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A new model for maximizing the
bending stiffness of a symmetric
three-ply paper or board

SHAHRAM NAVAEE-ARDEH ano MOUSA M. NAZHAD

ABSTRACT: Based on the theoretical bending stiffness model for a symmetrical three-ply structure, researchers
developed a model that could predict the maximum bending stiffness of a three-ply symmetric structure as a func-
tion of density and elastic modulus. The model was tested with experimental data either generated in the authors’

laboratory or reported in the literature. The model accurately predicted the maximum bending stiffness based on
the middle-layer share of basis weight. Model results indicate that it is possible to increase the middle-layer share
without loss of bending stiffness, leading to reduced costs and lower virgin fiber requirements.

Results show that the model is a useful and rapid tool for papermakers to predict the maximum bending stiffness of
either coated papers or three-ply boards for a given furnish. Furthermore, the model has potential to be developed
further to predict maximum bending stiffness for boards with more than three plies.

Application: A model has been developed to predict maximum bending stiffness of three-ply board as a func-
tion of a single parameter, the middle-layer share of basis weight. Model results indicate that it is possible to
increase the middle-layer share without loss of bending stiffness, leading to reduced costs and lower virgin fiber

requirements.

ending stiffness is a critical property of paper and

board. Printed matter of low bending stiffness has
poor appearance and is difficult to handle. Packaging
boards require higher bending stiffness for good runnabil-
ity and higher strength to resist bending [1]. Bending stiff-
ness depends on the macroscopic thickness of the paper
or board layers as well as the elastic modulus of the lay-
ered structure. The bending stiffness could be improved
through optimization of the elastic modulus of the layers,
the mid-ply bulk, or the basis weight distribution among
the layers; the two latter options could play a significant
role in optimizing the bending stiffness.

In practice, refining is used to modify elastic modulus, but
thickness is modified by using bulky raw materials. To com-
bine these two different strategies in paperboard, the authors
suggest a multi-ply structure. Chemical pulp, which has high-
er elasticity, is used for surface layers, but bulky mechanical
pulp is used for middle layers [2-4]. To optimize the contribu-
tion of these two parameters (i.e., elasticity and thickness),
numerical methods have been tried, but a widely accepted
theoretical method has yet to be found.

This work introduces a model to predict maximum bend-
ing stiffness in a symmetric three-ply board based on the mid-
dle-layer share of basis weight.

INTRODUCTION TO THE MIODEL
Definitions
The bending stiffness of paper or board is defined by a stan-
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dard expression for a uniform beam as follows [5]:

S, = [(E@2)2 )z (1)

where zis the thickness and E the elastic modulus. For the homo-
geneous contribution of each ply, integration of Eq. 1 yields:
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The bending stiffness of an entire sheet of paper or board
composed of N layers can be expressed in the following
form:

28, 3)

Model development
Combining Egs. 2 and 3 along with some readjustments yields
the following equation for the bending stiffness of a symmet-

ric three-ply paperboard [5]:
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where E,, E,, d and d, are the elastic modulus of the surface
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layer, elastic modulus am. BWh , Ea, p2 s;.'
of the middle layer, l
total board thickness,
and middle-layer thick- as. BW;, Eq, p1 E‘
ness, respectively. It is y
reported that basis
weight greater than 30
g/m? has a marginal impact on both elastic modulus and den-
sity [6-7]. Therefore, the middle-layer share of basis weight
(o) could be used as an indicator of middle-layer thickness.
The middle-layer share of basis weight, o, can be defined
as (Fig. 1):
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where BW, and BW,, are the total and middle-layer basis
weight of the paper or board, p, and p, are the densities of the
surface and middle layers, and d, and d, are the thicknesses
of the surface and middle layers. Substituting d=3d,=2d +d,
for d, and d, in Egs. 6 and 7 yields:
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By combining Egs. (4), (6), and (8), we can express the bend-
ing stiffness as a function of the middle-layer basis weight
share, o, in the following form:
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or

S,=f(a,) (10)

where f(@,,) is a polynomial function of «,,. f(q,) is maxi-
mum if:
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assuming that the middle-layer share is not zero. Solving Eq.
11 for o, yields:

) Y

BENDING STIFFNESS

12)

As Eq. 12 shows, the optimum middle-layer share depends
only on the pulp properties (i.e., the density and the elastic
modulus of the middle and surface layers), which are con-
stant for a given paper or board. Therefore, the middle-layer
share is the only variable which controls the maximum bend-
ing stiffness.

The second derivative of Eq. 10 gives the correct value of "
and shows that it is independent of basis weight. Bending stiff-
ness at the maximum should satisfy the relationship:
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Then the acceptable value of o,,,” would be:
P
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Substituting for a,,"in Eq. 10 then yields the maximum bend-
ing stiffness:

S, = f(et,,) (15)

Predictions of the model

Papermakers are producing three-ply paper with 58% mid-
dle-layer share, but the model shows that it is possible to ob-
tain the same bending stiffness with 75% middle-layer share.
Figure 2 shows that at 58% middle-layer share (indicated
by the circle), the bending stiffness is equal to 83.2 mN, but
the same bending stiffness could be achieved at a middle-
layer share of 75%. This is a valuable discovery because it of-
fers an outstanding economic breakthrough to the board
industry and also can contribute to reducing deforestation.
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2. Maximum bending stiffness vs. middle-layer basis weight
share.

Predictions of the model compared to the
numerical results

Case 1
Figure 3 illustrates the optimum share of middle and surface
layers. Its maximum, which is at 33% (otm* = 100% - 33% =
0.67), fits well with the prediction of the model ( am* =
0.66).

k; k;
P, =650 ("2) and  p, =400 (-3)
m’ m’

For a board with total basis weight of 180 g/m?, the numerical
method yields a middle-layer share of 73% (c,,= 0.73), which
matches well with the prediction of the model (o= 0.734).

Case 3
Elastic modulus and density were measured for a mixture of
hardwood and softwood at different refining levels and re-
ported in Table I [12]. The bending stiffness for a hard-
wood: softwood ratio of 80:20 at a refining level of 3000
revolutions per minute suggested a layer structure of
40+150+40 g/m?. The prediction of the model is almost the
same (35+160+35 g/m?).

Figure 4 shows the influence of middle-layer basis
weight share on the maximum bending stiffness of a sym-
metric three-ply board with 230 g/m? basis weight for two
different pulps used in the middle layer. An increase in the
middle-layer share reduces the maximum bending stiffness.

%SW/ Pulp 1000 | 3000 | 5000

HW property Rev. Rev. Rev.

3 519 582 622

0/100 P, (kg/m’)

Middle |ayer E,(GP&) 3.140 4.126 4.746

E,=1.828 20/80 P, (kg/m°) 559 622 671

(GPa), P,=376 E,(GPa) | 3.802 | 5.181 | 5.8

(kg/m?) 5) | 576 | 648 | 696

aoso |-Prtko/m)

E,(GPa) 411 5.450 | 6.417

Homogensous X B 574 641 686

/1
0/100 pl;;(ng)) 4.21 5.43 6.01
Basis weight 312 g/m? Surface layer a - - :
0 1 1 I ! 1 ! 1 ! 1 ,=428 (kg/ P, (kg/m?3) 625 682 690
0 10 20 30 40 50 B0 70 80 90 100 3 20/80

Chemical pulp content, % m ), E2=2-598 E7(GP6) 5.31 6.74 6.85

. . - (GPa) p, (kg/m?) | 575 659 718

3. Calculated bending stiffness vs. share of chemical pulp 40/60

(chemical pulp (surface layer): E/p=7.69x106 Nm/kg, p=826 kg/m® E,(GPa) | 471 | 6.46 | 754

and mechanical pulp (middle layer): E/p=3.02x106 Nm/kg, p=400
kg/n7’) [8].

Case 2
Elastic modulus and density are related [9,10]. The relation-
ship is given as [11]:

E. kNm (for middle layer -

~=0.014p, +23,(—) mechanical pulp)
ﬂ —00130. +3 (kN m ) (for surface layer -
P, R ? g chemical pulp)

For a symmetric three-ply board, the following densities can
be assumed:
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I. Maximum values of elastic modulus and density for a mixed
surface layer at different refining levels.
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4. Maximum bending stiffness vs. OLm* using two different pulps
in the middle layer.
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5. Bending stiffness vs. middle-layer share.

Pulp with higher density and higher elastic modulus, but the
same middle-layer share, produces a board with lower bend-
ing stiffness. Interestingly, Fig. 4 shows that the bending stiff-
ness is more sensitive to the surface-layer properties (density
and elastic modulus) than to those of the middle layer.

Case 4

For further validation of the model, the authors conducted a
laboratory experiment. A set of three-ply boards was made
according to the method provided in Appendix I. Surface-
layer furnish was formulated using Eucalyptus camaldulensis
and pine bleached kraft pulps in different proportions. Chemi-
thermomechanical pulp (CTMP) was used for the middle
layer. All pulps were market pulps. The hardwood and soft-
wood pulps were mixed in different ratios, then refined to
4000 revolutions using a PFI mill. About 2% (g/g) modified
starch was also added to the refined pulp as a co-binder in the
surface layers. The total basis weight of the symmetric three-
ply paperboard was 240 g/m?. The data suggest that the max-
imum bending stiffness occurs at 58% middle-layer share, as
shown in Fig. 5. The model prediction of the maximum
bending stiffness is almost the same (64%). The average values
of p,, P, E,, and E, (600 kg/m?, 355 kg/m?, 2.789 GPa, and
0.808 GPa, respectively) were used in the model. TJ

CONCLUSIONS

A model was developed that maximizes bending stiffness of
asymmetric three-ply board by controlling middle-layer basis
weight. The predictions of the model fit well with experi-
mental results.

The findings of the model represent a potential savings to
paperboard mills as well as a forest resource conservation op-
portunity.
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A-1. A procedure for producing the laboratory-scale symmetric
three-ply board.
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