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a b s t r a c t
An explicit ﬁnite element model of the deep-drawing of paperboard has been developed
utilizing a custom yet simple material model which describes the anisotropy and plasticity
of paperboard. The model was veriﬁed with a variety of tests and was then utilized to compare the punch force that was measured during the deep-drawing experiments to the
punch force that was calculated during the deep-drawing simulations. All material parameters were calibrated based on individual experiments; thus, no parameter ﬁtting was utilized to match the experimental deep-drawing results. The model was found to predict the
experimental results with reasonable accuracy up to the point when wrinkling began to
dominate the material response. Since most failures during paperboard deep-drawing
occur before wrinkling begins to play a major role, this model can probably be utilized
to study and predict the failure of deep-drawn paperboard cups. The overall trends and
the effects of major process parameters are predicted by the model. The process parameters that were varied and compared for both experiments and simulations were: blankholder force, die temperature, and thickness. The model was utilized to discover that
friction of the blankholder and die have signiﬁcant effects on the punch force and thus
the stress, implying that low-friction dies and blankholders can considerably reduce the
failure probability and thus also improve the quality of deep-drawn paperboard cups.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Background
The deep-drawing process with paperboard has been in
use for over a century. The utilization of deep-drawing
with paperboard has been supported by preliminary
research activities in the 1930’s by Scherer (1932), who
researched theoretical fundamentals for tool design and
process parameters, and 1960’s by Heinz (1967), who
investigated the characteristics of the punch force curve.
Furthermore, the development has been supported by the
experience-driven knowledge from the industry. The
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process was found to be attractive for applications with
low demands on visual quality and for very rare special
structures due to its uncomplicated setup and the possibility to produce a shaped part by one stroke. This can reduce
effort for joining several parts by gluing, for instance.
However, the process still is one of only a few processes
enabling the three dimensional forming of paperboard
with low technical effort and high ﬂexibility. In contrast
to embossing, higher forming degrees can be reached with
deep drawing. New packaging applications and concepts
currently are the main driver to conduct further scientiﬁc
work in the ﬁeld of paperboard forming. Society realizes
a continuously increasing resource demand, referring not
only to a certain resource like oil, but covering all essential
resources such as food, energy and water. The growing
awareness on the complex interconnected network of
resources and the need to pay attention to environmental
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issues and more sustainable packaging materials as one
part in the resource network gives rise for a broader use
of paperboard. This use even includes the range of primary
packaging, in which the packaging has to meet highest
functional and visual demands.
Paperboard was not considered to be suitable for producing advanced geometries until recent scientiﬁc work
proved the potential of three-dimensional forming processes, especially for deep drawing. Precise regulation of
blankholder force leads to better visual quality through a
more uniform distribution of wrinkles in the cup wall
and prevents discoloration, which was a usual defect in
the past (Hauptmann, 2010). The improved quality is
related to the effect of wrinkling and the visual appearance
of the ﬁnal wall. Quality related issues, meanwhile, still
exist. Poor shape accuracy is one of the main defects that
cups show when no special measures are taken and must
be considered as a key feature for the application of formed
paperboard structures.
The utilization of controlled blankholder force, which
was responsible for improved visual quality, enables an
increased forming degree and modiﬁcations in the base
geometry from round to rectangular or geometries with
integrated concave shape elements (Hauptmann et al.,
2014). No general guideline of geometric limits exists yet,
because the geometrical parameters exhibit close dependencies and require extensive experimental work. The
improvements in shape diversity and visual quality are
not fully understood regarding the physical mechanisms
that must be taken into consideration during further developmental steps. In particular, the experimental optimization of paperboard towards performance in the
deep-drawing process has various requirements on the
design and analysis of experiments. Changing one parameter in the production of paperboard has multiple effects on
the mechanical properties of the paperboard and changes
the behavior of the material accordingly. Therefore,
observing the inﬂuence of individual material properties
on the process is difﬁcult.
The hydroforming process is closely related to the
deep-drawing process. Differences between various forming processes, including deep-drawing and hydroforming,
are studied by Vishtal and Retulainen (2012). Research
about relationships between material properties and quality criteria in the hydroforming process, utilizing equipment with controlled blankholder force, are presented by
Post et al. (2011). Investigations utilizing the hydroforming
process are focused on the extensibility of paperboard to
meet the required stretch during the three-dimensional
forming process. The load situation and the process in
hydroforming are different as compared to the
deep-drawing process with rigid tools. In hydroforming,
the paperboard blank is drawn into the cavity by a membrane which stretches the material without compression
into the cavity. Deep drawing of paperboard with rigid
tools means drawing the material into the cavity with a
deﬁned drawing clearance and a rigid punch, in which
the wall is compressed while some regions of the wall
are still under the blankholder. This process variant is
designed to allow for large forming degrees. An approach
for modeling the hydroforming process, based on the work
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by Post et al. (2011), is proposed by Groche et al. (2012).
Further research about numerical methods in paperboard
forming utilizing the hydroforming process is presented
by Huang and Nygårds (2012).
In the optimization of tools for the deep-drawing process, high efforts are necessary for the production and testing of tool sets. Consequently, analytical and numerical
investigations of the process are extremely beneﬁcial and
cost effective. This publication aims to investigate the ability of an explicit ﬁnite element model to accurately simulate deep-drawing of paperboard with rigid tools.
Explicit ﬁnite element analysis has a long history of
being utilized as a design aid for sheet metal forming.
Explicit ﬁnite element analyses are considered to be a
‘‘well established tool for constructive and design engineers’’ Schwarze et al. (2011). Various aspects of the
deep-drawing process with sheet metals have been investigated with numerical methods, such as tool design for
spring-back compensation, process design parameters
and the inﬂuence of process parameters on the formation
of wrinkles and ears (Kim et al., 2003). Various material
models for forming simulations are pre-implemented in
commercial simulation software such as LS-DYNA or
ABAQUS Explicit, and even specialized programs and
add-ons for forming simulations have been developed.
This publication aims to investigate the transferability of
the methods utilized for simulations of sheet metal forming to the simulation of paperboard forming.
Unlike implicit ﬁnite element analyses, explicit ﬁnite
element analysis is capable of capturing any dynamic
effects which occur during the process. Additionally, the
explicit ﬁnite element method allows one to solve
non-linear ﬁnite element problems directly, whereas the
implicit technique must include some iterative solver to
include the effects of non-linearity. While solving
non-linear, implicit, ﬁnite-element problems requires signiﬁcant amount of memory, the explicit technique utilizes
signiﬁcantly less memory. However, explicit ﬁnite element
analysis is generally known to have two major disadvantages: instability and hourglass modes. In order to prevent
instability, the time step must be kept sufﬁciently small
such that structural waves cannot pass through an element
over one time step. Additionally, the explicit ﬁnite element
method can excite hourglass modes, which are
zero-energy modes of deformation. In order to prevent
such modes from occurring, additional hourglass stiffnesses must be applied to the elements. While the explicit
ﬁnite element method has some serious drawbacks, the
explicit technique is more appropriate than the implicit
technique for the application of three-dimensional forming
processes.
To conduct a meaningful ﬁnite element analysis, a
material model capable of describing the mechanical
behavior of paperboard is imperative. Paperboard exhibits
a mechanical response which includes both elastic and
plastic modes of deformation as shown in the thermography experiments by Hyll et al. (2012) and the permanent
deformation measured by Land et al. (2010), although an
explicit yield point can be difﬁcult to deﬁne (Erkkilä
et al., 2013). However, the mechanical response of paper
materials is known to be affected by a multitude of other
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factors. Paper materials are known to be anisotropic, as utilized in the elasto-plastic material model by Nygårds
(2008) and as utilized in the development of failure surfaces by Suhling et al. (1985). Moisture is also known to
have an effect on paper materials, as was shown during
experiments conducted on kraft paper by Yeh et al.
(1991), during experiments on kraft linerboard by Benson
(1971), and during experiments on copy paper, sack paper,
and paperboard by Yokoyama and Nakai (2006).
Temperature is also known to affect the material properties, as was shown during experiments conducted on kraft
linerboard (Benson, 1971) and during experiments conducted on dry ﬂuting (Salmén and Back, 1978).
Additionally, some studies have been conducted to determine the combined effects of moisture and temperature
on the mechanical response of paper-based materials,
including the testing of kraft sack paper by Salmén and
Back (1980) and the testing of handsheets by Linvill and
Östlund (2014). Strain rate has also been identiﬁed to have
a marginal effect on the mechanical response of paper
materials (Haslach, 2000). Finally, delamination has also
been identiﬁed as an important material feature of paper
in some loading conditions, as was utilized to model creasing by Huang and Nygårds (2011) and as was utilized to
model out-of-plane loading of paperboard by Nygårds
(2009).
Various material models have been developed to
describe the mechanical response of paper materials, but
each model has at least one signiﬁcant drawback with
respect to the deep drawing process. The material model
proposed by Xia et al. (2002) utilizes a non-quadratic yield
function to model differences in material response in various directions (MD, CD, and ZD); a non-quadratic yield
function was deemed important due to the fact that a
Tsai-Wu yield function did not ﬁt well with experimental
failure surfaces. However, the number of material parameters in the model by Xia et al. (2002) has been known to
cause convergence problems during the determination of
material parameters (Garbowski et al., 2012). Mäkelä and
Östlund (2003) proposed a plane-stress, orthotropic, elastic–plastic material model with a parabolic hardening
curve. However, the model is incapable of capturing the
differing tensile and compressive responses that paper
materials clearly exhibit, as shown in experimental work
by Suhling et al. (1985) and Tryding (1994). Finally, a Hill
model combined with delamination was proposed by
Huang and Nygårds (2012), which was successful in
describing the case of pressure forming. Unlike the pressure forming process, large compressive stresses are
induced during deep drawing. A material model for
deep-drawing simulation should therefore include the differing material responses in compression and tension.
Because a simple and accurate material model for the deep
drawing of paperboard does not exist, the development of
a new material model is necessary.

2. Experimental setup and method
All experiments for the underlying paper have been
performed on the deep-drawing equipment at TU

Dresden. Detailed descriptions of the equipment are presented in Hauptmann (2010). Process parameters are given
in Table 1. The geometrical parameters for the tools that
were utilized are described in Section 3.1. StoraEnso
Trayforma Natura 350 has been utilized for all experiments
in this publication. Trayforma is a fresh ﬁber, triple layer,
uncoated paperboard. The top and bottom layer consist
of sulphate pulp, and the middle layer consists of sulphate
pulp and CTMP. Speciﬁcations for Trayforma Natura 350
are given in Table 2. Environmental conditions during the
experiments were kept as constant as possible. All experiments were performed in room temperatures between
20 °C and 23 °C, and the ambient relative humidity was
between 45% and 55%.
Fig. 1 includes the most important steps during the
deep-drawing process. In the ﬁrst step, the blankholder
force is applied to the blank. The blankholder force is controlled during the process, as shown in Fig. 2. At the beginning of the process, the initial blankholder force F BHin is
applied. When the punch moves the material with the
speed v P into the die, the surface of the blank under the
blankholder gets smaller and therefore the pressure on
the blank increases when the blankholder force is kept
constant. As the punch moves with a constant velocity,
the decrease of the remaining surface of the blank under
the blankholder is quadratic. However, Fig. 3 indicates that
a linear reduction of the blankholder force leads to an
almost constant pressure on the blank in the ﬁrst part of
the process. The punch and die are heated to the temperatures T D and T P ; the temperatures remain constant during
the process.
During steps 3 and 4 in Fig. 1, the blank has left the
blankholder and is moved through the heated die. At step
5, the formed cup has left the die and the spring-back of
the material leads to a slightly cone-shaped ﬂange. When
the punch moves upwards through the die, the formed
cup is stripped off the punch by the lower edge of the die.
The deep-drawing equipment contains several measuring devices. Punch force, position of the punch, acceleration of the punch, blankholder force, position of the
blankholder and the temperatures of punch and die can
all be measured or controlled. During the process, the
velocity (or position) of the punch, the blankholder force
and the temperatures of punch and die are controlled.
Punch force and the position of the blankholder are outputs that allow an insight into the process. The characteristics of the punch force have been studied by Heinz
(1967), who found that process parameters, material
parameters and tool design have great inﬂuence on the
characteristics of the punch force curve. New ﬁndings
about relationships between the punch force and process

Table 1
Experimental parameters.
Parameter

Value

TP

80 °C
20 mm s1
5000 N
120 °C

vP
F BHin
TD
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Table 2
Speciﬁcations for Stora Enso Trayforma 350.
Parameter

Value

Source/Method

Grammage
Thickness
Young’s modulus MD
Youngs’s modulus CD
Bending stiffness MD
Bending stiffness CD
Tensile strength MD
Tensile strength CD
Stretch MD
Stretch CD

350 g m2
0.44 mm
5.33 GPa
2.50 GPa
46.7 Nmm
18.8 Nmm
59 MPa
32 MPa
2.3 %
5.1 %

EN 536
EN 534
DIN EN ISO
DIN EN ISO
DIN 53121
DIN 53121
DIN EN ISO
DIN EN ISO
DIN EN ISO
DIN EN ISO

1924-2
1924-2

1924-2
1924-2
1924-2
1924-2

parameters, as enabled by the application of modern measuring devices, are presented by Hauptmann (2010). Three
examples for the punch force curve are displayed in Fig. 4.
The reactions of the process, punch force and position of
the blankholder, can be utilized for the validation of a
simulation. Furthermore, quality criteria of the formed
cup, such as number and distribution of wrinkles,
shape-accuracy and material displacement, provide possible approaches for the validation of simulations. Methods
for the measurement of quality criteria of deep-drawn cups
are presented by Wallmeier et al. (2015).
The punch force curve shows a steep slope until approximately 0.2 s of process time. Until this point, the material
experiences biaxial bending around the radii of punch and
die. Most experimental failures of the paperboard blank
occur within the ﬁrst 0.2 s of process time and tend to be
in-plane (MD–CD), tensile failures. Between 0.2 s and
1.5 s, the paperboard is drawn into the die. Material thickness, the wrinkling behavior and tool design are relevant

Fig. 1. Deep-drawing process.
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for the development of the curve after t = 0.2 s. As is displayed by the blue curve in Fig. 4, high pressure in the
material between punch and die due to high material
thickness or uncontrolled formation of large wrinkles lead
to a strong increase in the punch force between 0.2 and
1.5 s. At 1.5 s, the edge of the cup is drawn into the gap
between punch and die, indicated by a peak in the punch
force curve. At approximately 2.75 s, the punch begins to
leave the die at the lower end, consequently reducing the
area of compressed material between punch and die, until
the edge of the cup leaves the die at 4 s.
The wrinkling that occurs at 0.2 s of process time is on
the scale of hundreds of micrometers. Therefore, in order
for a simulation to accurately model the large deformations of wrinkling on a micrometer scale, signiﬁcant reﬁnement of the mesh would be required. Note that the
following explicit FEM model does not utilize such a small
mesh and will therefore only be accurate up to 0.2 s.
Despite this limitation, the following explicit FEM model
will still be useful, because most experimental failures of
paperboard during deep-drawing occur in the ﬁrst 0.2 s
of process time.

3. Explicit FEM model
3.1. Modeling
The authors chose to utilize the LS-DYNA explicit solver
(Hallquist, 2006), because LS-DYNA has a long history of
utilization for sheet-metal-forming simulations within
the metal-forming industry.
High numbers of elements are computationally expensive. The state of stress in the bottom of the cup is biaxial
tension, and the bottom of the cup is not formed.
Therefore, the middle of the cup was cut out to reduce
the number of elements. No signiﬁcant differences were
discovered between simulations with and without the
middle of the cup. The parameters for the geometrical
modeling for cylindrical cups are shown in Fig. 5.
The nodes in the blank that have a distance of 12 dB1 from
the axis of rotation are constrained in x- and y-direction.
Table 3 gives descriptions of the parameters and the values
that have been utilized for the following simulations and
all experiments.
Paper and paperboard show three principal directions
which are dependent on how the paperboard was manufactured. The assumption of orthotropic behavior of

Fig. 2. Control over the blankholder force during the proecss.
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2
1.5

Pressure on Blank (MPa)

Table 3
Parameters for cylindrical geometry modeling.

linear reduction of blankholder force
constant blankholder force

1
0.5
0
−0.5

Parameter

Value

Description

dP
aP
rP
dD
rD
tB
dB1
dB2
dBH

109.2 mm
0.5°
0.4 mm
110.0 mm
3.0 mm
0.44 mm
80.0 mm
140.0 mm
110.0 mm

Diameter of punch
Conical angle of punch
Radius of punch
Inner diameter of die
Radius of die
Thickness of blank
Diameter of cut-out section in simulation
diameter of blank
Inner diameter of blankholder

−1
−1.5
−2
0

5

10

15

20

25

Punch Position (mm)
Fig. 3. Effect of reduced blankholder force.

paperboard is widely utilized for example by Mäkelä and
Östlund (2003) and Xia et al. (2002), as this assumption
reduces the computational effort and provides sufﬁciently
accuracy. The three orthogonal planes of symmetry allow
the model of the blank to be cropped into a quarter with
the introduction of symmetry conditions on the edges of
the quarter of the blank. This assumption can be veriﬁed
by observations of the displacements of points on the axes
of symmetry during the process.
Rigid shell-elements are utilized to model the tools: die,
punch and blankholder. A mapped, two-dimensional mesh
with quadrilateral elements is utilized to mesh the tools.
The mesh is reﬁned around the radii of the punch and
die. Eight-node hexahedral solid elements are utilized for
the modeling of the blank. The blank is modeled with
150 elements in around the radius, and 5 elements are utilized in the z-direction, as deﬁned in Fig. 5. Fifty elements
discretize the radial direction, and the mesh is reﬁned in
the area where the edge of the punch touches the blank.
The mesh is reﬁned in the areas that are in contact with
the radius of the punch and coarse in the area of bi-axial

tension at the bottom of the cup to reduce the number of
elements. The meshing is shown in Fig. 6. A high number
of nodes in the z-direction is necessary to obtain the exact
state of stress in the thickness direction, especially during
multi-axial bending. Additionally, the ratio between the
length of the edges of elements should be close to 1 in
order to achieve good computational stability.
Zero energy modes or hourglassing modes appear in
one-point integration elements (Hallquist, 2006). LS-Dyna
provides several formulations that add viscous damping
or stiffness to suppress hourglassing modes. The LS-DYNA
standard viscous stiffness form with an hourglassing coefﬁcient of 0.15 is utilized to control hourglassing in the
blank. Deep-drawing with a velocity of the punch of
20 mm s1 is not a highly dynamic process. Therefore, global damping can be utilized to eliminate unrealistic oscillations. In an undamped state, the blankholder shows an
oscillation with a frequency (f BH ) of 88.8 s1 . A damping
constant (Ds ¼ 4pf BH ) of 1115.9 s1 is introduced for the
blankholder.
Contacts between blank-die, blank-punch and
blank-blankholder are modeled as surface-to-surface,
paper-steel contact. Heating of the paperboard from the
tools plays an important role in deep-drawing of paperboard. Consequently, the contact includes thermal interaction between the tools and the paperboard through
conduction and radiation. In the explicit solving process,

14000
F

=10000N

12000

F

=5000N

10000

F

=500N

BH

Punch Force in N

BH
BH

8000
6000
4000
2000
0
−2000
0

1

2

3

4

5

Time in s
Fig. 4. Examples of punch force curves in paperboard deep-drawing.

Fig. 5. Parameters of geometry in deep-drawing of cylindrical cups.
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Fig. 6. Meshing of punch (red), blankholder (green), die (blue) and blank (yellow). (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

Value

Speciﬁc heat capacity (Steel) (The
Engineering Toolbox, 2014)
Thermal conductivity (Steel) (The
Engineering Toolbox, 2014)
Thermal conductivity (Air) (The
Engineering Toolbox, 2014)
Stefan–Boltzmann constant (The
Engineering Toolbox, 2014)
Emissivity (Steel) (The Engineering
Toolbox, 2014)
Emissivity (Paper) (The Engineering
Toolbox, 2014)
Heat transfer conductance (The
Engineering Toolbox, 2014)
Min gap for conductance
Max gap for thermal contact

474 J kg1 K1
48.5 W m1 K1
0.0257 N s1 K1
5.67  108 W m2 K4
0.5
0.92
0.5 N s

Specific Heat Capacity (J kg

−1

Parameter

0.11

1600

0.1

1400

0.09

1200

0.08

1000
800

1

1 mm
100 mm

1

K

1

mm

Specific Heat Capacity
Thermal Conductivity
0

50
100
Temperature (oC)

0.07
0.06
150

K−1)

1800

−1

K−1)

Table 4
Parameters for paper-steel thermal contact modeling.

4000 J kg1 K1 at 90 °C while having the same speciﬁc
heat capacity as value shown in Fig. 7 at 0 and 150 °C.
The results for the second heating were utilized, because
they were repeatable beyond the second heating.
Table 5 displays the frictional input parameters, and
Fig. 8 displays how the dynamic and static friction coefﬁcients are dependent on temperature. Static and dynamic
coefﬁcients of friction are assumed to be the equal.
Because of this assumption, the exponential decay coefﬁcient has no impact on the simulation and can therefore
be arbitrarily chosen. The results in Fig. 8 were obtained
through experimental testing utilizing a CETR Tribometer
equipped with a heating chamber. Due to drying of the
material in the heat chamber, some differences may be
present between the testing results and the conditions on
the heated tool surfaces in the deep-drawing process.
A pre-analysis is utilized in order to implement and
relax the force from the blankholder and to let the temperature from the tooling to begin penetrating the blank. In

Thermal Conductivity (W m

implicit temperature steps are included to update the
material temperature, because the material and friction
properties change with temperature. Table 4 displays the
thermal contact parameters utilized during simulation.
In addition to the parameters in Table 4, experiments
were conducted which showed that the speciﬁc heat
capacity and thermal conductivity of paperboard are
dependent on temperature. Therefore, the speciﬁc heat
capacity and thermal conductivity are modeled by relationship shown in Fig. 7. The measurement of thermal conductivity was performed utilizing laser ﬂash analysis (LFA,
DIN EN 821-2) with the LFA 447 equipment produced by
Netzsch Gerätebau GmbH Selb.
The values for speciﬁc heat capacity shown in Fig. 7
come from test results utilizing differential scanning
calorimetry (DSC, DIN 51007 and DIN EN 821-3) on the
DSC 7 equipment produced by Perkin Elmer, during which
the specimen is heated a second time. During the ﬁrst
heating, the speciﬁc heat capacity was found to reach

Fig. 7. Speciﬁc heat capacity and thermal conductivity dependent on
temperature.
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Coefficient of Friction

the deep-drawing process at TU Dresden, the blank typically sits on the heated die for approximately two seconds
before the punch comes in contact with the blank.
Therefore, the pre-analysis takes this additional heating
time into account.
3.2. Material model
Several approaches to model the mechanical properties
of paper utilizing microscopic network models have been
published. Recent developments in this ﬁeld are presented
in Borodulina et al. (2012) and Hägglund and Isaksson
(2008). These models provide insight into the mechanisms
which drive the constitutive behavior of ﬁber networks.
However, signiﬁcant computation power is required to
conduct such simulations, and these models typically are
utilized for very small specimen sizes. Upscaling these
models to the size-scale of a paper cup would require an
unreasonable amount of computation power and time.
Instead, a constitutive approach is desired which can
describe the constitutive behavior of the ﬁbrous network
without modeling each distinct ﬁber. Because the size of
the blank (diameter of 140 mm and thickness of
0.44 mm) is signiﬁcantly larger than the size of the ﬁbers
(length of about 2 mm and width of about 0.02 mm), the
continuum assumption should provide an accurate result.
The deep-drawing process requires a material model
which can describe the mechanical response of paperboard
with regards to anisotropy, differences between tension
and compression, and temperature. The effects of moisture
will be ignored, because the change of moisture content
during the process was not considered. All samples for
the experimental results in this investigation were
pre-conditioned in 50% relative humidity and 23 °C.
Major and relevant differences in the moisture content
should accordingly not be present. The same assumption
was made by Linvill and Östlund (2014) for a process with
a similar time-scale. Additionally, the strain rate was found
to affect the mechanical response of paper only marginally
(Haslach, 2000), so the effects of strain rate will also not be
considered.
3.2.1. Plasticity
A new plasticity model is proposed which describes the
differences in material behavior in different directions and
signiﬁcantly reduces the required number of material constants as compared to Xia et al. (2002). Firstly, the ZD
direction will be assumed to be purely elastic, thus limiting
the yielding to a planar process. Although the compressive
mechanical response in the ZD direction tends to be highly
non-linear as illustrated by Nygårds (2008), the stiffness in
the ZD direction is so much less than the in-plane (MD–CD)
stiffness that the effect of this non-linearity is insigniﬁcant

Table 5
Parameters for modeling paper-steel friction.
Parameter

Value

Source/Method

Exponential decay coefﬁcient
Coefﬁcient for viscous friction

1.0
0

Arbitrary
Not considered

0.1

0.05

0
20

Fig. 8. Dynamic
temperature.

60

and

static

100
140
o
Temperature ( C)
friction

coefﬁcients

180

dependent

on

for this application. Additionally, this material model does
not take into consideration the micrometer-scale wrinkling
deformation that occurs during deep-drawing of paperboard as presented by Hauptmann (2010); a
continuum-level approach to modeling this wrinkling
would need to consider more closely the correlation
between ZD loading, in-plane (MD–CD) material response,
and wrinkle formation.
A maximum stress yield surface will be assumed in the
principal directions (MD and CD) with different values for
compressive and tensile loading. This can be represented
by a yield surface in MD and CD stress space as shown in
Fig. 9:
However, in-plane shear stress is known to reduce the
size of the failure surface (Suhling et al., 1985), so Fig. 9
must be developed such that it reduces with increasing
shear stress. Therefore, the equations for the four surfaces
of the yield surface in Fig. 9 can be given as:

f ¼

8
2
MD
k1 ¼ rrMD;t
þ ss2
>
>
y
>
>
>
2
>
CD
>
þ ss2
< k2 ¼ rrCD;t
y

MD
>
þ ss2
k3 ¼ rrMD;c
>
>
>
y
>
>
>
: k4 ¼ rCD þ s22
rCD;c
s
2

y

rMD > 0
rCD > 0
rMD < 0

ð1Þ

rCD < 0

where k14 are constants representing the amount of yielding that has occurred in each direction, rMD and rCD are
respectively the normal stress states in MD and CD, rMD;t
and rCD;t are respectively the tensile yield stresses in MD
and CD, rMD;c and rCD;c are respectively the compressive
yield stresses in MD and CD, s is the in-plane (MD–CD)
shear stress state, and sy is the yield shear stress. The ratio
of s and sy is squared, because this was the relationship
discovered for the failure surface description given by
Suhling et al. (1985). Prior to plastic deformation, k14 have
a value of unity. The values of k14 increase with plastic
deformation; thus, the four yield surfaces in (1) are
allowed to grow independently. An illustration of the yield
surface in MD normal stress, CD normal stress, and MD–CD
shear stress space is provided in Fig. 10.
When loading is in a certain quadrant of Fig. 9, only the
yield surfaces which exist in that quadrant are assumed to
expand (i.e. anisotropic hardening is assumed).This type of
hardening will henceforth be referred to as quadrant
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de ¼ dee þ dep

20

where de is the total strain, dee is the elastic strain, and dep
is the plastic strain. The assumption of small-strain (i.e.
additive) deformation in (8) is valid for traditional paper
materials, which typically have a strain-at-break of significantly less than 10%. Additionally, most commercial ﬁnite
element programs provide some form of objective stress
rate which accounts for large rotations. For example,
LS-DYNA, which is the ﬁnite element program in which
this model has been implemented, provides the Jaumann
rate of Cauchy stress (an objective stress rate) for the
user-deﬁned material model routine.
The assumption of small-strain deformation in (8)
allows Hooke’s law to be written as:

2

15
10
3

1

σ

CD

5
0
−5

4

−10
−15
−30

−20

−10

0

σ

10

20

30

MD

Fig. 9. Yield surface in MD and CD normal stress space.

hardening. For example, loading in the ﬁrst quadrant (positive stress in MD and CD) will only cause an increase in k1
and k2 . The derivation of the ﬂow law is presented for the
ﬁrst quadrant, and the ﬂow law for the other quadrants can
be derived in a similar manner. The ﬂow rule is given by:

@f
dk1
¼
@ rMD rMD;t
@f
dk2
¼ dk2
¼
@ rCD rCD;t
@f 2sdk4
¼ dk4
¼
@s
s2y

dep1 ¼ dk1
p
2

de

p
4

de

ð8Þ

ð2Þ
ð3Þ
ð4Þ





drMD ¼ C 11 de1  dep1 þ C 12 de2  dep2




drCD ¼ C 22 de2  dep2 þ C 21 de1  dep1


ds ¼ C 44 de4  dep4

drMD ¼ HMD;t dep1

ð5Þ

drCD ¼ HCD;t dep2

ð6Þ

ds ¼ HMDCD dep4

ð7Þ

where HMD;t ; HCD;t , and HMDCD are respectively the tensile
hardening slopes in MD and CD and the shear hardening
slope. The plastic strain will be assumed to be decomposable into elastic and plastic parts, i.e.:

ð11Þ

where C is the elastic stiffness tensor. Substituting (2) and
(5) into (9), (3) and (6) into (10), and (4) and (7) into (11)
gives:





dk1
dk2
þ C 12 de2 
¼ C 11 de1 
rMD;t
rMD;t
rCD;t




dk2
dk2
dk1
HCD;t
þ C 21 de1 
¼ C 22 de2 
rCD;t
rCD;t
rMD;t
!
2sdk4
2sdk4
¼ C 44 de4 
HMDCD
2
2

HMD;t

dk1

sy

p
1;2;4

where de
are plastic strain increments, dk1;2;4 are strain
rate multipliers, and f is the parametric function described
in (1).
Assuming linear, quadrant hardening, the hardening
laws can be written in differential form as:

ð9Þ
ð10Þ

sy

ð12Þ
ð13Þ
ð14Þ

which can be solved for the strain rate multipliers:



22
12
ðC 11 de1 þ C 21 de2 Þ Hr2 þC
ðC 22 de2 þ C 21 de1 Þ
 rCCD;t

CD;t

dk1 ¼
H1 þC 11
H2 þC 22
C 12 C 21
 rMD;t rCD;t
rMD;t
rCD;t
ð15Þ


H1 þC 11
ðC 11 de1 þ C 21 de2 Þ rMD;t  ðC 22 de2 þ C 21 de1 Þ rMD;t



dk2 ¼
C 12 C 21
H1 þC 11
H2 þC 22
rMD;t rCD;t  rMD;t
rCD;t
C 21

ð16Þ
dk4 ¼

s e

C 44 2y d 4
2sðHMDCD þ C 44 Þ

ð17Þ

where these strain rate multipliers can be utilized to ﬁnd
the plastic strain increment utilizing (2), (3), and (4). The
plastic strain increments can then be utilized to calculate
the stress increments in (9), (10), and (11).
Finally, the expansion of the yield surface must be
tracked through k12 . In differential form, (1) can be
written:

2sds
þ 2
sy
rMD;t
drCD 2sds
dk2 ¼
þ 2
sy
rCD;t

dk1 ¼

Fig. 10. Yield surface in MD normal stress, CD normal stress, and MD–CD
shear stress space.

drMD

ð18Þ
ð19Þ

where the resultant dk1 and dk2 increments in each time
step are respectively added to k1 and k2 , thus expanding
the yield surface.
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As seen in Fig. 9, the proposed yield surface consists of
sharp corners, which are generally avoided in material
models due to stability reasons (i.e. the normal to the yield
surface at the corner is non-unique, and the partial derivatives of the yield surface are non-continuous, both of
which can cause instability). However, in the proposed
material model, the plastic ﬂow is continuous. For plastic
ﬂow in the ﬁrst quadrant in Fig. 9, regardless of where
the stress increment crosses the yield surface, all three partial derivatives in (2)–(4) are utilized simultaneously. This
simultaneous utilization of these three partial derivatives,
in combination with the quadrant hardening rule which
allows all four yield surfaces in (1) to move
semi-independently, creates continuous partial derivatives
of the yield surface. Therefore, the proposed material is
stable and avoids the problems that typically arise due to
the presence of corners in a yield surface.
3.2.2. Temperature effects
The effects of temperature on the elastic modulus of
paper has been successfully modeled from the perspective
of hydrogen bonding by Nissan (1957a,b). Experimental
studies by Salmén and Back (1978) and recently by
Linvill and Östlund (2014) have shown that paper materials exhibit a softening behavior that is similar to that predicted by Nissan (1957b). According to Nissan (1957a,b),
the effect of temperature on the elastic modulus can be
written:

dðln EÞ
¼a
dT

ð20Þ

where E is the elastic modulus, T is the temperature, and a
is a constant. The tensile and compressive elastic moduli in
the three material directions (MD, CD, and ZD) as well as
all the shear moduli are assumed to be affected according
to (20). Note that the results obtained by Nissan
(1957a,b) revealed that the MD and CD directions have a
value of a which are approximately the same for the same
type of paper. Additionally, the results obtained by Yeh
et al. (1991) can be post-processed to show that the MD
normal, CD normal, and MD–CD shear elastic moduli all
have approximately the same value of a if the temperature
in (20) is replaced with moisture content. The authors are
unaware of any study of the effects of temperature on the
out-of-plane stiffness, so a similar relationship will simply
be assumed for the out-of-plane directions.
Based on the results shown in Linvill and Östlund
(2014), the yield stresses and tangent moduli are affected
approximately linearly by temperature. Therefore, the
effects of temperature on the yield stresses are given by:

dry
¼b
dT

ð21Þ

where ry is the yield stress and b is a constant. All yield
stresses in MD, CD, and in-plane (MD–CD) shear directions
are assumed to be affected according to (21). Additionally,
the effect of temperature on the tangent moduli is given
by:

dEtan
¼c
dT

ð22Þ

where Etan is the tangent modulus and c is a constant. All
tangent moduli in MD, CD, and in-plane (MD–CD) shear
directions are assumed to be affected according to (22).
Similarly with a in (20), the results obtained by Yeh et al.
(1991) can be post-processed to show that the MD and
CD tangent moduli have approximately the same value of
c if the temperature in (22) is replaced with moisture content. The authors are unaware of any additional experimental investigations to see whether b and c are
constant in the various material directions. However, the
assumption is made that a similar result would be
obtained for b and c as was seen in the results by Nissan
(1957a,b).
For (20)–(22), a constant and static moisture content is
assumed.
3.2.3. Calibration
The material properties utilized for the simulations are
presented in Table 6.
The tensile, MD and CD parameters in Table 6 were
obtained by curve-ﬁtting to the results of tensile testing
in MD and CD at standard conditions (23 degrees C, 50%
relative humidity, and specimens with 15 mm width and
100 mm length).
Other parameters for the material model were estimated based on material parameters found throughout literature. All shear moduli, the ZD elastic modulus, and the
MD–CD Poisson’s ratio were chosen based on the parameters provided by Huang and Nygårds (2010). As was
assumed by Nygårds (2008), the out-of-plane Poisson’s
ratios were set to zero. The yield stress in shear was chosen
based on the results by Yeh et al. (1991). The compressive
yield stresses and hardening parameters were chosen to be
75 percent of their respective tensile parameters, which is
supported by the stress–strain curves presented by Xia
et al. (2002). The parameters a; b, and c were chosen utilizing the results by Salmén and Back (1980) and Linvill and
Östlund (2014).
3.3. Validation
The validation of the material model is executed in
three different steps. While the parameters for the calibration of the model only come from material tests in MD and
CD, additional results from simulations and experiments of
uniaxial tension tests in 15°, 30°, 45°, 60°, and 75° direction
(measured from the MD direction) were conducted and
compared. The result of the calibration in MD and CD as
well as the validation in the speciﬁed off-axis directions
are shown in Fig. 11.
Comparing the dashed lines for the simulations to the
continuous lines for the experiments in Fig. 11 shows that
the model captures well the material’s mechanical behavior for all directions of in-plane, uniaxial, tensile loads.
The proposed material model features a speciﬁc kind of
anisotropic hardening that, according to the knowledge of
the authors, has not been proposed before. One byproduct
of the proposed quadrant hardening behavior is that,
according to the proposed material model, pure uniaxial
loading in the MD direction will not change the location
of the yield surface in the CD direction (and vice versa).
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Table 6
Parameters for material model.
Parameter

Value

EMD
ECD
EZD

4 GPa
2 GPa
0.25 GPa
0.45
0
0
1.4 GPa
0.06 GPa
0.06 GPa
33 MPa
25 MPa
18 MPa
14 MPa
10 MPa
1 GPa
0.051 GPa
0.285 GPa
0.051 GPa
0.01 °C1
0.1 MPa °C1
0.047 MPa °C1

mMDCD
mMDZD
mCDZD
GMDCD
GMDZD
GCDZD

rMD;t
rMD;c
rCD;t
rCD;c
sy
HMD;t
HMD;c
HCD;t
HCD;c

a
b

c

In order to test this hypothesis, cruciform specimens (as
are typically utilized for biaxial testing) were produced
and tested in uniaxial tension up to failure (one leg of
the cruciform at a time). Note that all failures occurred in
the thinner leg region, thus allowing the specimen to be
tested after failure in the perpendicular direction. The cruciform specimens were manufactured such that the gage
zone occupied 15% of the length of the specimen in both
MD and CD. According to an elastic ﬁnite element analysis
of this process, the stresses within the gage zone reached a
minimum of 83% of the stress in the thinner leg region.
This result corresponds to an increase of the CD yield stress
by at least 7 MPa in the gage zone for specimens tested
ﬁrst in CD; this result also corresponds to an increase of
the MD yield stress by at least 17 MPa in the gage zone
for specimens tested ﬁrst in MD. Therefore, signiﬁcant
levels of hardening were induced in the gage zone prior

to testing of the second leg. The results of the testing is
provided in Fig. 12.
Fig. 12 shows no discernible difference between the
mechanical response of the specimens that were strained
either ﬁrst or second in MD or CD. Therefore, an anisotropic
hardening law seems to be appropriate at least for this
type of paperboard.
Multi-axial bending of the material around the radii of
punch and die is prominent, especially in the ﬁrst part of
the deep-drawing process. Multi-axial bending tests are
not usually performed for paper and paperboard, and, to
the authors knowledge, no standardized test method exists
for multi-axial material tests. Nevertheless, uniaxial bending can give an indication of the performance of the model
for the infeed part of the deep-drawing process. Three
point bending tests were performed with a Zwick-Roell
uniaxial testing device. The width of the specimen was
30 mm, and the distance between the supporting pins
was set to 60 mm, 80 mm and 100 mm. Experiments were
performed with the bending line orthogonal to MD and CD.
The radii of the supporting pins were 2 mm, and the radius
of the loading pin was 5 mm. The loading pin was located
directly above the material and then moved downwards at
a rate of 20 mm/s for 0.5 s. Results of the experimental and
simulated results of the uniaxial bending tests are provided in Fig. 13.
The results in Fig. 13 show a good correlation between
the simulations and the experiments with the bending line
orthogonal to CD. The simulated forces, especially with the
bending line orthogonal to MD, are generally lower than
the experimental forces. This may occur because the
parameters for the calibration of the model are obtained
with uniaxial tension tests, which produces a mean value
for the mechanical properties over the entire thickness of
the material. The paperboard used in this investigation is
a three layer material with stiffer outer layers and a bulky,
more compliant middle layer. Therefore, the structure of
this paperboard may lead to higher bending stiffness than
is obtained by utilized the mean value over the thickness.
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Fig. 11. In-plane, off-axis veriﬁcation of the material model.
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Fig. 12. Cruciform specimens, one leg at a time, tested to failure.
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Fig. 13. Experimental and simulated results of three popint bending tests. Left side: bending line orthogonal to MD, right side: bending line orthogonal to
CD.

Table 7
Parameters for experimental and numerical investigation of the deepdrawing process.

Number

Maximum
blankholder
force (N)

Die
temperature
(°C)

Punch
temperature
(°C)

Blank
thickness
(mm)

1
2
3
4
5
6
7
8
9
10

1000
3000
5000
7000
3000
3000
3000
3000
3000
3000

120
120
120
120
80
150
200
120
120
120

80
80
80
80
80
80
80
80
80
80

0.44
0.44
0.44
0.44
0.44
0.44
0.44
0.38
0.40
0.54

Simulations with a three layer material, such as was conducted by Huang and Nygårds (2010), may produce better
results in bending, but this improvement in capturing the
bending stiffness would come at the cost of dramatically

increased computational effort. Since Fig. 13 shows that
the bending stiffness is sufﬁciently captured for the application of deep-drawing, a three layer model was not considered for the forming simulations.
4. Comparison of results
Table 7 shows the parameters that have been used to
validate the simulations of the deep-drawing process.
Previous investigations of the deep-drawing process
have shown that blankholder force, die temperature, and
blank thickness are the process parameters with the biggest inﬂuence on the quality of the cup. The temperature
of the punch can also easily been changed, but during the
formation of wrinkles, the die is in direct contact with
the material and has a greater inﬂuence on the material
properties. The temperature of the punch changes the
diameter of the punch due to thermal expansion and therefore has an impact on the distance between punch and die,
and the punch is in contact with the material after the initial forming of the process is ﬁnished. To reduce the number of experiments and simulations, only three parameters
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Fig. 14. Experimental (exp) and simulated (sim) punch forces for
different blankholder forces.
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Fig. 15. Experimental (exp) and simulated (sim) punch forces for
different die temperatures.
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(blankholder force, die temperature, and blank thickness)
have been investigated both experimentally and numerically for this study.
Fig. 14 shows the experimental and simulated punch
forces for different blankholder forces. Increasing blankholder force leads to a rise of the ﬁrst peak in the punch
force diagram due to the increasing friction. Between blankholder forces of 1000 N and 7000 N, a punch force difference of 1400 N at about 0.19 s of process time is observed
experimentally. Comparing the simulated and experimental results in Fig. 14 indicates that the general behavior is
described by the simulation. A peak is reached after about
0.2 s of process time, and increasing blankholder force
leads to a higher peak. The simulated difference of the ﬁrst
local maximum between blankholder force of 1000 N and
7000 N is approximately 1300 N, which corresponds well
with the difference in the experiments. After this ﬁrst peak,

4000
0.38 mm (exp)
0.40 mm (exp)
0.44 mm (exp)
0.54 mm (exp)
0.38 mm (sim)
0.40 mm (sim)
0.44 mm (sim)
0.54 mm (sim)

3500

Punch Force (N)

3000
2500
2000
1500
1000
500
0
0

0.05

0.1

0.15

0.2

0.25

Time (s)

Fig. 16. Experimental (exp) and simulated (sim) punch forces for
different thicknesses.
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the simulations crash due to the instability that would
otherwise cause wrinkle formation. The formation of the
ﬁne wrinkles which occur during the process is not possible in the presented model. However, this numerical instability does not reduce the importance of these results,
because most experimental failures of paperboard blanks
occur within 0.2 s of process time. Additionally,
stiffness-based hourglass controls (as opposed to viscous
hourglass controls) can be utilized to prevent instability
up to a certain extent, but such stiff controls have been
found by the authors to cause drastic overestimation of
the punch force. Consequently, the inﬂuence of wrinkles
on the development of the punch force cannot be observed
during the simulation. This could be one reason why the
simulation consistently overestimates the punch force at
the ﬁrst peak.
Fig. 15 shows the experimental and simulated punch
forces for different die temperatures. Die temperature
clearly has a softening effect on the paperboard, which
supports the formability during the deep-drawing process.
Previous investigations have shown that the material loses
a signiﬁcant amount of strength above die temperatures of
approximately 160 °C. In this case, high blankholder forces
cannot always be endured by the material. The simulated
effects of the die temperature on the punch force once
again match well with the experimental trends, and the
differences in punch force are rather similar between the
experimental and simulated results.
Fig. 16 displays the experimental and simulated punch
forces for different thicknesses of the same material that
has been utilized throughout this study (Stora Enso
Trayforma). The punch forces in Fig. 16 match well
between the experimental and simulated results. When
the tooling on the machine is held constant, increased
thickness clearly creates a greater punch force peak.
The thermodynamic aspect of the simulation shows
that a signiﬁcant temperature gradient is present through

Fig. 17. The through-thickness temperature gradient in the blank prior to deep drawing.
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Fig. 18. Simulated punch forces for different levels of blankholder and die
friction.

the thickness of the paperboard. Fig. 17 shows the temperature gradient immediately after the pre-analysis for the
simulation with a die temperature at 200 degrees Celsius.
Fig. 17 illustrates the complex temperature state that is
present within the paperboard during deep-drawing.
Furthermore, Fig. 15 illustrates that temperature has a considerable impact on the punch force. In this model, the
temperature affects the paperboard in two ways: changing
the material properties and changing the friction
coefﬁcient.
From an engineering point of view, the dependency of
the punch force on friction (and thus the quality of the
tooling surfaces required for successful forming) is of great
interest. Since the punch force is directly related to the
radial stress that the blank experiences during forming,
reduction of the punch force (without also reducing the
failure stress) would reduce the chance of failure.
Additionally, high blankholder force is required to induce
small, uniform wrinkling. Therefore, friction provides an
avenue through which the punch force can be reduced
without changing the failure stress of the material nor
changing the blankholder force. Fig. 18 displays the simulated punch forces for different levels of friction.
Note that the changed friction levels in Fig. 18 were
only for the blankholder and die. Experiments have shown
that a high level of friction between punch and paperboard
is desirable, because the punch needs to grip the paperboard during forming. Therefore, the only tools which
should have as low friction as possible are the blankholder
and die.
5. Conclusion
The proposed, relatively simple model, which has been
veriﬁed with multiple methods, was able to determine the
experimental punch force within reasonable accuracy up

to the point at which wrinkling begins to dominate the
material response. Note that no parameter ﬁtting was utilized to make the simulated punch force curves match closer to the experimental punch force curves.
Since a majority of failures occur in the ﬁrst 0.2 s of the
deep-drawing process, this model can provide insight into
how the probability of failure can be reduced. This model
also provides insight into how one can design tools to
reduce the failure probability. For example, reducing the
blankholder and die friction has been shown to result in
signiﬁcantly lower punch forces, thus reducing both the
radial stress and probability of failure. Further studies are
required to fully verify the ability of this model to predict
the failure of paperboard during deep-drawing.
However, the presented model is incapable of capturing
what happens during paperboard deep-drawing after the
ﬁrst peak in the punch force: when wrinkling of the paperboard begins to dominate the material response. This
model cannot be utilized to study the effect of various process parameters on the ﬁnal quality of the cup, such as
springback, earing, and the number of wrinkles.
Therefore, for studies regarding ﬁnal cup quality, signiﬁcant additions to the material model are required which
can determine the onset of wrinkles and post-wrinkle
behavior.
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