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Abstract A new concept for both furnish compo-

sition and z-directional furnish arrangement involving

the interaction between specific thermo-mechanical

pulp fractions (TMP), nanofibrillated cellulose (NFC)

and clay in oriented layered laboratory sheets is

presented. Used separately, NFC improves the

strength properties of paper while fillers enhance

the optical properties. Synergy effects of clay–NFC

interactions are assessed. The study comprises a

structural assessment, including laser profilometry,

scanning electron microscopy (SEM) and field-emis-

sion (FE)-SEM analyses. In addition, optical and

strength properties are assessed. It is demonstrated

that a potential reduction of strength properties

caused by filler addition may be counteracted by

appropriate NFC addition to specific layers in the z-

direction. Based on an estimation of an overall

quality index considering five variables, it is con-

cluded that the best sheet construction is obtained

when placing the fillers in surface layers with the

TMP accept fraction and the NFC in the centre of the

sheets together with the refined TMP reject fraction.

Keywords Microfibrillated cellulose (MFC) �
Mechanical properties � Optical properties �
Scanning electron microscopy (SEM) �
Surface analysis techniques

Introduction

Printing paper and its structure

Paper is one of the most important materials invented

by human kind and has adopted numerous functions

in our society. Paper is widely used as information

medium, for e.g., newsprints, magazines, catalogues

and advertising. Printing paper grades are commonly

composed of wood pulp fibres, fillers and pores

extending in all directions. Paper may be considered a

dynamic material, evolving continuously to meet the

demands of end users. However, paper is being

challenged by modern technology, such as Internet or

portable electronic displays. In order to keep its

position as an information medium paper quality

needs to be improved. This may require a re-

organization of the paper structure or addition of

functional properties to paper surfaces.

Supercalendered (SC) paper is an important print-

ing paper grade. Contemporary industrial SC paper

furnishes may typically consist of about 65% pulp

fibres and 35% mineral fillers. Between 5 and 15% of

the fibre furnish for SC paper may constitute of
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softwood chemical pulp fibres, which main contribu-

tion is to reinforce the relatively weaker mechanical

fibre web. The dominant mechanical pulp component

provides for paper compressibility and opacity.

Thermo-mechanical pulp (TMP) fibres and chemical

pulp (kraft) fibres have specific properties affecting

e.g., light scattering and strength in different ways.

Reducing the amount of chemical fibres is desirable

from both a quality and an economic perspective.

Furnish and/or chemical layering may be used for

modifying the structure of paper (Bristow and Pauler

1983; Häggblom-Aghner 1998; Kinnunen et al. 1998;

Puurtinen 2004). In layered forming finer particles

are commonly placed in the outer layers, and coarser

fibres in the central layers of the sheets. The

concentration of fillers and fines in the surface layers

of commercial SC papers, through layering of

specific chemicals, has been reported to clearly

improve smoothness and print quality characteristics

(Kinnunen et al. 1998). A precise control of the z-

directional distribution of these components has been

pointed out as target for the next generation SC

papers (Kinnunen et al. 1998).

Printing paper quality

Paper quality may be improved by optimizing the

quality and proportions of conventional furnish

components or introducing novel and alternative

materials. Although addition of fillers increases the

light scattering coefficient of paper, fillers are known

to simultaneously reduce the strength properties

(Mohlin and Ölander 1986). The optical properties

are important for printing papers. In addition to the

light scattering, the gloss is one of the most important

factors affecting the quality of SC paper. While the

light scattering and thus opacity are affected by the

surface and bulk structure, the gloss is a surface

phenomenon. Calendering, a finishing step in paper-

making, is crucial for SC paper. The speed, moisture

content, temperature and line load at the calendering

nip may be adjusted to achieve a given surface

smoothness and thus a given gloss level (Holmstad

et al. 2004). Fillers in the surface layers of paper

improve the gloss properties the most (see e.g.,

Chinga et al. 2007a).

In addition to the optical properties, the quality of

paper is determined by the mechanical properties,

such as tensile strength and z-strength. Tensile

strength is affected by both fibre and paper charac-

teristics (Page 1969). The relative bonded area (RBA)

has been considered to be the basic relevant structural

property of paper (Page 1969). RBA is the fraction of

fibre area that is bonded, relative to the total area

available for bonding (Ingmanson and Thode 1959).

Although, there exists no direct method for measur-

ing RBA, an indirect method based on the light

scattering coefficient of paper has been proposed by

Ingmanson and Thode (1959). It is assumed that the

strength of a fibre network increases with increased

areas that are in optical contact. This in turn will lead

to a reduction of the light scattering coefficient, due

to a reduction of the specific surface area (SSA) that

is capable of scattering light. Ingmanson and Thode

(1959) emphasized that optically bonded areas may

not represent the areas that are in true contact, though

they argued that a presumptive difference may not be

significant. However, true fibre–fibre bondings imply

distances in the sub-nanometer scale (see e.g.,

Gardner et al. 2008). Such distances are not resolved

by the wavelength of white light. A simplified

approach based on the light scattering coefficient of

a fibre network may thus overestimate the corre-

sponding RBA. The approach proposed by

Ingmanson and Thode (1959) has also been ques-

tioned, as this seems to be inconsistent when

assessing samples with different pulp fibre character-

istics (see He et al. 2007). From a paper technology

point of view it is desirable to increase the light

scattering of paper, without necessarily decreasing

the corresponding strength potential.

Nanofibrillated cellulose

A new cellulose material was introduced by Turbak

et al. (1983), where chemical pulp fibres were

defibrillated into their small components, i.e., fibrils.

This new pulp has been denominated microfibrillated

cellulose (Turbak et al. 1983; Herrick et al. 1983).

Such denomination has been adopted by several

research groups (Taniguchi and Okamura 1998;

Wågberg et al. 2008; Eriksen et al. 2008; Syverud

and Stenius 2009). However, terms relating to the

nano-scale have also been proposed, e.g., nanofibril-

lated cellulose (see Ioelovich 2008), nanocellulose

(see Gardner et al. 2008), nanofibers (Iwamoto et al.

2008; Abe et al. 2007) and nanofibrils (Ahola et al.

2008; Svagan et al. 2008). According to Ahola et al.
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(2008) the microfibril denomination is related to the

micrometer and sub-micrometer scale, resembling the

material produced during the first trials applied for

disintegrating pulp fibres in the 1980s. Sub-microm-

eter and micrometer scales correspond to dimensions

of 0.1–1.0 and 1.0–100 lm, respectively (see Chinga-

Carrasco 2009). However, the material introduced by

Herrick et al. (1983) was also composed by fibrils

with widths below 100 nm. The term, microfibrillated

cellulose, was adopted by Herrick et al. (1983) and

Turbak et al. (1983) most probably following

biological terminology. From a plant physiology

point of view, microfibrils are cellulose structures

having widths of *20 nm (see e.g., Brown and

Montezinos 1976). It has also been suggested that

microfibrils are composed of elementary fibrils with

widths of 3.5 nm (Moor 1959; Frey-Wyssling and

Mühlethaler 1963). However, Ohad and Danon

(1964) also defined the elementary fibrils as micro-

fibrils. Irrespective some disagreement with respect

to the definition of microfibrils and their dimensions

(see Ohad and Danon 1964), authors agree that

microfibrils have diameters of *20 nm or less. The

term microfibrillated cellulose does thus not refer to a

material with micron-size characteristics, but was

presumptively based on the definition of a biological

structure with nano-dimensions.

During the last decade the term nano has been used

extensively, emphasizing also a major area of

research. Nano has been widely adopted for referring

to structures having at least one dimension between

roughly 1.0 and 100 nm. With respect to the denom-

ination given to the new material composed of

cellulose fibrils, evidences given in the literature

based on e.g., microscopy and image analysis suggest

that the products derived from the disintegration of

fibres are somewhat inhomogeneous in size, but most

of the material seems to be composed of fibrils with

diameters below 100 nm (see e.g., Taniguchi and

Okamura 1998; Andresen et al. 2006; Abe et al.

2007; Pääkkö et al. 2007; Iwamoto et al. 2008;

Syverud and Stenius 2009; Wågberg et al. 2008).

Terms related to the nanoscale are thus justified.

Hence, in order to be consistent with modern

definitions of several scales (e.g., nanometre, sub-

micrometre and micrometer), in this paper the term

nanofibrillated cellulose (NFC) is applied.

Only recently the benefits of NFC have been

explored for applications within paper products.

Using NFC in paper and films has given indications

of advantages regarding permeability and tensile

index (Syverud and Stenius 2009; Eriksen et al.

2008). The presumptive benefit of NFC on the z-

strength of paper has not been assessed yet. Although

the tensile index increases when NFC is added to the

furnish, NFC seems to reduce the light scattering and

thus the optical properties (Syverud and Stenius

2009; Eriksen et al. 2008).

Used separately, it has been demonstrated that

NFC increases the strength properties of paper and

fillers increase the optical properties. Potential syn-

ergy effects of clay–NFC interactions, for improving

the structure and properties of TMP-based sheets

having SC paper properties, have not been assessed

yet. This paper introduces a new concept, where

defined TMP fractions, clays and NFC are mixed in

layered sheets for improving the properties of print-

ing paper. Mechanical, optical and structural

properties are assessed in detail.

Materials and methods

Furnish components

The accept (TMP A) and reject (TMP R) fractions of

scandinavian spruce TMP were sampled separately

after the main line pulp had passed a sequence of

screens, hydrocyclones, reject refiners and latency

treatment. ECF-bleached market softwood kraft

(BSK) fibres were refined in a PFI-mill at 75 kWh/t

specific energy consumption (SEC). The mean

lengths of the fibres used in this study are given in

Table 1. Nanofibrillated cellulose (NFC) was pro-

duced from unrefined ECF-bleached market softwood

kraft fibres using a Masuko Supermasscolloider with

*14 MWh/t SEC. Considering the equipment and

SEC applied for producing the NFC, it is expected

that the fibrillated material is composed also of fibrils

of \100 nm (see Taniguchi and Okamura 1998;

Eriksen et al. 2008). The mineral filler was a blend in

Table 1 Mean length of the fibrous components used in this

study as determined with the fibermaster

Furnish component TMP accept TMP reject Kraft (BSK)

Size (mm) 0.84 0.97 2.18
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even proportions of two different clay types as used

for commercial SC paper manufacture, where 60% of

all particles were smaller than 2 lm in size.

Sheet manufacturing and calendering

Different series of layered multi-component sheets

were formed on a dynamic sheetformer (DSF) with a

target basis weight of 56 g/m2. Within these series,

the furnish composition of the layers was varied, but

not their relative proportions. The centre layer always

accounted for 50% of the total basis weight of the

sheet, and was mainly composed of refined TMP

reject. The remaining part of the centre layer

constituted of either BSK fibres or NFC. For layered

sheets, the filler component was positioned exclu-

sively in the surface layers, together with fines-rich

TMP accept. In the N2 samples half of the surface

NFC component was placed in the interface between

the surface and the centre layer in order assess

potential benefits for z-directional paper strength.

Single-layered sheets with standard SC-furnish com-

ponents mixed homogeneously (series F3 and F4),

were manufactured as reference to the three-layered

arrangement (series F1 and F2) (Table 2).

The dynamic sheetformer (DSF) produces oriented

sheets with somewhat asymmetric z-profiles, due to

one-sided drainage. In order to avoid excessive losses

of fines and fillers upon sheet drainage, a combination

of retention agent and fixation agent was added

separately to the individual surface layer furnishes, or

the whole furnish in case of single-layered sheets.

The amount was *1.45 g/kg of pulp furnish and was

added prior to forming. Filler and retention chemicals

were dosed asymmetrically, in order to compensate

for the expected higher material losses upon drainage

from the furnish layer adjacent to the wire and to

obtain symmetrical sheets. DSF-sheets were cut into

smaller sheets of suitable size, which were pressed

for 5 ? 2 min at 4.8 bar and dried restraint against a

plate. Conditioned sheets were calendered in a pilot

calender at two different line load levels (75 and

225 kN/m).

Paper testing

All sheets were conditioned prior and during paper

testing at 23�C/50% RH. Basis weight, apparent
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thickness and apparent density were determined

according to ISO 536 and ISO 534.

The light scattering coefficients were measured

according to ISO 9416. Paper gloss was quantified by

a glossmeter with an angle of incidence of 75�
according to ISO 8254-1:1999. Optical and surface

properties were tested against the top side of the

sheet. The tensile index was measured according to

ISO 1924-2 and z-directional strength was measured

according to Tappi T 541 om-99.

Computerized image processing and analysis

All the computerized image processing and analysis

methods applied in this work have been developed at

PFI and implemented as plugins for the public

domain ImageJ program (Abramoff et al. 2004).

Scanning electron microscopy analysis

The designed SC sheets were subjected to a scanning

electron microscope (SEM) cross-sectional analysis,

using a Hitachi 3000, low-vacuum microscope. 30

images were acquired in backscatter electron imaging

mode (BEI) from the uncalendered samples. The

images had sizes of 2560 9 1920 pixels and a

resolution of 0.1 lm/pixel. The cross-sectional anal-

ysis was performed according to Chinga et al.

(2007b). The porosity and porosity distribution in

the z-direction were assessed.

A field-emission (FE)-SEM surface analysis was

performed on the N1 sample. The applied microscope

was a Zeiss Ultra field-emission-SEM, in secondary

electron (SE) mode.

Laser profilometry analysis

The handsheets were coated with a gold layer as

described by Chinga et al. (2007c). Twenty surface

representations were acquired from each sample with

a laser profilometer (IVT-Lehmann Masstechnik

AG). The size of the images was 2 9 2 mm2, having

a resolution of 4 lm/pixel. The surface representa-

tions were automatically processed with the

SurfCharJ plugin (Chinga et al. 2007c). The surface

roughness (Sq) was assessed at two wavelength

intervals, i.e., \20 lm and 160–320 lm, based on a

Difference of Gaussian (DoG) approach (Jähne

1993). This bandpass filtering approach suppresses

the wavelengths below and above predefined values.

Although, wavelengths between the predefined values

are assessed, the cut-off is not sharp and the results

may be affected by wavelengths outside the specified

limits.

Estimation of a relative quality index factor

A quality index (QI) factor was estimated for

describing the overall performance of a given furnish

composition and paper structure. The QI estimation

was based on the roughness (r), tensile index (ti), z-

strength (z), gloss (g) and light scattering (s). Within

each variable (r, ti, z, g, s), the sample having the best

performance of all sheet structures (Si) was identified

(pmax). The performance of the rest of the samples

was then evaluated relative to the pmax. This resulted

in values between 0 and 1, with the sample having the

best performance for the given variable being desig-

nated a value of 1.

pmax j ¼ max
j

Sif g ð1Þ

QIij ¼ Sij

�
pmax j ð2Þ

QIi ¼
1

m

Xm

j¼1

QIij ð3Þ

where pmaxj corresponds to the maximum value of a

given variable j and m is the number of variables. j [
{r, ti, z, g, s}, i is the sample number. QIij is the

quality index of sample i considering variable j. QIi is

the quality factor of sample i including all the

considered variables used in this study, i.e., r,ti,z,g,s.

In the case of roughness (r), the quality index (QI) is

based on a pminj, given by minj{Si}. Large roughness

values are considered negative in this study. All the

mean values are given with the corresponding 95%

confidence intervals.

Results

Standard structural properties

In this study different SC furnish components were

varied in proportion and positioned in specific layers

in the structure (Table 2). The effects of the sheet

construction on the thickness and density were

Cellulose (2009) 16:795–806 799
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assessed. Replacement of 25% mechanical pulp

centre layer fibres with BSK fibres decreased the

apparent thickness by 5%, while density increased

by 4%. Compared to the TMP reject fibres, the BSK

fibres collapse easier and thereby promote fibre–

fibre contacts, which again lead to increased density

and thus reduced thickness of the sheet. Substitution

of TMP accept fibres in the paper surface by 30 or

37% clay resulted in significant changes in paper

thickness and density. This is as expected, since the

fillers have a higher density (*2.5 g/cm3) than pulp

fibres (1.5 g/cm3). Apparent density was increased

by 34 and 40%, respectively. The samples contain-

ing 30% clay (F1 and F3) were significantly thicker

than the samples containing 37% clay, thus under-

lining the effect of filler addition on the compaction

of the sheet structures. Introduction of NFC at the

expense of BSK in the centre layer did not

significantly affect sheet density. Here one has to

keep in mind that only *30% of BSK were

replaced by NFC, while *70% of the BSK were

substituted with relatively bulky TMP fibres in order

to reach the target basis weight.

Assessment of microscopic structures

A SEM analysis was performed on the uncalendered

samples to shed more light on the effect of the furnish

composition and layering on the structure of the

engineered sheets (Fig. 1).

Porosity may be considered a global parameter

describing one aspect of paper structure. A great

advantage with SEM analysis is the capability of

extracting the distribution in the z-direction of paper

components. Presently, no other method is capable of

providing such results with the resolution and versa-

tility of a SEM. Porosity levels of uncalendered

samples, determined from SEM analysis, varied

significantly depending on the component additions

(Fig. 2). Compared to pure TMP (T1), clay addition

leads to lower porosity. In addition, NFC reduced the

porosity levels even more (N1, N2 and N3). This may

be explained by a presumptive better packing ability

of NFC in the network of fibres and fillers. Compared

to TMP, NFC is expected to have a larger ability to

conform in the structure, surrounding the fibres and

fillers and reducing the porosity.

Fig. 1 SEM cross-sectional images of uncalendered T1 (a), F1 (b), N1 (c) and calendered F3 (d) samples. F1 and N1 have the filler

component located in the surface layers, while the filler is evenly distributed in structure F3 (d)
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The distribution of porosities in the z-direction

(Fig. 2) revealed a densification at the wire surface

(L10), probably due to the specific dewatering

mechanisms of the DSF. The pure fibre sheets (T-

samples) had a nearly homogeneous porosity distri-

bution, with somewhat lower porosity in the sheet

centre due to the higher conformability of TMP R and

BSK fibres. Even though the total porosity levels of

different samples may be similar, the distribution in

the z-direction may be completely different. Note that

samples F1 and F2 have clearly layered porosity

distributions, compared to the fairly homogeneous z-

structure distributions found for the single-layered

reference samples F3 and F4. The NFC-containing

sheets reveal even more pronounced layered struc-

tures (samples N1–N3). The surface layer porosity of

sample N2 is significantly lower than N1, and on

level with the N3-sample. Adding NFC to the surface

furnish did thus not reduce the surface pore size. This

observation may indicate that the specific amount and

properties of the NFC used in structure N1 may have

prevented the clay particles in the surface from

exploiting their packing ability (see Fig. 3).

Clays are mineral particles with high aspect ratio,

i.e., they are long and thin. Clays tend also to be

packed in stacks of particles (Fig. 3). During the

formation of the paper structure, the clays tend to

accommodate randomly between fibres and on the

surface of the fibre walls. TMP fibres have diameters

between 20 and 50 lm, lengths between 1 and 3 mm.

Nanofibrillated cellulose (NFC) are relatively small

particles in the sub-micro- or nano-scale (Fig. 3).

Being mixed in a clay-fibre-NFC pulp, the NFC may

limit a potential fibre–clay interaction, increasing the

disordered orientation of clays in the network struc-

ture and thus increasing the porosity. Moving the

NFC fraction from the surface to the centre layer

(sample N3), decreased the porosity at the surface

layers and increased at the centre layer (Fig. 2). This

may be explained by the reduction of the BSK

content and an increment of the TMP R pulp.

Increasing the proportion of the bulkier TMP R

resulted thus in an increase of the porosity level in the

middle layer. Keep in mind that the cross-sectional

analyses were performed on uncalendered samples.

These results are thus valid for the network formation

during the consolidation of a structure.

Assessment of the surface structures

In addition to the bulk pore network, the surface is

another important component in a paper structure.

The surface may influence the optical properties, the

transfer of ink during printing and consequently the

print quality of a given printing method. Especially

for gravure printing, a smooth surface is required to

guarantee an appropriate ink transfer and a good print

result. Increasing the roughness increases the ten-

dency of missing dots development in gravure-

printed SC papers. The surface roughness was

assessed at two wavelengths (w), w \ 20 lm and

between 160 and 320 lm, as these wavelengths have

been reported to affect the gloss of paper and the

missing dots occurrence in printed SC papers,

respectively (Chinga et al. 2007a). Figure 4 shows

significantly lower roughness for all filler-containing

samples, compared to the pure fibre-based sheets (T-

samples). The larger packing ability of the clays upon

calendering induced a reduction of the surface

roughness. Calendering at relatively high line loads

(225 kN/m) reduced the micro-roughness even more,

while the relative ranking and significant differences

of the samples remained approximately the same.

Significantly lower micro-roughness values (Sq at

w \ 20 lm) were encountered for the layered F1 and

Fig. 3 Surface field emission-SEM image of the uncalendered

N1 sample. The image shows 1 clay particles, 2 fibrillar

material from the TMP accept fibres and 3 fibrils. Note the

nano-sized fibrils extending on the surface and interacting with

the clay and fibrous material
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F2 samples. The micro-roughness values were 10–

15% lower compared to the homogeneously distrib-

uted SC-furnish (F3 and F4), depending on the

calendering level and filler content. This emphasizes

the role of fillers and their appropriate position in the

z-direction for smoothing a given surface. Also the

effect of the filler quantity on paper surface roughness

is evident, as the F2 and F4 samples containing 37%

clay have lower micro-roughness compared to the F1

and F3 samples containing 30% clay, respectively

(Fig. 4a).

The roughness of the NFC-containing samples was

on average 2% lower at wavelengths, w \ 20 lm and

3–13% higher at wavelengths, w between 160 and

320 lm than for sheets made of the layered standard

SC-furnish (F1 and F2) (Fig. 4b). The surface

roughness decreased as the NFC was moved from

the surface layer furnish (N1) into the centre layer

furnish (N3). This results is consistent with the earlier

discussed increase in surface porosity upon NFC-

addition to the surface furnish.

Mechanical properties

Replacement of fibres in a given furnish by a certain

amount of inorganic fillers reduces the number of

fibre–fibre contacts and thus the strength properties of

a given paper. This is exemplified in Fig. 5a where

the filled samples F1–F4 have a significant lower

tensile index than the pure fibre sheets T1 and T2.

Note also that sample T2 containing BSK increased

the tensile index in the machine direction, though the

z-strength was reduced. The tensile index in the CD

direction is also included for comparison. z-Strength

is a paper property especially sensitive to bonding,

and insufficient bonding between mechanical and

chemical pulp fibres has been discussed as a cause of

non-linear strength development in mixed furnishes

(Mohlin and Wennberg 1984; Retulainen 1991;

Fernandez and Young 1994). Layering of the stan-

dard SC-furnish (F1 and F2) resulted in higher tensile

index and lower z-strength than homogeneous furnish

distributions (F3 and F4). The mean differences are
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significant with 10% for tensile index and 25% for z-

strength, respectively (Fig. 5). z-Directional failure

would be expected to be initiated in the sheet layer

with the weakest bonding, possibly in the interface

between the surface and the centre layers.

A most interesting result was the notorious and

significant increase of both tensile index and z-

directional strength when replacing the conventional

BSK component with a minor portion of NFC and

mechanical pulp (Fig. 5). Samples N1, N2 and N3

had a significantly higher tensile index than layered

and non-layered sheets made of standard SC-com-

pounds (F-samples). The z-strength of the sample N3

containing 34% filler was in the same range as the

filler-free T-samples, which is a most promising

result for engineering an optimal paper structure with

perfected properties. Placing part of the NFC in the

interface between surface and centre layers (N2)

clearly strengthened the adhesion between the weakly

bonding filled surface furnish and the stronger centre

TMP. z-Directional strength and to some extent the

tensile index increased even more as the entire NFC-

component was moved into the centre layer (Fig. 5b).

However, this phenomenon may also be influenced

by the removal of BSK from the centre layer as the

NFC was introduced. BSK reduced the z-strength

(compare T1 to T2), probably by interfering with the

bonding ability of the well developed TMP R fibres

and fines.

Optical properties

Figure 6 shows that adding fillers to the fibre furnish

(F-samples) significantly increased the gloss relative

to the purely fibre-based layered sheets (T-samples).

Furnish layering (F1 and F2) resulted in 18% higher

gloss of heavily calendered sheets (225 kN/m line

load) compared to the homogeneous sheets (samples

F3 and F4). In addition, the layered paper sample F2

had significantly higher gloss than sample F1 due to

the larger amount of clay fillers (37%), which was not

seen for the homogeneous reference sheets F3 and

F4. This may indicate that a minor increment in filler

content only has an additional effect on gloss when

the fillers are placed in the surface layers. For

homogeneous sheets the fillers are distributed all over

the structure, and the potential of high total filler

content is thus not fully exploited.

The N1 and N2 samples have slightly lower mean

paper gloss, compared to the layered F2-sample.

Keep in mind that the N-samples contained 34% clay,

while the F1 and F2-sample contained 30 and 37%

clay, respectively. Placing NFC in the centre layer

resulted in a significant reduction of the gloss

compared to N1 and N2, although the amount of

fillers in the surface layer was equal.

The potential of a paper structure for scattering

light and thus increasing the opacity is another

important optical property of SC paper. Calendering

is positive for developing a smooth surface structure

with suitable gloss levels. However, high line loads

tend to compact the bulk structure and reduce the

fibre–air or filler–air interfaces that are capable of

scattering light. Calendering thus reduced light

scattering as observed in Fig. 7a. Replacement of

up to 37% of the TMP-BSK fibre component in the T-

samples by clay fillers (F-samples) increased the light

scattering coefficient significantly. The benefit of clay

filler was still maintained at low calendering line

load, but was drastically reduced upon heavy calen-

dering (Fig. 7a). In this context it is worth noticing

that the reduction in light scattering, when calender-

ing at high line loads (225 kN/m), is minor for the T-

samples than for the F-samples containing clay fillers.

This is probably due to the larger compaction of the

filled samples upon calendering. The clay particles
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probably conform easier between the pulp fibres, thus

reducing the specific surface area of a given sample.

Layering of the standard SC-furnish reduced the

light scattering coefficient slightly (F1 and F2 vs. F3

and F4). Substitution of BSK by NFC and TMP did

not seem to have negative effects on light scattering.

An increase in the light scattering coefficient is

commonly induced by an increase in the specific

surface area (SSA) of paper. Increasing the SSA

decreases the fibre–fibre contacts and thus induces a

decrease in the corresponding tensile index. This may

not be the case for mechanical pulps, where an

increasing degree of processing results in small and

often heavily ruptured fibres and fines. These may

develop a high number of particle contacts and

potential bonding sites, while simultaneously main-

taining a pore structure suitable for scattering light.

Addition of highly conformable chemical fines to

mechanical pulp fibres reduces the scattering and

enhances the paper tensile strength (Retulainen et al.

1993). A similar performance can be expected for

NFC. When NFC is applied in SC-furnishes, an

increase in the tensile index does not necessarily need

to be accompanied by a reduction in the light

scattering coefficient of paper as shown in Fig. 7b.

However, maintained scattering coefficients can

likely be attributed to the relatively higher proportion

of mechanical pulp in the centre layer.

Estimating a relative quality index factor

A quality index (QI) was estimated according Eqs. 1–

3 in order to give an overall performance-index,

considering all relevant variables. Note that the

relative importance of these individual paper charac-

teristics was not weighted in the determination of QI.

The considered variables are roughness, tensile index,

z-strength, gloss and light scattering, as they give a

comprehensive description of the mechanical, optical

and structural properties. The QIs of the 8 samples

are given in Fig. 8. The results indicate a clear

improvement when introducing minor quantities of

NFC at the expense of BSK into conventional TMP-

based SC furnishes, with N2 and N3 being the best

performing samples. In addition Fig. 8 shows that

NFC gives the major benefit when being placed in the
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centre layer. There is a gradual increase of the QI as

the NFC is moved from the surface layer (N1) into

the centre layer (N3).

Final remarks

The results presented in this study indicate a potential

for improving the quality of SC paper when applying

NFC to the furnish instead of conventionally used

BSK fibres. It should also be pointed out that NFC—

due to technological advances—will most probably be

produced with considerably lower specific energy

consumption and more specific properties in the near

future. Different NFC qualities and proportions may

contribute to improve the furnish and the sheet

structure and thus optimize SC paper properties. In

addition, layered structures, where specific furnish

components are placed in well-defined layers, will

most probably assure an improved paper quality for

printing purposes. The results of this study may be

applicable to other paper grades such as coated papers,

which also may be considered a layered structure. In

addition to placing the NFC in the middle layer for

guaranteeing a proper strength, NFC may also be used

in the coating structure, surrounding the pigment

particles and probably reducing the necessity of

binders. This is a most interesting approach as oil-

based latex may be replaced by biodegradable NFC.

Conclusion

A new concept involving the interaction between

specific TMP pulps, NFC and clay in layered sheets is

presented. Used separately, NFC increases the

strength properties of paper and fillers increases the

optical properties. Synergy effects of specific TMP

pulps, clay and NFC interactions, for potentially

improving the structure and properties of SC paper,

were assessed. It was demonstrated that a potential

reduction of strength properties caused by filler

addition may be counteracted by appropriate NFC

addition to specific layers in the z-direction. Based on

an estimation of an overall quality index considering

six quality variables, it is concluded that the best

sheet construction is obtained when placing the fillers

in top layers together with the TMP accept fraction

and the NFC in the centre of the sheets together with

the refined TMP reject fraction.
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