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DEEP-DRAWING OF PAPER AND PAPERBOARD:
THE ROLE OF MATERIAL PROPERTIES

Alexey Vishtal* and Elias Retulainen

Fibre-based packaging materials are widely utilized all over the world.
They have several important advantages in comparison with fossil-based
packaging: biodegradability, recyclability, and renewability. However,
fibre-based packaging cannot fully compete with plastic in its barrier
properties. Also there are limitations regarding its shapes due to poorer
formability. The deep-drawing forming process can be used for the
production of advanced three-dimensional shapes from paper-based
materials. Formability and related characteristics are essential for deep-
drawing of paper-based materials. This paper aims to give an overview
of the deep-drawing of paper-based materials with the emphasis on the
experienced deformations, on the role of mechanical properties of
materials in deep-drawing, and on the typical defects found in the shapes
after the forming. Additionally, strategies are proposed to help mitigate
common problems in deep-drawing.
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INTRODUCTION

Paper and paperboard together are the most widely used consumer and industrial
packaging materials in the world (Rhim 2010). Paper-based packaging materials appear
in the form of wrappings, sacks, boxes, cups, bags, trays, and tubes. These packages have
already proven their applicability and have occupied a solid position in the market. The
important advantages of paper-based packaging materials in comparison with petroleum-
based products are biodegradability, recyclability, good printability, “green” image, and
renewability. On the other hand, paper-based materials have characteristic features that
limit their use in some applications. Among those features are: poor barrier properties,
sensitivity to elevated moisture levels, and inferior formability in comparison with
plastics. While the barrier and moisture resistant properties can be improved by
introducing different coatings and additional layers, the formability of paperboard cannot
be significantly improved without chemical and mechanical modifications to fibres and
the fibre network structure.

Formability is the ability of material to undergo plastic deformation without
damage, i.e. the “ease of forming” (Bhattarychyaa et al. 2003). Formability is especially
important for paper-based materials that are subjected to a deep-drawing type of forming
process. This process has been conventionally used for production of various products
from plastics and metals (Hosford and Caddell 2007). Deep-drawing of paper-
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board can be used for production of such products as paper trays, cups, paper plates,
containers for food, and various consumer packages. Deep-drawn paper-based products
are intended to compete with petroleum-based materials on the market for packages for
ready meals, picnic dishes, and foodstuffs such as cheese and sliced meat products. The
specific properties of fibre-based materials set significant limitations regarding the
obtainable shapes compared to plastics and metals. These limitations are caused by
certain insufficient deformation characteristics of paper. They cause defects in deep-
drawing such as surface and complete fractures, appearance defects, and shape
inaccuracies.

This paper aims to provide an overview of the deep-drawing process and the
deformations experienced by paper-based materials in the deep-drawing process. The
second objective is to identify the mechanical properties of materials that have an
essential role in deep-drawing. Additionally, typical defects in end-products will be
reviewed and possible reasons for these defects will be suggested. Finally, solutions to
avoid or mitigate the problems will be proposed.

DEEP-DRAWING OF PAPERBOARD: PROCESS, MATERIALS, PRODUCTS,
AND LIMITATIONS

There is a lack of information in the literature regarding modern techniques,
equipment, materials, and conditions used for deep-drawing of paperboard. German
authors (Scherer 1932; Heinz 1966, 1967) have done some fundamental research in this
field. Only a few works have been published in recent times (Uggla et al. 1988; Kunnari
et al. 2007; Hauptmann and Majschak 2011; Ostlund et al. 2011; Post et al. 2011). A
patent review shows that industry has had an interest in this topic since the 1940s.

Patents are mostly associated with process design features, such as pre-creasing,
lubrication, and special coatings for paperboard (Cross and Bernier 1967; Morris and
Siegele 1975; Schlesinger et al. 1982; Ingraffea 1983), and with the development of new
highly-extensible materials (McClurg and Dulmage 1942; Cariolaro and Trani 2000;
Nobuhiro et al. 2004; Reitzer 2007; Ankerfors and Lindstrém 2011).

The aim of this section is to overview the current process for deep-drawing of
paperboard, materials which are used for it, and common defects and problems in deep-
drawing.

Process

The deep-drawing type of the forming process for paperboard is already being
applied at the industrial scale. The equipment for deep-drawing and the forming
procedure can vary in details from one producer to another; however, the principle is the
same: a paperboard blank is drawn into the cavity of a predefined shape by using a
moving die (Hauptmann and Majschak 2011; Ostlund et al. 2011; Post et al. 2011). The
schematical representation of the deep-drawing process can be found in the Fig.1
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Fig. 1. Stages of the deep-drawing process of paperboard (I: initial stage, II: blank is fixed and
heated, Ill: drawing itself, IV: formed product is released) (adopted from: Hauptmann and
Majschak 2011)

As can be seen from Fig.1, the deep-drawing process of the paperboard consists
of four phases. The first phase is where the blank is transferred to the forming press. The
second is where the blank is fixed by blank holders, heated and optionally moisturized, in
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order to soften the paper. The third stage is the forming, when the blank is formed to the
designed shape against a forming cavity and counter holder. Finally, in the fourth stage,
the formed part is cooled in order to “freeze” the shape and regain stiffness. The
timescale of the process is rather short; the forming time varies in the range from one to
several seconds.

The typical conditions in the forming process of paperboard are as follows: the
temperature of the paperboard is around 100°C and the moisture content is around 6 to
11% (Peltonen 2006, Kunnari et al. 2007). The ingoing moisture content of the
paperboard can vary because it is not usually controlled prior to forming. A moisture
content of above 15% in the blank can lead to the formation of small fractures in the
edges of a formed tray (Peltonen 2006).

Materials

The paperboard grades used in the forming are typically of relatively high
grammage (200 to 450 g/m?), non-coated, and made of chemical pulp, e.g. kraft pulp.
However, polyethylene-coated and mechanical pulp containing grades are also available.
Among the commercially available paperboard grades used in deep-drawing, some
notable ones are: Trayforma® (Stora Enso) and FibreForm® (Billerud) (Stora Enso 2012;
Billerud 2012).

Other fibre-based products, such as vulcanized fibres, saturating kraft, latex-fibre,
and other fibre composites, have been reported to have high elasto-plastic deformation
characteristics in comparison to conventional paper grades (Waterhouse 1976; Alince
1977; Nezamoleslami et al. 1998; Suzuki 2004). Recently, vulcanized fibres were utilized
in the deep-drawing process for the production of automotive interior parts (Kinne et al.
2011; Kunne and Dumke 2012). The sack and bag grades of paper can have elongation in
the cross direction (CD) of around 6 to 8% and in the machine direction (MD) of 2 to 3%.
One type of extensible paper, so-called “compacted” or “Clupak” paper, may have
elongation of up to 12% in MD (Hernandez and Selke 2001; Holik 2006). Recent
developments in the compaction of paper, by the addition of CD compaction, have
yielded strain values of 20% and 16% in MD and CD, respectively (Cariolaro and Trani
2000; Cariolaro.com 2011). The aforementioned materials have a great potential to be
used in deep-drawing.

Additionally, fibres or paper can be subjected to chemical modifications, impreg-
nation with plasticizers, or blending with thermoplastic polymers such as polypropylene,
etc. The elongation at break of such materials can be as high as 30% (Waterhouse 1976;
Alince 1977; Salmen et al. 1984; Rezai and Warner 1997; Borges et al. 2001; Wang et al.
2007; Cyras et al. 2009). Another perspective paper-based material for deep-drawing is
the hydroxypropylated pulp, which shows high elongation levels (up to 16%) and partial
transparency (Vuoti et al. 2012). Hydroxyethylation of pulp has also been shown to be
beneficial for strength and stretch of paper; stretch was improved from 3% to almost 8%
(Didwania 1968).

Products
Advanced 3D-shapes from paperboard can be produced by deep-drawing process,
and the examples of such products are shown in Fig. 2.
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Fig. 2. 3D-Shapes obtained from the current industrial forming process

In principle, in deep-drawing, paperboard can be formed to the shape of any
geometry. However, the depth, curvature, and side wall angle are limited by the
deformation characteristics of paperboard.

Limitations and Defects in the Formed Shapes

The maximum depth of the deep-drawn shape is always a compromise between
the appearance, runnability in the forming process, and depth itself; since the more that
the blank is drawn, the more the material is contracted in a lateral direction and the more
compressive deformation it should have to tolerate. Compression and drawing stresses
are also increasing the probability of the breaks and other defects. As for the current state
of art, there are generally no defined limitations of the maximum depth to which shapes
can be drawn, because products are varying in the shape, curvature, side wall angle,
presence or absence of the flange, and creasing lines; however, one might take the trays
shown in Fig. 2 as the reference for the current limits in the extent of deep-drawing.

Appearance of defective shapes is the actual indicator that is setting the
limitations for the deep-drawing process. The most common defects in the deep-drawn
shapes are cracks, fractures, buckles, different types of wrinkles, and dimensional
instability reflected as springing back and deflexion.

Cracks and Fractures

Fractures lead to unsuitable outcomes of the process, i.e. product with fractures
cannot fulfil to its end-purpose, while the surface cracks worsen the shape appearance;
i.e. material may still keep the shape of the formed product. Moreover, fibres in the crack
zone can partially re-consolidate through the action of applied moisture, temperature, and
pressure. The main explanation for a surface crack is the difference in the extent of
experienced stresses between the inner and outer surfaces of the paper. The inner surface
stresses and strains (where the die has been applied) are smaller than those on the outer
surface; this difference becomes larger with an increase in the thickness of the material
(Bhattacharyya et al. 2003). The actual fracture occurs due to a failure of bonds between
fibres and a failure of the fibres themselves. Thus, compressive and tensile strengths, and
the corresponding strain values, determine the possibility of a fracture (Niskanen et al.
1996). Fractures are initiated by the breakage of bonds rather than by fibre breakage (Van
Den Akker 1950; Van Den Akker et al. 1958). The layered structure of paperboard is an
additional factor because the layers may be composed of different pulps, with distinct
behaviours under straining and compression. There is naturally a considerable difference
between the MD and CD directions in paper and paperboard. Straining behaviour in the
CD is more plastic and ductile than in the MD (Salminen 2003). Typically, fractures in
deep-drawing occur between the flange and side wall and between the side wall and the
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bottom of the shape, since these zones are experiencing higher stresses in comparison
with other parts of the shape. Examples of fractures of the deep-drawn shapes are shown
in the Fig. 3.

Fig. 3. Two common types of fractures in deep-drawing: A — between flange and side
wall; B — between bottom of the shape and side wall

Wrinkling and Buckling

Wrinkling and buckling occur mainly due to the action of compressive forces
oriented in a transverse direction (Johnson and Urbanik 1987; Urbanik 1992;
Bhattacharyya et al. 2003; Arcelomitall 2011; Hosford and Caddell 2007). Wrinkling
leads to uneven height on the upper surface of the package (flange wrinkling), so that it
cannot be effectively sealed to protect the aroma and freshness of the product. It is
possible to define two principal types of wrinkling: flange wrinkling and draw wrinkling
(side wall of the shape) or puckering. The formation of wrinkles and buckles can be
controlled by adjusting the blank holder force: the higher the force, the lower the
probability of formation of wrinkles and buckles (Bogaerts et al. 2001; Hauptmann and
Majschak 2011). However, high blank holder force leads to increased tension and
compression loads, which increase the possibility of a fracture. One way to control
formation of wrinkles is by pre-creasing; this approach creates controlled weaker zones
with locally reduced stiffness and elastic modulus in compression (Kunnari et al. 2007).
Thus, in the forming process, wrinkles are formed in a controlled way. The location of
the creasing lines for each type of blank is defined experimentally (Giamperi 2011). One
other way to deal with the wrinkles is to use material with low compressive strain and
strength, which would lead to the formation of a huge amount of shallow and small
wrinkles; thus the surface of material would look rather smooth. The side wall wrinkling
of the cylindrical deep-drawn shape is shown in the Fig. 4.

Fig. 4. Side wall wrinkling of the deep-drawn shape (left), at higher magnification (right)

Vishtal & Retulainen (2012). “Deep-drawing of paper,” BioResources 7(3), 4424-4450. 4429



PEER-REVIEWED REVIEW ARTICLE b | oresources.com

Spring Back and Deflexion

Spring back and deflexion are the defects related to the shape accuracy of the
formed product. Spring back describes a change in the angle between the walls and
bottom of the formed shape when an applied force is released, while deflexion is the
distance between the bottom edge of the shape and the angular line of the spring back
measurement (Hauptmann and Majschack 2011). Spring back and deflexion can be
attributed to elastic recovery and relaxation effects (Waterhouse 1985; Whitsitt 1987). A
spring back effect occurs within one second after the load being removed (Vomhoff
1998). Springing back can be sufficiently decreased by the selection of a proper
temperature and moisture profile in forming, in order to rapidly “freeze” the shape
(Ostlund et al. 2011; Golzar and Ghaderi 2009). These defects are furnish-dependent; due
to its rigidity, mechanical pulp tends to spring back more rapidly and to a higher extent
than the chemical pulp. A schematical illustration of spring back is shown in the Fig. 5.

Under load
Fig. 5. The illustration of spring back effect

Earing

Earing is the waving of the upper part of a deep-drawn shape. This defect is
caused by the anisotropy of the material (Tajally et al. 2011), i.e. by the difference in the
straining of paper in the drawing direction and lateral direction, and also by the difference
in the paper properties in MD and CD. An example of earing is shown in Fig. 6.

Fig. 6. Earing of deep-drawn shape (courtesy of M. Hauptmann TU Dresden)
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Blistering

When using elevated temperature and moisturizing in deep-drawing, one should
remember that this may cause blistering in the paperboard. Blistering of the paperboard is
a defect in appearance that may also reduce its sealability. It is caused when the water
vapour cannot evaporate out of paper fast enough, and it creates internal vapour pressure
that is higher than the cohesion of the surface layer. This defect is especially common in
coated and/or multilayer paper grades where the density of the outer layers is higher than
the density of a middle layer, and air permeability is low, which can lead to excessive
internal steam pressure. An illustrative example of blistering in coated paper is shown in
the Fig. 7.

___; e = ,'_-A :.1-;_; _"_ : e ‘.
Fig. 7. An example of blistering on coated paper (Paperonweb.com 2012)

STRESSES ARISING IN PAPER-BASED MATERIALS IN THE DEEP-
DRAWING PROCESS

Paper-based materials have a stochastic structure in comparison with other
materials (plastics, metals) used in deep-drawing. Nevertheless, common aspects in the
mechanisms of deformation can be found for these materials. The behaviour of paper-
based materials in deep-drawing is based on the properties of single fibres and fibre
bonds, and on the structure of the paper web formed during consolidation and drying.
Moreover, there are built-in compressive and tensile stresses in paper, formed during the
manufacturing process. These stresses have a significant influence on the straining
deformation of paper (Niskanen 1998; Alava and Niskanen 2006; Ostlund et al. 2005). In
the case of paperboard, adhesion forces between layers, thickness, chemical composition
of layers, and type of coating are of specific importance when considering its behaviour
in deep-drawing. Unevenness of the strength and stress distribution in the MD and CD of
paper-based materials is the common reason for failure under a load (Xia et al. 2002).

Deep-drawing of paperboard means that the material will be compressed, sheared,
and strained at the same time (Waterhouse 1985); the extent of these stresses determines
the possibility of fractures and defects such as wrinkling, abnormal thinning, buckling,
and earing. The main reason for defects in fibre-based composites and paperboard in
deep-drawing is the limited ability of the material to withstand plastic deformations,
because the softened matrix of wood polymers has a limited ability to flow; it is lower
than for truly ductile materials. For instance, elongation at the break of the typical
commercial paperboards is in the range of 2 to 5%, while some metals can be strained up
to 90%, and certain foams and rubbers up to 1000% (Cada 1996; Bogaerts et al. 2001;
Anonymous 2011).
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The Deformations of Fibre and Fibre Network

Five general modes for fibre and fibre network deformations can be observed:
fibre stretching, fibre straightening, intra-ply rotational shear, shear slip, and buckling
(Long et al. 1996). These deformations have been found in the draping of textile fibres.
This process has a certain similarity to the deep-drawing of paper. Thus, models of textile
fibre deformation can also be applied to paper fibres without major reconsideration. The
modes of fibre deformations for a single layer of fibres are shown in Fig. 8.

..................................................................................................................................................

..................................................................................................

Fig. 8. Schematlc lllustrations of fibre and fibre network deformations during draping of textile
fibres (I: shear, II: straightening, Ill: wrinkling, IV: stretching, V: slip, VI: interlay slip) (adopted from
Long et al. 1996)

Shear stress (1) in fibres occurs when the direction of the tensile load does not
match the orientation of the fibres in the plane of paper (Skelton 1980; Stenberg et al.
2001). Fibres under tensile load can experience straightening (I1), yielding an increase in
the linear length. The straightening of fibres is higher in the CD, due to the higher built-in
tension in the MD caused by restrained drying, and due to contraction and shrinkage of
the sheet in the CD, so that more curled fibres in the CD have a better potential for
increasing the linear length due to straightening. Stretching (V) of fibres is caused by the
moving die (Long et al. 1996). In paper, due to variations in fibre orientation, shape,
cross-sectional area, and dislocations, the stresses within a fibre and between fibres vary
(Page and Seth 1980). For natural wood fibres, irregular in thickness, the strain
experienced by the different segments of the fibre under extension is different (Page et al.
1973). The thinnest segment experiences the maximum strain. The strain difference
between regular fibre and a fibre with a 50% variation in diameter can be as high as 45%
(Wang and He 2003). Inter-ply rotational or parallel shear (V1) can occur in between two
layers (Long et al. 1996; Bogaerts et al. 2001). The inter-ply slip can be counted as one
of the main factors contributing to a change in the shape of a product (Bogaerts et al.
2001).

The Deformation of Paperboard
The stresses arising in paperboard during deep-drawing can be compared to those
stresses with creasing and embossing. Regarding creasing, paperboard is pressed to the
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cavity by the moving die, while the edges of the paperboard sheet are kept under tension.
However, the stresses and deformations caused by drawing occur over a larger area than
creasing, which is a local process. A schematic representation of the stresses that occur in
paperboard during creasing is shown in Fig. 9.

Fig. 9. The deformations and stresses caused by creasing of paperboard (t-tension, c-
compression, s-shear), (adopted from Hine 1964, Beex and Peerlings 2009)

The stress model shown in Fig. 9 can be partly applied to the deep-drawing of
paperboard. Compression, bending, and shear stresses are caused by the moving die and
the walls of the cavity, while tension is mainly due to the in-plane holding force applied
on the paperboard sheet. The direction of the tensile and compressive stresses in the
deep-drawing of fibre composites is shown in Fig. 10.

Fig. 10. Scheme of the directions of tensile and compressive strain in deep-drawing of fibre
composites (adapted from Nakamura et al. 2009)

As can been seen in Fig. 10, the deep-drawing of a cup-like shape yields positive
longitudinal strain (g), in addition to radial tensile stress, and negative (compressive)
transversal strain (ey), which is a common reason for wrinkling (Nakamura et al. 2009;
Seo et al. 1992; Marynowski 2008). One method of studying the deformation of a
material during drawing is grid strain analysis. This method has been applied to fibre
composites (Martin et al. 1997; Bhattarachyya et al. 2003) and recently to paperboard
(Ostlund et al. 2011).

It can be summarized that the most important and commonly occurring modes of
deformation for materials used in deep-drawing are tensile strain, shear strain, and
compressive strain. The friction between the moving die, the forming cavity, and the
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paperboard causes a notable amount of these stresses. When the paperboard cannot
withstand these stresses, it leads to the formation of defects in the shape. The deep-
drawing process should be performed in a way to avoid excessive stretching in the
drawing direction, in order to prevent formed shape from the defects. However, this
matter becomes challenging considering the advanced shapes with high depth.

UNDERSTANDING THE DEEP-DRAWABILITY OF PAPER-BASED
MATERIALS

There is a need for the development of a systematic approach for evaluation of the
applicability of paper-based materials for the deep-drawing process based on the
mechanical properties of paper. At present, evaluation is based on empirical methods,
which provide results only for a given shape under given conditions (Ostlund et al. 2011;
Post et al. 2011). The foremost basic property of paper, which is now used for the
evaluation of mouldability, is elongation at a break; additionally compressive strength,
shear strength, and metal paper friction are also important (Kunnari et al. 2007
Hauptmann and Majchak 2011; Ostlund et al. 2011; Ankerfors and Lindstrom 2011; Post
et al. 2011). The consideration of these properties with respect to the deep-drawing of
paper would allow better understanding of which properties should be improved toward
better performance in process.

Tensile Behaviour of Paper in Deep-Drawing

A considerable amount of knowledge of the tensile and fracture behaviour of
paper is available, because the strength and fracture properties of paper have been an
object of close attention in science and industry since the start of modern papermaking
(Niskanen 1998; Mark et al. 2001; Uesaka et al. 2001; Uesaka 2005; Alava and Niskanen
2006; Ek et al. 2009). Stress-strain curves are used for the characterization of the
behaviour of paper under tension. Most commonly, interest has been concentrated on
tensile strength, while extensibility of paper has attracted less interest. The tensile
behaviour of wet paper can demonstrate interesting aspects in plastic deformations of
paper. The stress-strain curve for paper at 55% dryness is shown in Fig. 11.
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Fig. 11. The stress-strain curve of wet paper at 55% dryness, * the black circle on the figure
refers to the point of highest tension, which is conventionally considered as the breaking point
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The stress-strain curve of paper, however, depends on several factors related to
the straining situation. As Fig. 11 shows, the catastrophic failure of paper is not
necessarily imminent when the highest tension, that is, tensile strength, is reached
(Robertson 1959; Kurki et al. 2004). The fracture behaviour of paper under tensile stress
depends on the amount of elastic energy stored in the test sample and the energy needed
for the propagation of the fracture line. If the amount of elastic energy stored in the test
strip is low or the energy needed for the propagation of the fracture line is high, for
example, due to a short testing span, or due to high fracture toughness or high moisture
content, additional energy has to be brought into the sample by straining the sample
further. Figure 11 shows that paper can be strained a considerable amount before the
load-bearing ability of the sample is completely lost. This also indicates that the strain at
break value is not always a suitable measure of the deformability of paper. The
elongation should be measured at the point at which an essential portion of the tension
has been lost.

Tensile strength does not play a crucial role in deep-drawing. Elongation potential
is more important, and elongation should be recorded at a point where material still
shows a considerable resistance to tension. The amount of tension that can be lost and the
amount of the lost tension and stiffness that can be healed during the final stage of deep-
drawing have not been studied yet. Another parameter that can be obtained from the
stress-strain curve is tensile energy absorption (TEA). This can be used as an estimate of
the amount of energy that the sample can absorb before fracture (Hernandez and Selke
2001). However, fracture toughness would be more specific for an evaluation of the
energy needed for fracture propagation.

The combined effect of temperature and moisture on the elongation behaviour of paper

The presence of moisture softens the material and changes the character of the
stress-strain curve of fibres and paper by reducing the elastic modulus and tensile
strength. It increases the elongation due to increased plastic deformation. Increased
temperature has a similar effect (Salmén and Back 1977; Back and Salmeén 1989). By
varying the moisture and/or temperature of paper-based materials, it is possible to get
gains in elongation of around 2 to 2.5% points (Kunnari et al. 2007). The effect of the
increased temperature is mainly related to the softening of the material. Water acts as a
plasticizer, decreasing the softening temperature of cellulose and lignin, however, for the
latter only to a minor extent (Goring 1963; Back and Salmen 1982; Waterhouse 1984;
Shiraishi 1991; Haslach 2000; Alava and Niskanen 2003). The data on the softening of
wood polymers (Salmén et al. 1982 and 1984; Salmén and Back 1989) allow the
assertion that most paper-based materials are fully softened at a moisture content of
around 6 to 8% and at temperature of 150 to 180°C. These conditions can be suggested as
the reference points when choosing the temperature and moisture for deep-drawing. The
effect of moisture and elevated temperature on elongation depends on the structure of the
paper-based materials; the higher the density of the material, the lower the increase in
elongation (Rhim 2010). Moisture and temperature also have an increasing effect on the
stress relaxation rate of paper. Roughly 50% of the tension in wet paper can be released
within 0.5 seconds (Kurki et al. 2004; Retulainen and Salminen 2009).
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Effect of chemical composition on the tensile behaviour of paper

The chemical composition of pulp affects the tensile behaviour of paper-based
materials; elongation and tensile strength of paper made from mechanical pulp are lower
than for sheets made from chemical pulp (Seth 2005). Chemical composition also
influences the amount of absorbed moisture. A high content lignin, which has relatively
low ability to absorb moisture, and a low content of hemicelluloses reduce the positive
effect of moisture on the elongation (Scallan 1974; Kunnari et al. 2007). Moisture at high
levels also affects other mechanical and end-use properties of paper-based packaging
materials (Sgrensen and Hoffman 2003). In addition to deformation properties, it also
affects the coefficient of friction. The moisture content of paper is often controlled in
printing and converting in order to ensure quality of product (Johnson et al. 1983; Alava
and Niskanen 2006). In deep-drawing, moisture and temperature adjusting can be used to
improve formability and shape stability (Kunnari et al. 2007; Hauptmann and Majschak
2011).

Effect of fibre properties and fibre network structure on the tensile behaviour of paper

Curly fibres have a positive influence on the elongation of paper, but at the same
time, they moderately decrease tensile strength (Page and Seth 1980; Mohlin et al. 1996;
Gurnagul and Seth 1997; Joutsimo 2004; Joutsimo et al. 2005; Seth 2005; Kunnari et al.
2007). Curly and kinky fibres have the ability to distribute induced stresses onto a larger
area better than straight fibres (Joutsimo et al. 2005). Page and Seth (1980) have
indicated different states of curl-like fibre deformations that affect the stress-strain
behaviour of fibres: dislocated and micro-compressed fibres, gently curled fibre, and
notably curled and crimped fibres. Gently curled fibres most suit deep-drawing processes
because they provide paper with the highest straining ability and can withstand high
tensile loads. In the case of crimped fibres, the tensile strength is significantly decreased,
and in the case of micro-compressed fibres, strain at break is very low (Page and Seth
1980). High-consistency refining (HCR) or a combination of HCR with low-consistency
refining (LCR) are strategies to induce the desired curl in fibres and improve elongation
(Page 1966; Jackson 1967; Averheim 2004; Gurnagul et al. 2009). The fibril angle of
fibres is of significant importance for elongation; high fibril angle in fibres provides
better elongation and the ability to withstand shearing deformation (Satyanarayana et al.
1982; Page and El-Hosseiny 1983; Lindstrom et al. 1998; Bledzki and Gassan 1999;
Nishino et al. 2004; Ljungqvist et al. 2005; Donaldson 2008; Hanninen et al. 2011).

The drying phase can, to a significant extent, affect the paper properties.
Shrinkage of fibres and paper during drying induces negative strain on paper, which can
be further recovered to increase overall elongation of paper (Dumbleton 1972;
Wabhlstrom et al. 1999; Htun et al. 1989; Waller and Singhal 1999). Shrinkage causes
axial compression of fibres, which occurs in the interfibre crossings, where it causes
micro-compressions that are further transferred to the whole paper web (Page and
Tydeman 1966; Nanko and Wu 1995; Seth 2005). Even though drying shrinkage is
favourable to the elongation of paper, one should remember that it might lead to poor
appearance due to a rough surface. Combined HC/LC refining, together with low-
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restraint or unrestrained drying, is the state-of-the-art technology for producing highly
extensible papers nowadays (Ankerfors and Lindstrom 2011).

Ability to Comply with Compressive and Shearing Deformation

Materials used in deep-drawing should have sufficient ability to withstand
compressive and shearing deformations without damage (Bhattarachyya et al. 2003; Nino
et al. 2007; Nakamura et al. 2009; Huang 2011). Shearing deformation can occur in the
paper blank when it is sliding into the moulding cavity, while the edges of the blank are
restrained by clamps. The ultimate value of the shear strength is not essential for deep-
drawing; the ability to strain under shear deformation is more important (Stenberg 1999
and 2001; Nygards et al. 2009; Nygards and Malnory 2010). Shearing stress arises from
friction, bending, tensile, and compressive stresses.

Under compressive stress, paper-based materials can experience negative
straining. Compression of the sheet in the in-plane direction can release the tension
stresses in the sheet, which were formed during restrained drying (Haberger and Whitsitt
1983; Considine et al. 2005). In order to avoid defects caused by compressive stress,
fibres and fibre layers in the blank should be able to slide against each other without
significant self-microbuckling (Cavlin and Fellers 1975; Cavlin 1988; Considine et al.
2005). Moisturizing of the blank decreases the compressive strength and resistance to
compressive deformation of the material; however, at the same time compressive strain is
increased (Kellicutt 1961; Considine et al. 1994; VVan Eperen and Robbins 1994).

Friction

Friction is of significant importance for deep-drawing, since material is sliding
under the certain pressure along the forming cavity. Even though the friction-induced
stresses can be relatively low, they may couple with tensile, shear, and compressive
stresses and increase the possibility of surface cracks and fatal fractures (Schwarzmann
and Illig 2001; Westeneng 2001; Bhattacharyya et al. 2003; Peltonen 2006). The friction
of paper-based materials originates from two main components: structural — surface
topography and rigidity; and chemical — the nature of compounds in the layer and their
moisture content (McDonald et al. 1996; Fellers et al. 1998; Johansson et al. 1998). For
instance, metal-paper friction can be significantly decreased by residual fats and waxes
contained in the paper (Back and Salmén 1989; Back 1991). It has been found that the
surface roughness does not determine friction; for smooth paper, friction can be increased
by a higher contact area (Fellers et al. 1998). Friction coefficient is affected by
temperature, velocity, pressure in forming, smoothness, possible lubrication, coating
type, chemical composition of the surface layer, filler content, filler type, and fibre
orientation (Bhattacharyya et al. 2003; Akkerman and ten Thije 2009; Back 1983). In the
case of the deep-drawing of paper-like material, static and dynamic paper-metal friction
is important.
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ESSENTIAL FACTORS IN THE DEEP-DRAWING OF PAPERBOARD

Deficient mechanical properties of the paperboard are reasons for the failures in
deep-drawing. However, one should remember that the positive results depend not only
on the selection of the material for the process, but also on equipment design and
tailoring of the process parameters. A summary of the factors that affect deep-drawing
process of paperboard is given in Table 1.

Table 1. Essential Factors in the Deep-Drawing of Paperboard

Process Conditions Paperboard Properties Equipment Design
Temperature Tensile behaviour Shape of the die and cavity
Retention time Fracture toughness Material of the die and cavity
Blank holder force Shear deformation Type of the drawing process
Drawing sequence Metal-paper friction
Moisturizing of the Compressive strength and negative
blank elongation
Possible lubrication Density

Process variables such as temperature, blank holding force, and moisturizing of
the blank, can be varied for controlling the quality of the final product (Hauptmann and
Majschak 2011). Retention time is the time when the paperboard is retained in the
forming cavity; this parameter can be used to adjust shape stability and springing back.
The sequence of operations in deep-drawing can be adjusted for the optimal distribution
of temperature and moisture within the material. High friction in process may lead to the
decolouration of the shapes and increase the probability of the fractures, lubrication
agents can be used for decreasing the friction in forming (McClurg and Dulmage 1942;
Ingraffea 1983).

The variables originating from the paperboard properties are determined in the
major extent probability of fractures and appearance of the shape. For instance, fracture
toughness of materials determines the propagation of cracks (Fellers et al. 1991).
Elongation at break, and shear, tensile, and compressive properties are considered to be
among the most important material properties in deep-drawing. Bulky materials tend to
be more suitable for deep-drawing (Uggla et al. 1988).

Equipment and motion design variables are used for adjusting the process for a
certain shape of the product and, at some point, for the design of stress distribution in the
material during forming. Also, the type of the deep-drawing process can be varied
according to the material used and the required shape of the product. One well known
variation of classic deep-drawing is the hydroforming process, which has been already
applied to paper (Post et al. 2011)

It is important to have a criterion or criteria, which would reflect the applicability
of fibre-based materials in deep-drawing. Unfortunately, the criteria developed at the
present time only deals with the shape of products versus the relative difficulty level of
their manufacture. Such an approach does not incorporate material properties in the
equations and therefore lacks practical usability. Among the existing criteria for the
applicability of fibre-based materials in the deep-drawing process, the most notable are:
forming degree (Scherer 1932) and mouldability factor (Haataja et al. 1991).
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The mouldability of metals and plastics can be expressed by a limiting drawing
ratio (LDR). This term means the largest ratio of blank to cup diameter that may be
successfully drawn (Hosford and Caddell 1983). In the deep-drawing of metals, the
surface area of the blank increases simultaneously with a decrease in the thickness of the
material (Bogaerts et al. 2001). In contrast to metals, paperboard has a very limited
ability to thin without a fatal failure in the structure; the surface area is mainly increased
due to stretching of the fibres and the bonds between them. Thus, equations and
formability criteria used with metals and plastics cannot be applied to paper-based
materials.

POSSIBLE SOLUTIONS TO COMMON PROBLEMS IN DEEP-DRAWING OF
PAPER-BASED MATERIALS

The primary problems in the deep-drawing of paper-based materials at present
are: surface cracks and fractures, wrinkles, buckles, and shape inaccuracy. These
problems are caused either by insufficient mechanical properties of materials or by the
non-optimal process design and conditions. By knowing the reasons, it is possible to
suggest the solutions for overcoming these problems. The suggested methods on how to
avoid or reduce current problems in deep-drawing of paper-based materials can be found

in Table 2.

Table 2. Suggested Solutions to Current Problems in the Deep-Drawing of
Paper-Based Materials

Problem

Possible
reason(s)

Solution

Description

Effect

Fracture of material in forming

Insufficient tensile elongation of material>***

Adjusting of moisture
and temperature in
forming process'?

Optimal Temperature of
paperboard of 100 °C,
and moisture content of
6 to 8%">%’

By the selecting optimal
conditions, elongation can
be increased up to 2-2.5%
points®

Induction of curl and
microcompressions
to fibres*

High-consistency
refining, combination of
high and low-consistency
reﬁningG,B,Q,lo,ll,lZ

Curl and axial
compression increase
elongation potential of the
single fibre, thus also
elongation of fibre
network®®

Refining to higher
SR number®*

Drying shrinkage is
increased and bonding in
paper is improved’

Elongation can be as high
as 10 to 15% in case of
free drying®

Comgaction of fibre
ebl ,14,15,16

Elongation is improved in
the CD and MD due to
compression of web™

Elongation of compacted
paper can be as high as
15% in MD and 10% in
CD15,16

Creping of fibre
web'®

Contraction and in-plane
compression and
crinkling of paper by
means of the doctor
blade*®

The elongation of creped
paper can be as high as
15 to 300%, in the
direction of creping®
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Vulcanization of

Crosslinking of cellulose

Elongation can be as high

. 17,18 chains by 017,18
fibres ge|atinizati0nl7'18 as 12%

. . . Elongation of restrained
;Iryl/groxypropylatlon wg(? v;rrn% féixr:z'ilr']ty' dried paper up to 8%, for
hydroxyethylationl“”20 potential of fibres™?° tlhgeo/:: Eggodrled paper up to

Replacement of fibre- Effect depends on the
Addition of fibre bonds with fipre- | 2Nt of added substance
latexes®* latex and latex-latex ’

bonds®*?#

elongation can be as high
as 40%°+*

Other chemical
modifications®*2°

Impregnation, blending,
grafting of cellulose with
the different chemicals
such as methylacrylate,
diisoc%/anates, diesters
etc.2*°

Up to 30% of elongation®*2°

Insufficient deformation characteristics under combined
shear, compression, and tensile loads

Using strong fibres
with better bonding
ability®”

More bonds between
fibres provide better
distribution of stresses in
forming”?’

Cannot be quantified

Motion and shape
design®®

Forming sequence and
shape of the product can
be adjusted so that
stresses would be
distributed evenly,
preventing formation of
zones where stresses
are critical for given
material”?

Individual in each case

Utilization of paper,
where mechanical
properties are not
significantly affected
by formation and
anisotropy”>*

Even distribution of fibres
within 3D structure of
paper provides even
distribution of
stresses?*?8

Laboratory handsheets
without orientation perform
better in deep-drawing®

Wrinkling

Compressive deformation®*>!

Increasing blank
holder force®**

Tensile load caused by
blank holders is affecting
the orthogonal
compression of the
blank, improving
distribution of the
wrinkles and reducing its
size®>*

It was possible to decrease
distance between wrinkles
up to 80%, thus size and
depth of wrinkles were also
decreased?

Pre-creasing of the
paper blank

Pre-creasing of blank is
locally reducing stiffness
and elastic modulus of
the material*?°

This method is not reducing
amount of wrinkles but force
them to form in the
designed points, thus
amount of random wrinkles
is minimized.
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Flexible fibres store less
Utilization of flexible | elastic energy, thus
fibres in furnish (less | chemical pulp fibres have
amount of dried-in less spring back effect
stresses) than rigid fibres of
mechanical pulp®

Cannot be quantified.

Adjusting of the
temperature to the given
moisture content and
drawing sequence, would
allow to "freeze" shape
better b;/ the end of

. 34
forming”,

Finding of an optimal
forming temperature
and moisture content
of paper and
adjusting of drawing
sequence

Conditions and effect are
individual in each case

Shape inaccuracy
Elastic Recovery®>*

*References: 1-Kunnari et al. 2007; 2-Hauptmann and Majschak 2011; 3-Ostlund et al. 2011; 4-Post et al. 2011; 5-
Peltonen 2006; 6-Seth 2005; 7-Alava and Niskanen 2006; 8-Page et al. 1985; 9-Joutsimo et al. 2005; 10-Le Ny and
Messner 2007; 11-Ankerfors and Lindstrom 2011, 12-Sjéberg and Hoglund 2007; 13-Hernandez and Selke 2001; 14-Holik
2006; 15-Cariolaro and Trani 2000; 16-Cariolaro.com 2011; 17-Kinne et al. 2011; 18- Kiinne and Dumke 2012; 19- Vuoti
et al. 2012; 20- Didwania 1968; 17-Waller and Singhal (1999); 21-Waterhouse 1976; 22-Alince 1977; 22-Salmen et al.
1984; 23-Rezai and Warner 1997; 24-Borges et al. 2001; 25-Wang et al. 2007; 26 - Cyras et al. 2009; 27-Seth (1995); 28-
Bhatarachyya et al. 2003; 29-Beex and Perlings 2009; 30-Arcelomitall, 2011; 31-Hosford and Caddell; 32-Waterhouse
(1985); 33-Whitsitt 1987; 34-Golzar and Ghaderi 2009; 35-Gates and Kenworthy (1963)

As can been seen from Table 2, the suggested solutions to overcome problems in
deep-drawing of paper-based materials are simple, but they are not generally easy to
realise. However, all of them can be implied in the current papermaking process without
cardinal changes. By varying process conditions and inducing mechanical treatments of
fibres, it is possible to improve the formability of paper-based materials to an extent that
would suit the deep-drawing process. The chemical modification of fibres is another
strategy, but it may require the introduction of new stages in the current papermaking
process.

SUMMARY
Content of the paper can be summarized as follows:

1. In the deep-drawing process, the paperboard is subjected to a combination of
tensile, shear, and compressive stresses. However, the tensile, shear, and
compressive strengths are not crucial for deep-drawing; more important is the
ability of the material to deform under these stresses without failure.

2. A notable part of the tensile, shear, and compressive stresses in deep-drawing
is caused by frictional forces between the blank, die, and forming cavity. This
is an indication of the important role of frictional properties of the surfaces.

3. An inadequate combination of stresses and material properties causes flaws in
the formed product. Typical defects are surface cracks and fractures, wrinkles,
ears, and buckles of the formed shapes. Additionally, deflexion of the formed
shapes can be caused by spring-back due to excessive elastic recovery.
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4. The deep-drawing conditions (including the time, temperature, and moisture
conditions) and the required shape of the product determine, to a significant
extent, the applicability of certain paperboard materials to the process.

5. The formability of the paper-based materials originates from the properties of
fibres, fibre bonds, and the structure of the fibre network formed in the
papermaking and converting process. Thus formability can be improved by
introducing suitable changes to any of those factors.
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