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ABSTRACT

The methods of coated paperboards smoothing with a hot stamping machine using a smooth
metal die and a conventional calender were compared. The printing roughness required for
printing electrical and electronic components was achieved by both smoothing methods. The
printing roughness of the coated paperboards decreased after hot stamping by 18 to 42% and
after calendering by 22 to 41% depending on the grade of coated paperboard. The stiftness of
coated paperboards decreased after hot stamping by only 4 to 21%, while by up to 38 to 51%
after calendering. The ratio of specific stiffness and printing roughness of coated paperboards
after hot stamping ranged from 2.5 to 8.1 mNum™ and after calendering from 2.0 to 6.7
mNum™. The stiffness of the coated paperboards decreased less after hot stamping, and that only
in the printed electronics area, while after calendering the stiffness decreased significantly more
in the whole profile. It can be assumed that packaging made from coated paperboards smoothed
by hot stamping will have a lower weight and thus lower costs than packaging from calendered
coated paperboards.

KEYWORDS: Coated paperboard, calendering, hot stamping, printing roughness, stiffness,
surface free energy.

INTRODUCTION

Packaging is a big part of everyday life of people all around the world. According to a market
survey carried out by Smithers Pira, in the next decade, the global packaging market will grow by
almost 3% annually and will exceed $1.2 trillion by 2030. The global packaging market has
increased by 6.8% over the past 5 years. In addition, one of Unesco's Sustainable Development
Goals for 2030 is the significant reduction of single-use plastics. Currently, trends such as
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e-commerce and the digitization of packaging are emerging as the big challengers over the next
10 years; and while these trends are not new, the COVID-19 pandemic has accelerated their
adoption. The market for paper packaging is seen as ready for the use of digital printing
technology https://www.elempaque.com/temas/The-packaging-and-conversion-industry-in-20
30-challenges-and-opportunities).

Paperboards are currently one of the most commonly used packaging materials.
Paperboards are layered products, which are made from primary or recycled fibres. Paperboards
from primary fibres use different types of pulps in different parts of the layered structure. Outer
layer consists of bleached chemical pulps and the middle ply consist of any type of mechanical
pulp like TMP or CTMP, so that the final product has the necessary stiffness and bulk.
Paperboards made from recycled fibres use deinked pulps from different types of waste paper in
different part of the layered structure. Higher quality types of recycled fibres form the top layers,
while the middle layers are made of lower quality recycled fibres. Stiffness of paperboards is
important, because it correlates well with stacking strength of the final package, their purity is
also important. Typical tests include internal bonding strength Scott Bond and surface strength
IGT (Kiviranta 2000, Haggblom-Ahnger and Komulainen 2003).

Printed electronics has a great potential to offer biodegradable and recyclable solutions,
which is a way forward to minimize the electronic waste caused by the ever-increasing number of
disposable electronic devices (Tan et al. 2016, Zeng et al. 2017). Printed electronics are
manufactured in a process of registering thin functional material (ink) layer combinations on
a low-cost substrate that may be recycled and/or naturally degraded in the environment.
Manufacture of electrical and electronic components by conventional and the state-of-the-art
printing methods makes it possible to reduce the amount of waste materials as well as the fact
that it is not necessary to use etching and masking (Maddipatla et al. 2020). Correspondingly, the
manufacturing process is composed of three complementary stages: material selection, printing
and post-printing (Wiklund et al. 2021).

Recently, the popularity of radio frequency identification has increased significantly,
especially in connection with the printing of antennas on paper labels. Low-cost and recyclable
paper substrates are being considered for various novel, value-added printed applications. This
opens up the possibility of using RFID tags, for example, as part of packaging and other
applications, for which the device has short life expectancy and is ultimately disposed. Literature
on this subject has shown that manufacturing of RFID tags is not limited to a specific printing
technology and gravure, screen, flexographic, inkjet, thermal-transfer and hot stamping printing
technologies have been effectively used (Salmeron et al. 2014, Ferndndez-Salmeron et al. 2015,
Voigt et al. 2010, Kavcic¢ et al. 2014, Bollstrom 2013, Xiao et al. 2018, Gigac et al. 2021a,b,
Lyashenko et al. 2012).

Hot stamping is the process of using heat and pressure to apply metallic ribbon or holograms
to materials such as papers, paperboard, laminated board, plastics and corrugated board.
A stamping ribbon includes a carrier film, arelease layer, a layer of vacuum deposited metal such
as aluminum or gold, silver, copper and chromium (Kipphan 2001), and a layer of heat activated
adhesive. The layers are activated by heat and pressure by a die which causes the layers to
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delaminate from the carrier film and adhere to a surface of a substrate in a predetermined
electrically conductive pattern (Agca and Tasdemir 2016).

Different printed electronic devices require different substrate properties such as flexibility,
high light transmittance, low surface roughness, light weight, low thermal expansion, stiffness,
heat resistance, low cost and low thickness (Suganuma 2014). The print quality is affected by the
surface roughness and porosity of the substrate (Morfa et al. 2016, Agate et al. 2018, Bollstrém
et al. 2014).

The paper substrates have a rougher surface compared to the plastic film. The irregular
surfaces and structural properties of conventional paper substrates allow their use only for
electronic components with lower resolution requirements or printing quality. The surface of
paper substrates can be modified by coating and smoothing. The smoothness of the surface
depends on composition of coatings, the amount and layers of the coating, and the final surface
finish. Depending on the composition of the coatings, properties such as smoothness, porosity,
permeability and surface energy as well as optical properties (brightness and opacity) can be
varied. The properties of the paper substrate can be adjusted to achieve also simultaneously
functional properties such as water, oil and grease resistance, low vapor and gas permeability and
flame retardation.

Coated paper substrates do not have a sufficient surface smoothness for good quality printed
electronics, so it is necessary to reduce surface roughness and tighten the holes, which is
conventionally achieved by calendering (Gullichsen and Paulapuro 1999). Surface smoothness of
the paper substrate is achieved by exposing the fibre structure of the paper substrate to high
pressure and temperature by heating the hard calender rolls and by pressing the rolls against one
another such that a high nip pressure is obtained in the nip between the rolls. Due to these forces
the fibres forming the web reach their glass transition temperature, and the deformation caused
by the nip load is permanent. The gliding of the web surface against the roll surfaces may also
give rise to alterations in fibre shape, thus enhancing the smoothing effect.

The longer nip dwell time and the reduction of the nip load during calendering can essentially
reduce the structural changes in the paper web so that it is possible to reach a good surface
quality at the same time. Long nip calendering resulted in a better volume and improved flexural
resistance together with good surface properties compared with the common hard nip or soft nip
calendering (Leinonen et al. 2001). The calender, which is also called a shoe calender, uses the
same shoe roller technology as the press section of the paper machine. The long nip is formed
between a heated hard roller and a soft belt of the shoe roller. The nip dwell time is not
determined by the nip load when using a long nip calender but the needed dwell time is reached
by the choice of a suitable shoe rail length.

Hot stamping (without ribbon) with smooth die can be used for smoothing surface of paper
substrates before printing of electrical and electronics components. The smoothing effect of
paper substrates depends on input parameters of hot stamping such as pressure time, pressure,
temperature and surface roughness of the die.

The aim of the study of smoothing methods was to improve the printing roughness of coated
paperboards to the level required for printed electronics and to compare hot stamping and
calendering methods.
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MATERIAL AND METHODS

Materials

Coated paperboard A 1s a single-sided white light folding boxboard (FBB2), which contains
chemical thermo-mechanical pulp while the top layer consists of chemical pulp and the bottom
side has a hint of yellow. Coated paperboard B is a single-sided coated white lined chipboard
(WLC2) made fromrecycled fibres, the top layer is white, the inner layer and the bottom side are
both gray. Its bulk was 1.43 cm’g.

Coated paperboards C, D, E are single-sided coated white lined chipboards (WLC3) made
from recycled fibres, the top layer is white, the inner layer and the bottom side are both gray.
Their bulk were 1.12-1.29 cnmr’"g™.

Methods
Calendering

The smoothing in the two-roll calender FUS 80 (Kleinewefers GmbH, Germany) was
performed by one or two coated paperboard passes between a paper and a metal roller with
a temperature of 80°C, a surface roughness Ra of 0.5 pm and a dwell time in pressure zone of
0.12 s at a pressure of 52 MPa. The coated side was in contact with the heated metal roller
(Gigac et al. 2021a,b).

Hot stamping

The smoothing of coated paperboard in the HX-358 stamping machine (Ruian Hongxing
Machinery Co., Ltd., China) was performed with a metal die with dimensions (1 x w x h)
110 x 70 x 10 mm, surface roughness Ra 0.7 pm, temperature 95°C and a dwell time 3 s at
a pressure of 2.6 MPa.

Stiffness

Stiffness is defined as the paperboard’s resistance to bending caused by a given applied
force. Stiffness was determined as bending resistance (mN) by the two-point method, at a 15°
bending angle, 38 mm wide strip, 10 mm distance of clamp and blade distance according to
the standard ISO 2493-1 method on L&W Bending tester, app. 16 0, type 10-1 (Lorentzen &
Wettre GmbH, Germany). The ratio of specific stiffness and printing roughness values
(mN'um™), determined 48 hours after smoothing, was used to compare the effect of smoothing
methods on the properties of coated paperboard. The specific stiffness (mN'um™) was calculated
from the ratio of bending resistance and a thickness of coated paperboard.

Printing roughness
Printing roughness PPS (Parker Print-Surf) was calculated from the measured values of

the average surface roughness OVS (Optical Variability of Surface) using the Eq. 1:

PPS =0.103 OVS + 0.192 (1)
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The surface roughness OVS of coated paperboards was evaluated by the photoclinometric
method as optical variability of surface (Kasajova and Gigac 2013). Photoclinometry in
the visible range of electromagnetic radiation is a promising method that may be used for on-line
measurement of paper roughness. It describes the process of transformation of a 2D surface
image into a map of various height levels. Incident light creates shadows (different gray levels).
Paper is an anisotropic material, therefore it is necessary to obtain surface images from at least
two directions: machine direction (MD) and cross direction (CD). The paperboards surface was
scanned using charge-coupled device (CCD) Nikon Coolpix E4500 camera (Nikon Corporation,
Japan) by inclined illumination at 10° from MD and CD. Optical variability of surface was
calculated from image analysis using the program Imagel.

Surface free energy

Initial and dynamic contact angle (CA), surface tension (y) of liquids, as well as surface free
energy (SFE) of coated paperboards were measured using the OCA 35 optical tensiometer
(Dataphysics Instruments GmbH, Germany). Contact angle was measured by sessile drop
method. Wetting time was recorded by a CCD camera at the sequence 20 frames's™ from the first
contact of the liquid drop with the paperboards surface from 0.05 to 5 s. Contact angle was
calculated as the average of 10 parallel measurements (Gigac et al. 2014a,b). Three testing
liquids (diilodomethane, ethylene glycol, thiodiglycol) with different surface tensions were used
to determine SFE of paperboards. SFE (ISO 19403-2: 2017), as well as its dispersive and polar
components (ISO 19403-5: 2017), was calculated by the OWRK (Owens-Wendt-Rabel and
Kaelble) method using values of initial CA.

RESULTS AND DISCUSSION

Printing, converting and finishing processes are used to increase the added value and
improve the overall quality of paperboards packaging, which depend on the properties of
the paperboards, in particular basis weight, thickness, stiffness, printing roughness and free
surface energy.

Characteristics of coated paperboards

Coated paperboards A, B, C, D and E were selected to study the effects of smoothing with
a calender and stamping machine. The basis weight of the coated paperboards ranged from 179
to 352 gm?, the thickness from 201 to 455 pm and the bulk from 1.12 to 1.68 cm’g™ (Tab. 1).

Besides basis weight and thickness, stiffness is especially important when choosing the right
paperboard grade for packaging applications. Because paperboard is an anisotropic material,
which means that the properties have a direction caused by the alignment of fibres in the machine
direction (MD), it was necessary to make measurements of stiffness both in this direction and in
the cross direction (CD).

The stiftness of coated paperboards in the MD direction ranged from 779 to 4510 mN and in
the CD direction from 375 to 1937 mN (Tab. 1). As a result of this directional effect, the stiftness
was approximately 55% higher in the MD direction than in the CD direction. From the stiffness
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values in the MD and CD directions, the arithmetic mean stiffness value was calculated, which
ranged from 577 to 3224 mN for the tested coated paperboards. Higher stiffness values were
obtained for coated paperboards E and A with greater thickness (455 and 402 pm). In addition
to thickness, the modulus of elasticity in the outer layers also affects the stiffness of the coated
paperboard. Thickness affects stiffness more significantly as compared to modulus of elasticity.

Tab. 1: Properties of coated paperboards.

Basis Thickness Stiffness Printing Surface energy
Sample | Grade | weight Side |roughness .
MD CD | Average PPS SFE | SE disp | SE polar
gm” pm mN mN mN pm mJm? [ mJm? [ mJm?
top 0.80 20.40 | 20.06 0.34
A FBB2 | 239 402 2815 1665 2240 botiom 780 3739 3720 019
top 1.17 37.21 36.40 0.80
B WLez) 252 361 2238 1016 1627 bottom 4.15 29.21 29.11 0.10
top 1.21 28.62 | 28.50 0.12
C WLC3| 179 201 779 375 577
bottom 3.80 33.89 | 30.17 3.72
top 1.28 37.18 36.50 0.68
D | WLC3| 228 264 1325 630 78 bottom 4.05 34.12 | 32.10 2.02
top 1.63 36.33 35.85 0.48
E WLE3 | 352 453 4510 | 1937 3224 bottom 4.15 6597 | 63.51 2.46

Long fibres from chemical pulp make it possible to have a good bonding and hence a high
modulus of elasticity, and are most efficiently utilised in the outer plies of the paperboard.
The type of fibre also influences thickness, for example mechanical fibre creates higher bulk
when used in the centre plies. The various layers of fibres have to be well bonded together for
optimum utilisation of the fibre characteristics.

Printing roughness and surface energy of paper substrates are important in terms of print
quality. Each paper has a unique structure in terms of surface roughness, porosity, and surface
energy that are the result of manufacturing technology (Gigac et al. 2014a). In Tab. 1,
the printing roughness of the coated paperboards are presented, which range from 0.80 to
1.63 um on the top side and from 3.80 to 4.80 um on the bottom side. The coated paperboard A
had the lowest printing roughness on the top side of 0.80 um, while the coated paperboard C had
the lowest printing roughness on the bottom side of 3.80 um.

The surface properties of printing substrates and inks determine the success of all printing
processes, whether they are conventional or digital printing technologies, because wetting and
spreading of printing inks on the surface and good adhesion of the printed layer are determined
by these properties. The free surface energy of substrates and inks determines their cohesive and
adhesive energy. The difference between the adhesive and cohesive energies is expressed by
the Harkinson spreading coefficient, which determines whether (or not) the ink wets the surface
of the substrate (Kaplanova et al. 2009). Low surface dispersive energy of papers negatively
influences wetting and spreading inkjet inks on surface, print density and colour gamut (Gigac et
al. 2014b). Techniques such as corona, UV ozone, sintering, plasma, and laser treatments are
employed to modify the surface energy of the substrates (Ali et al. 2018, Gerhard et al. 2012).
In printed electronics, it is always desirable to have the surface energy of the substrate at least
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above 7-10 mJ'm™ compared to surface tension of the ink to get good wetting and adhesion
characteristics (Turkani et al. 2018).

While variations in printed layers are relevant for graphic papers only if they can be
perceived by the human eye, for printed electronics papers, detailed reproduction of structural
elements is essential for the reproducibility and reliability of electrical properties of the printed
layers (Fugmann et al. 2006).

Surface free energy, dispersive and polar component of surface energy of coated
paperboards are given in Tab. 1. The surface free energy (SFE) of the coated paperboards ranged
from 20.4 to 37.2 mJ'm™ for the top side and from 27.4 to 66.0 mJm™ for the bottom side. The
coated paperboards B and D had the highest surface free energy of the top side, while the coated
paperboard E had the highest surface free energy of the bottom side. The dispersive component
of surface energy of the coated paperboards ranged from 20.1 to 36.5 mJm™ for the top side and
from 27.2 to 63.5 mJm™ for the bottom side. The coated paperboard D had the highest
dispersive component of surface energy of the top side, while the coated paperboard E had the
highest dispersive component of surface energy of the bottom side. The polar components of the
surface energy of the coated paperboards ranged from 0.13 to 0.80 mJm™ for the top side and
from 0.10 to 3.72 mJ'm™ for the bottom side (Tab. 1). The coated paperboard B had the highest
polar component of surface energy of the top side, while the coated paperboard E had the highest
polar component of surface energy of the bottom side.

The effect of calendering and hot stamping on coated paperboards properties

The quality of printed electrical and electronic components is affected mostly by printing
roughness of the paper substrate. Smoothing the coated paperboard in a calender commonly
used in the paper industry to reduce printing roughness was compared with smoothing in
a stamping machine.

Changes in printing roughness, thickness and stiffness of coated paperboards (Tab. 1) after
smoothing by calendering (C1 or C2) and hot stamping (HS) methods are shown in Figs. 1-5.
Procedures C1 or C2 indicate 1 or 2 passes of coated paperboard in a nip between calender
rollers. There are three graphs in each figure. The graphical representation of the relationship
between print roughness and thickness is located at the top left of each figure, the relationship
between average stiffness and thickness at the top right, and the relationship between printing
roughness and average stiffness in the center at the bottom. The measurements of the evaluated
properties in Figs. 1-5 were performed 2 and 24 hours after smoothing.

Coated paperboard A with a thickness of 402 um, an average stiftness of 2025 mN and
a printing roughness of 0.80 um was smoothed in a calender using procedures C1 and C2 and in
a hot stamping machine HS (Fig. 1). After smoothing in a calender by the C2 procedure,
the original coated paperboard A thickness was reduced to 268 um, the average stiffness to 1125
mN and the printing roughness to 0.63 um. After hot stamping, the thickness of the original
coated paperboard A was reduced to 297 um, the average stiftness to 1535 mN and the printing
roughness to 0.64 um. A comparison of the properties after 24 hours shows that after
calendering the thickness decreased by 34%, the average stiftness decreased by 44% and the

32



WOOD RESEARCH

printing roughness by 22% and after hot stamping the thickness decreased by 26%, the average
stiffness decreased by 24% and the printing roughness by 21%.
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Fig. 1: The effect of smoothing by calendering and hot stamping on the relationships between
thickness, printing roughness and stiffness of coated paperboard A.

Coated paperboard B with a thickness of 356 um, an average stiffness of 1595 mN and
a printing roughness of 1.17 um was smoothed in a calender using procedures C1 and C2 and in
a hot stamping machine HS (Fig. 2). After smoothing in a calender by the C2 procedure,
the thickness of the original coated paperboard B was reduced to 241 pum, the average stiffness
to 775 mN and the printing roughness to 0.85 um. After hot stamping, the thickness of
the original coated paperboard B decreased to 306 pum, the average stiffness to 1260 mN and
the printing roughness to 0.94 um. A comparison of the properties after 24 hours shows that
after calendering the thickness decreased by 33%, the average stiffness decreased by 51% and
the printing roughness by 28% and after hot stamping the thickness decreased by 14%,
the average stiffness decreased by 21% and the printing roughness by 18%.
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Fig. 2: The effect of smoothing by calendering and hot stamping on the relationships between
thickness, printing roughness and stiffness of coated paperboard B.

Coated paperboard C with a thickness of 201 pum, an average stiffness of 440 mN and
a printing roughness of 1.21 pum was smoothed in a calender using procedures C1 and C2 and in
a hot stamping machine HS (Fig. 3). After smoothing in a calender by the C2 procedure,
the thickness of the original coated paperboard C was reduced to 151 um, the average stiffness
to 260 mN and the printing roughness to 0.85 pum. After hot stamping, the thickness of
the original coated paperboard C was reduced to 183 pum, the average stiffness to 420 mN and
the printing roughness to 0.90 um. It follows that after calendering, the thickness decreased by
25%, the average stiffness decreased by 40% and the printing roughness by 30%, and after hot
stamping, the thickness decreased by 8%, the stiffness decreased by 4% and the printing
roughness by 26%.
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Fig. 3: The effect of smoothing by calendering and hot stamping on the relationships between
thickness, printing roughness and stiffness of coated paperboard C.

Coated paperboard D with a thickness of 264 pum, an average stiffness of 835 mN and

a printing roughness of 1.28 um was smoothed in a calender using procedures C1 and C2 and in
a hot machine HS (Fig. 4). After smoothing in a calender by the C2 procedure, the thickness was
reduced to 191 pum, the average stiffness to 515 mN and the printing roughness to 0.84 um. After
hot stamping, the thickness of the original coated paperboard D was reduced to 240 pum, the
average stiffness to 795 mN and the printing roughness to 0.75 um. It follows that after
calendering, the thickness decreased by 28%, the average stiffness decreased by 38% and
the printing roughness by 35%, and after hot stamping the thickness decreased by 9%, the
average stiffness decreased by 5% and the printing roughness by 42%.
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Fig. 4: The effect of smoothing by calendering and hot stamping on the relationships between
thickness, printing roughness and stiffness of coated paperboard D.
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Coated paperboard E with a thickness of 455 um, an average stiffness of 3130 mN and
a printing roughness of 1.63 um was smoothed in a calender using procedures C1 and C2 and in
a hot stamping machine HS (Fig. 5). After smoothing in a calender by the C2 procedure,
the thickness of the original coated paperboard E was reduced to 336 um, the average stiffness to
1805 mN and the printing roughness to 0.83 um. After hot stamping, the thickness of the original
coated paperboard E decreased to 407 pum, the average stiffness to 2825 mN and the printing
roughness to 1.02 um. It follows that after calendering, the thickness decreased by 26%, the
average stiffness decreased by 42% and the printing roughness by 41%, and after hot stamping,
the thickness decreased by 11%, the average stiffness decreased by 10% and the printing
roughness by 28%.
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Fig. 5: The effect of smoothing by calendering and hot stamping on the relationships between
thickness, printing roughness and stiffness of coated paperboard E.

Calendering of the original coated paperboards A, B, C, D and E was carried out at
a temperature of 80°C and a dwell time in the pressure zone of 0.12 s at a pressure of 52 MPa,
while the smoothing with a hot stamping machine took place at a temperature of 95°C and
a dwell time in the pressure zone of 3 s at a pressure of 2.6 MPa. For comparison of the effect of
both smoothing methods, carried out under different conditions, on the properties of the original
coated paperboards, the specific stiffness per unit printing roughness parameter was used,
calculated from the ratio of specific stiffness and printing roughness from values determined
48 hours after smoothing. A comparison of the procedures of smoothing C1 and C2 in
the calender and in the hot stamping machine HS on the ratio of specific stiffness and printing
roughness of original coated paperboards is shown in Fig. 6. Smoothing in the calender using the
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C1 procedure did not significantly increase the ratio of specific stiffness and printing roughness,
therefore the original coated paperboards were smoothed two times in the calender under the
same conditions (C2 procedure). The hot stamping method reduces the printing roughness of the
original coated paperboards while achieving a higher thickness and stiffness compared to the
calendering method. For this reason, the highest values of the ratio of specific stiffness and
printing roughness were achieved with smoothing with a hot stamping method of the original
coated paperboards.
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Fig. 6: The effect of smoothing methods of the original coated paperboards on the ratio
of specific stiffness and printing roughness.

For the converter or end user, stiffness is a critical parameter which has a significant
influence on conversion and packaging line efficiency. The maximum stiffness has to be achieved
at the lowest possible grammage and thereby cost, whilst maintaining a consistent and uniform
level.

When smoothing in a hot stamping machine, the thickness and stiffness of the coated
paperboards were reduced only in place of a smooth metal die, while after smoothing with
a calender in the whole profile. From the above it can be concluded that it will be possible to
produce lighter packaging from coated cardboard smoothed by hot stamping.

CONCLUSIONS

The printing roughness of the coated paperboards to the level required for the printing of
electrical and electronic components was achieved by smoothing in a calender and in a hot
stamping machine. The advantage of the hot stamping machine compared to the calender was to
achieve a higher stiffness of the smoothed coated paperboards with the same printing roughness.

Calendering reduces stiffness in the whole profile of the coated paperboards, while the hot
stamping machine smoothed only a certain area, which is needed for printing electrical and
electronic components. From the above it can be concluded that the coated paperboards
smoothed by hot stamping have the same stiffness at a lower basis weight than those calendered.
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Therefore, it will be possible to produce a packaging with a lower weight from coated
paperboards smoothed by hot stamping.
In addition, calendering causes a reduction of the friction coefficient in the whole profile of
the coated paperboards, which is often the cause of deteriorated stackability of packaging.
Direct printing of electrical and electronic components on coated paperboards smoothed by
hot stamping can be an interesting alternative to the technology of gluing smart labels to
packaging.
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