in
Appendix B. Unfortunately, individual values for the soft-
wood and hardwood could not be found. Accordingly, an
average value of the elastic modulus and rupture strength of
all pulps tested were employed to obtain a theoretical value
of I = 13.6 kJ/kg. This is within an order of magnitude of
the average value of I, measured in this study, 4.5 kJ/kg.

An indirect comparison to critical intensity can be made
from findings in pulp refining. Although optimal SELs for
tensile strength of hardwood and softwood differ by an
order of magnitude, both correspond to an intensity of
about I = 8 kJ/kg [13]. Optimal tensile strength is caused by
good fibrillation with little fiber shortening, conditions
analogous to those for critical intensity described previ-
ously. The value 8 kJ/kg is near the average in Table II.

In summary, the average values obtained for I, in this
study appear realistic. Based on this knowledge, the opti-
mum SEL for external fibrillation would be about 0.10 J/m
for hardwoods and about 1.1 J/m for softwoods.

Fiber abrasion energy
The average value of the fiber abrasion energy E, in Table II
is 2.3 x 10* J/m2. No values of this energy could be found
in the literature for comparison, nor could methods be

found to estimate it theoretically. However, an approximate
comparison can be made from mechanical pulping.

In mechanical pulping, wood is broken down (commi-
nuted) into fibers that are “developed” into paper-grade
pulp. About 30% of the wood ends up as fines/fibrils. Kano
et al. [14] and Neill and Beath [15] found that the comminu-
tion stage consumed no more than 20%-30% of energy.
The mechanism causing this is likely fracture mechanics.
However, given that the forces causing fracture are imposed
by moving bars, comminution is likely accompanied by
abrasion. For the fiber development stage, Karnis [16] found
that fiber flexibilization was produced by peeling off sur-
face material from fibers. The mechanism causing this re-
moval clearly seems to be abrasion.

These findings suggest that abrasion plays a major role
in energy consumption in mechanical pulping. We may test
this by determining E,, assuming the typical energy ot the
process (1500 kWh/metric ton) is consumed in producing
30% fibers/fibrils. As shown in Appendix C, this gives E, =
2 x 104 J/m2, a value of the same order as those in Table II.

This value of E, is vastly larger than previous energies
used to estimate “theoretical energy” of mechanical pulp-
ing. As discussed by Kerekes [17], earliest estimates were
based on surface energy of 0.65 J/m2, without considering
how new surface was produced. This accounted for only
0.012%-0.07% of the actual energy used [18]. Later esti-
mates were based on fracture mechanics to produce new
surface. These experiments in quasi-static wood cleavage
gave 100 J/m2 [19-21]. Using this approach, 10%-15% of the
energy in mechanical pulping could be accounted for. What
accounts for the rest? We postulate that abrasion accounts
for most of the energy. Abrasion, or wear, is caused by fric-
tion, which is an inherently inefficient process generating
much heat. Copious heat is a well-known outcome of me-
chanical pulping.

SUMMARY AND CONCLUSIONS
This study has derived mathematical models to predict exter-
nal fibrillation of pulp produced in refining. Predictions from
the models were compared to data obtained from an online
surface fibrillation measurement on a laboratory disc refiner.
Experimental findings confirmed predictions that sur-
face fibrillation increased linearly over the energy range

Pulp J’/:-:';Z kJI;i(g ke
Birch 1.14 x 104 2.7 0.99
Aspen 1.6 x 104 3.7 0.99
NBSK 2.8 x 104 6.0 0.98
Radiata 3.5 x 104 5.5 0.95
E, = fiber abrasion energy; /. = critical intensity; R? = coefficient of determination; NBSK = northern bleached softwood kraft.

II. Values of parameters obtained from curve-fitting.
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0-250 kWh/metric ton. In addition, the findings were con-
sistent with theoretical predictions of optimum intensities
for maximum fibrillation. The optimum intensities ex-
pressed as SELs were found to be about 0.10 J/m for hard-
woods and 1.1 J/m for softwoods. However, additional ex-
perimental data are required to fully confirm these findings.
A particular need is refining conditions in which single
pulps are refined over an intensity range passing through
the maximum.

In addition to providing insight on external fibrillation
of chemical pulp, this study has cast new light on the fiber
development stage of mechanical pulping. Considering this
stage to essentially be removal of material from fiber walls,
the estimated energy for mechanical pulping is close to that
found in practice. In contrast, previous theoretical estimates
of energy for mechanical pulping have been too small by
at least an order of magnitude. TJ
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APPENDIX A
Derivation of fibrillation equations
External fibrillation is modeled as an abrasion process
using the Holm-Archard equation for wear. This equation
relates volume of material removed to the energy expended
in sliding [9]:
k X EnergyExpended (A- 1)

Volume of Wear =
Hardness

Constant k is a “wear coefficient” defined as the “prob-
ability of forming a substantial wear particle.” We assume
that & is proportional to intensity I, defined as energy per
mass of pulp impacted at a bar crossing. This can be ex-
pressed in non-dimensional form normalized to a critical
intensity, I, giving k « i Constant & can be combined
with material density and hardness into constant &,, in an
equation that gives the mass of fibrils partially and com-
pletely detached from fiber surfaces, m,, as a function of
the energy expended per area of sliding, E:

1
my :kMI_ES
C

(A-2)

In this study, we are interested in fibril area rather than
fibril mass. These variables are linked through specific sur-
face area, SSA4; fibril diameter, d; and fibril density, p, = 1500
kg /m3 by:

1
d py

5S4 = (A-3)

For the purposes of this study, we combine &,, and SSA
into a fiber abrasion energy, E :

1k, S54

- (A-4)

4 T

Energy in refining is typically measured as energy per
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mass pulp, E, rather than energy per area. These are re-
lated by ;- ;; where D is fiber diameter and w is fiber
coarseness.

Combining the above gives the total fibril area, A, as a
fraction of the unfibrillated surface area, A4,

(A-5)

The fraction of A, that remains partially attached to fibers
(i.e., surface fibrillation, A,) is governed by a function ¢ de-
pendent on intensity. The form of the dependence can be
determined from the effect of incremental change in inten-
sity on incremental change in area of attached fibrils, A:

dA; = ~A;d()

C

(A-6)

Integrating Eq. A-6 and applying the boundary condition
that all the fibrils remain attached to fibers at very low in-
tensity (4; = A, when I = 0) gives:

(A-7)

Intensity 7 is the energy per mass expended on pulp
during a bar crossing. It may be calculated from the com-
monly-used intensity, specific edge load (SEL), which has
been shown to be the energy expended per bar crossing
per bar length [22]. Intensity I is determined by dividing
SEL by the estimated amount of pulp captured in a gap per
bar length, pClS, to give:

SEL

| = (A-8)
pC1S

where p = 1000 kg/m3 (approximate density of the low con-
sistency suspension); Cg = pulp consistency (fraction);
I = fiber length (m); and S = sliding distance (m). The deri-
vation of Eq. A-8 is fully described in [23]. In brief, / reflects
the probability of capture from a groove, and S is the dis-
tance on bar width over which force is applied. For tensile
strength increase., Kerekes and McDonald [13] found that
fiber length was the most appropriate approximation of §,
and therefore S = / was employed in this study.

Intensity I takes into account the mass upon which en-
ergy is expended. In short, it is specific energy per impact
(J/kg). When multiplied by the number of impacts on fi-
bers, N, the product gives the specific refining energy E:

E=NI (A-9)

where N is [13]:
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Q

(A-10)

Here, CEL is cutting edge length (bar edge length x ro-
tational speed); Q is the flow rate through the refiner; and
1 is fiber length.

Parameters N and I are independent of one another,
whereas the traditional parameters E and SEL both depend
on power. In addition, N reflects homogeneity of refining,
an important factor in refining. These concepts are com-
prehensively discussed in recent work by Kerekes and Mc-
Donald [23].

APPENDIX B
Estimate of critical intensity
We define the critical intensity as the energy expended per
mass to break a fibril in tension. Assuming linear strain, &,
to the rupture stress, o, for a fibril of length / and diameter
d, the energy to rupture a fibril is:

(B-1)

e; = O.S%dzo'ng

Dividing energy e by the mass of the fibril, %d “lpr
where py, is the density of the fibril, and substituting ¢ = o,/
E,,where E, is the tensile modulus, gives a theoretical rup-
ture intensity 1:

_ %%
2prE;

C

(B-2)

From the literature, tensile strength has a range o; =
1.3 — 3 GPa [24] and modulus E, = 88 — 110 GPa [25]. Using
pr = 1500 kg/m3 and average values oy = 2 GPa and
E, = 100 GPa gives an average critical intensity of I, =
13 kJ/kg.

APPENDIX C
Estimate of fiber abrasion energy from
mechanical pulping
The area of fines/fibrils removed from fiber surfaces is
given by Eq. A-5, which rearranged, gives fiber abrasion
energy, E ,:

C-1

Assuming that 30% of original fiber mass is reduced to
Ay and that all the energy of 1500 kWh/metric ton is con-
sumed in abrasion, and then using the values for other
variables shown in Table C-I, we obtain:

E, = 2.25x 104 J/m?



Ar | Total fibril area 1,200 m? *

Unfibrillated area

of the fiber 1,000 m2 +

Fiber diameter 30 x 106 m

Fiber coarseness | 1.5 x 107 kg/m

1,500 kWh/

6
Energy 5.4 x 108 J/kg metric ton

*Assuming 0.3 kg of fines/fibrils with SSA of 4000 m2/kg
(average of 2 - 6 x 103 m%kg (from [26]).

+ Assuming 1.0 kg of unrefined fiber with SSA of 1000 m?/kg [27].

C-I. Assumed values for calculation of E, for mechanical pulp.
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