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Abstract In the last years, new severe plastic deformation (SPD) processes have
been developed in order to produce very high values of deformation in the materials
to be processed, with only small changes in the size of parts. This is not possible
through conventional thermo-mechanical processes, in which the increase up to the
above-mentioned values of deformation is usually associated with a change in their
geometry. As is well-known, with enough accumulation of plastic deformation, a
new submicrometric or even nanometric grain structure substitutes the former.
Given that the grain size in metallic materials has a great deal of influence on their
mechanical properties, the refinement of this grain size provides enormous tech-
nological advantages. For instance, at low values of temperature, a fine grain size
can increase mechanical strength, hardness, fracture toughness and the material
fatigue limit. Furthermore, at high values of temperature, the alloys with an ultrafine
grain size may exhibit a superplastic behaviour and thus, the ability to undergo very
high values of deformation with no damage to the material. The continuous com-
bined drawing process in angular channels (CCDR) is a new concept of severe
plastic deformation process (SPD), developed by researchers belonging to the Public
University of Navarre and based on the patent (ES 2224787). In the present work,
finite element analysis will be employed in order to study not only the strain
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distribution in the processed materials but also the homogeneity of the introduced
strain. Moreover, experimental results will be compared to that obtained by using
FEM. With the present work, it will be shown that it is feasible to achieve a process
with possible industrial application, making the continuous processing of metallic
materials in angular channels by SPD possible.

Keywords SPD � CCDR � FEM

1 Introduction

In this chapter, the results obtained by the finite element method of the so-called
continuous combined drawing and rolling (CCDR) are shown by means of using
several process conditions and types of materials. This process is a new concept of
severe plastic deformation processes (SPD), developed by researchers belonging to
the Public University of Navarre and based on the patent (ES 2224787) [1].

As can be observed in the state-of-the-art works recently published, a growing
tendency exists in these last years towards the development of processes which
make it possible to introduce very high values of plastic deformation within the
materials to be processed with no significant change of their cross-section. This is
not possible through conventional thermo-mechanical processes, in which the
increase until the above-mentioned values of deformation is usually associated
with a change in their geometry [2–5].

The aim of introducing very high values of plastic deformation within the pro-
cessed materials is to achieve the appearance of a new submicrometric or even
nanometric grain structure which will gradually substitute that existing initially,
where this fact is favoured by an increase in the temperature of the process.
Moreover, the fact of achieving a submicrometric structure presents several tech-
nological advantages, as this will have a direct influence on the mechanical prop-
erties of the new so-processed materials. For instance, at low values of temperature,
a fine grain size can increase mechanical strength, hardness, fracture toughness and
the material fatigue limit. Furthermore, at high values of temperature, the alloys with
a ultrafine grain size may exhibit a superplastic behaviour and thus, the ability to
undergo very high values of deformation with no damage for the material [6, 7].

Nevertheless, few processes which are able to take advantage of the benefits of
the plastic deformation in angular channel exist, which could indicate the tech-
nological difficulty associated with the development of a process capable of
operating continuously in order to impart high values of plastic deformation to
metallic materials by means of an angular channel.

Among the discontinuous severe plastic deformation (SPD) techniques that
have been developed in the last years to manufacture massive materials with
submicrometric or even nanometric grain size, the first and more widely known is
the Equal Channel Angular Extrusion or Pressing (ECAE or ECAP), which was
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developed by Segal and his collaborators in the former Soviet Union, at the
Institute for Metals Superplasticity Problems [8].

The angular channel extrusion consists in the compression of the billet of a
material through a die with two channels which intersect at an angle varying
generally between 90� and 135�, where the billet is extruded through the exit
channel and this is the same size as the entrance channel. Figure 1 shows a finite
element simulation of the ECAE process considering circular and square cross-
section. When the material crosses the intersection between the two channels of
the die, this undergoes a very intense shear plastic deformation (e [ 1) in a single
passage. The material can be deformed with no fracture up to (e[ 1) due to the
high value of hydrostatic pressure which exists inside the die channels when the
extrusion process is carried out [9].

Although it is possible to achieve deformation values similar to those obtained
in ECAE (e[ 1) by means of other conventional plastic deformation processes,
such as drawing or rolling, the final values of section or thickness are reduced
significantly, as such deformation increase is associated with a geometrical
change. If it is taken into consideration that the ECAE process can be repeated
several times as the part dimensions do not change, it is possible to accumulate a
higher value if deformation, that is (e � 1), which is translated into the fact that if
it is intended to reach by conventional thermomechanical processes similar
deformation values, the final dimensions would be so small that this would limit its
subsequent application as structural element, not being able even to perform it
[10]. As a consequence of this, severe plastic deformation processes have a great
deal of interest, as the accumulation of deformation inside the processed material
is achieved with no significant change in its cross-section.

The ECAE process allows us to manufacture highly deformed materials with
ultrafine grain size and free of residual porosity. The process has been applied to a
large number of materials such as copper, nickel, aluminium alloys and steel,

Fig. 1 Total equivalent plastic strain in the ECAE process a circular die, b square die
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among others [3, 8–37]. With the ECAE process, it is obtained that a new sub-
micrometric or even nanometric grain structure substitutes the initial one. With
this, materials with improved mechanical properties are obtained since, as is well-
known, the grain size of a metal has a great deal of influence on the mechanical
properties of the materials and its refinement provides important technological
benefits. For instance, a fine grain size can increase not only mechanical resistance,
hardness, fracture toughness and fatigue limit, at low temperature, but also, at high
temperature, the ultrafine grain alloys can exhibit a superplastic behaviour being
able to undergo very high values of deformation with no damage to the material
[6, 7].

With respect to other SPD processes in angular channel, the following ones could
be highlighted: Cyclic Extrusion Compression (CEC) [38, 39], where this process
was proposed by Korbel and Richert [38], Cyclic Extrusion and Compression
(CEC), denominated CECRE (C shape Equal Channel Reciprocating Extrusion)
[40] and Twist Extrusion, developed by Akbari et al. [41], among others.

Regarding other SPD processes which do not use an angular channel, the fol-
lowing ones stand out: the combined process of high pressure and torsion (High
Pressure Torsion or HPT) [18, 42–46], Repetitive Corrugation and Straightening
(RCS) [47, 48] and the process denominated as Multipass Coin Forging (MCF),
which is similar to RCS [49], except for the arrangement and the geometry of the dies.

In spite of the great interest that discontinuous SPD processes present, as they
allow us to obtain nanostructured materials, their industrial applications have not
been as remarkable as could be expected, being in this aspect the ECAE process
the one that presents a higher number of applications, such as those carried out by
Ferrase et al. [19], Valiev et al. [50], Zhu et al. [51], Latysh et al. [52] and Tanaka
et al. [53], among others.

In relation to the rest of the above-mentioned discontinuous SPD processes,
such as HPT or CGP, the fact that they are discontinuous and relatively low and
that they present a high value of heterogeneity in the deformation along with the
fact that the size of the processed parts is not high enough could be what has
limited their industrial applications.

Although the ECAE process presents diverse applications, the length of the
billets is limited due to the buckling the punch can undergo if values of length
more than ten times the value of the material diameter are employed. Furthermore,
the process velocity is low since the values for the strain rate are not very high and
it is necessary to open and close the die each time a new extrusion is needed to be
performed.

Although several industrial applications have been carried out with this process,
its importance is not as great as could be expected taking into consideration the
significant improvement the so-processed materials imply.

In the present work, finite element analysis will be employed in order to study not
only the strain distribution in the processed materials but also the homogeneity of the
introduced strain in the CCDR process [1]. With the present work, it will be shown
that it is feasible to achieve a process with possible industrial application, making
possible the continuous processing of metallic materials in angular channel by SPD.
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2 Description of the CCDR Process

In the CCDR process (Continuous Combined Drawing and Rolling), based on the
patent ES-2002-01163 [1], a pushing force is generated at the entrance of the die
by the effect of two rolling mills, whereby this is combined with a drawing force.
By means of this process, it is possible to manufacture continuous materials
through severe plastic deformation in angular channels [1, 54, 55]. In these days, a
prototype has been developed in the Public University of Navarre, based on the
previous patent for the continuous processing of sheet.

Figures 2 and 3 show different configurations for the implementation of the
patented process [1], depending on the requirement to manufacture sheet or wire
and where the rolling mills are not drawn to scale.

As can be observed, a compression force is generated at the entrance of the die
by the employment of rolling mills and, simultaneously to the rolling process, a
drawing process exists by which a force drawing the material is developed at the
exit of the angular channel die. As a consequence of this, the stress values required
for the rolling process are reduced as the device at the exit will help the material to
pass through the angular channel die. Moreover, between passage and passage, the
sheet can be rotated in order to homogenise the deformation pattern which is
obtained along the cross-section of the processed material.

Among the different possible CCDR set-ups, some of them are shown in the
following figures. Sheet and cylindrical bars or with other types of cross-section
can be processed. Depending on the type of material to be processed, diverse
applications can be found. The most outstanding ones are as follows: rolled
structural shapes, wires, shapes for diverse applications, plane sheet and substi-
tuting steel parts for parts made of high resistance aluminium with mechanical
properties improved by the refinement of grain that will be mentioned below.

Figure 4 shows the development of the continuous process of plastic defor-
mation by angular channel for manufacturing sheet, as was shown in the operation
sketch from Fig. 2. As can be observed, it is a plastic deformation process by
angular channel which operates continuously, avoiding the buckling problem
associated with the ECAE process, which limited the size of the processed parts.
Figure 5 shows the material obtained with the process that has been developed.

The process denominated as ‘‘Continuous processing of metallic materials by
means of plastic deformation with polyangular channel’’, based on the patent Pat.
2224787 [1] or, in English, Continuous Combined Drawing and Rolling (CCDR)
was proposed by researchers from the Public University of Navarre in collabo-
ration with the ‘‘Centro de Estudios e Investigaciones Tecnológicas’’ from Gui-
púzua. The patented process presents the novelty of combining an extrusion force
with a pushing system, composed of rolling mills. By the combined action of both
processes, it is possible to process material continuously through a die which
presents a configuration with angular channel.

The novelty of the CCDR process [1] in comparison to other continuous devel-
oped SPD processes consists in combining a pushing system in addition to a
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compression system that thus enables the material flow in the angular channel die,
preventing the material from wrinkling at the entrance. Figures 2 and 3 show the
fundamentals of the Continuous Combined Drawing and Rolling (CCDR). As can be
seen in these figures, a compression force is generated at the entrance of the die by
employing rolling mills and, simultaneously to the rolling process, a drawing process
exists by which a force drawing the material is developed at the exit of the angular
channel die. As a consequence of this, the stress values required for the rolling
process are reduced significantly as the device at the exit will help the material to pass
through the angular channel die. In this way, the wrinkling of the material is avoided
at the entrance of the ECAE dies. With this process, it is possible to continuously
manufacture materials through severe plastic deformation with an angular channel.

Figure 5 shows the material obtained with the process that has been developed.
It is important to ensure that the material velocity at the exit is the same as the
material velocity at the entrance of the die channel and, for this purpose, a series of

Fig. 2 Operation sketch of
the CCDR process for
manufacturing sheet [1]

Fig. 3 Operation sketch of
the CCDR process for
manufacturing wire [1]
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encoders are placed in order to determine the real velocity of the sheet. In this way,
it is possible to regulate the CCDR process, not allowing the sheet to be stretched
or wrinkled at the entrance of the die channel.

Fig. 4 Equipment developed for implementing a continuous process of plastic deformation by
angular channel for manufacturing sheet, based on the patent proposed by Luis et al. (Pat.
2224787, 2002) [1]. The prototype is installed in the facilities of the Department of Mechanical,
Energetics and Materials Engineering from the Public University of Navarre

Fig. 5 View in detail of a the angular channel die, b measurement of the material velocity at the
exit of the die, and c material processed by the CCDR equipment based on [1]
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This equipment combines a rolling process with a drawing process, as is
pointed out in Patent 2224787 [1]. In this way, the rolling mills are responsible for
the force necessary to compress the material until the intersection of the die
angular channel, whereby the gripping system has the aim of drawing the material
at the exit of the die, in such a way that the material velocity at the entrance of the
angular channel coincides with the material velocity at the exit of the latter. As a
result, no significant necking of the processed material is produced.

In order to be able to control the sheet velocity at different points during the
process, a series of measurement sensors have been installed. With the perfor-
mance of these measurements, it is possible to modify via PC both the rolling or
the drawing velocity, as convenient and in order to prevent not only a possible
bulging of the material between the rolling mills and the die but also a drastic
reduction of the material cross-section at the exit.

3 Finite Element Modelling

In the present section, some simulations performed on the CCDR process, pre-
sented in the previous section, are shown. In order to perform them, an aluminium
alloy of type AA8011 has been selected. With the aim of analysing the processing
of the material by CCDR through the use of finite element method (FEM), the
process conditions that are shown in Table 1 have been selected. The sheet width
was considered to be 130 mm and it was maintained constant in all the
simulations.

With respect to the elements, their size is of 0.05 9 0.25 mm for the simula-
tions with a single sheet and of 0.05 9 0.5 mm for those with two sheets. The dies
have been meshed utilising division of curves and automesh with the option of
advance front, making the zones which will undergo higher values of stress be
meshed as fine as the sheet element so that situations of nodes penetration do not
take place (0.05 mm). In the same way, it is very important that the nodes in
contact are 10 or more so that the peaks in the values of force and stress, which are
produced when the sheet is being processed, are as small as possible.

In Fig. 6, an image of the die mesh can be observed. Plane strain conditions
have been employed as the sheet width is much higher than its thickness. This
approach is good enough and it saves calculation time, in relation to that necessary
to perform the simulation considering a tridimensional geometry.

An element type Quad 4, which is a quadrilateral with four integration points,
has been utilised. The number of elements is 54,000. As was previously-men-
tioned, plane strain conditions have been assumed since the sheet width is much
higher that the sheet thickness.

With respect to the material employed in the FEM simulations, the aluminium
alloy AA8011, whose flow stress is depicted in Fig. 7, has been selected.

In order to estimate the damage the sheet undergoes during the process, a model
type Cockroft–Latham [56] has been taken into account. The damage threshold,

24 C. J. Luis et al.



which is the deformation value from which the damage is considered to start, has
been selected as zero, that is to say, the damage is considered to begin when the
material is deformed.

In relation to the contacts employed, except for the case of the sheets and the
dies, which are all deformable bodies, the rest of the bodies used in the simulations
are considered to be rigid. Figures 8 and 9 show the contacts that are taken into
account in the performed simulations.

The velocity of the process is 20 mm/min and the rolls rotate at 0.004 rad/s. It
is important to point out that the drawing velocity is slightly higher than the
velocity of the rolls in order to avoid the buckling of the material at the entrance of
the angular channel dies.

Regarding the contacts, a distance tolerance of 0.0025 mm is considered to
detect the contact situation and a bias factor of 0.9 for the sensibility of a rigid

Table 1 Simulations performed

Sheet of 2.6 mm, rolling 2 mm, die channel 2.2 mm, internal radius 2 mm
Sheet of 2.6 mm, rolling 2 mm, die channel 2.2 mm, internal radius 1.5 mm
Sheet of 5.2 mm, rolling 4 mm, die channel 4.2 mm, internal radius 2 mm
Sheet of 5.2 mm, rolling 4 mm, die channel 4.2 mm, internal radius 1.5 mm
Sheet of 7.8 mm, rolling 6 mm, die channel 6.2 mm, internal radius 2 mm
Sheet of 7.8 mm, rolling 6 mm, die channel 6.2 mm, internal radius 1.5 mm
Two sheets, each one of 2.6 mm, rolling 4 mm, die channel 4.2 mm, internal radius 2 mm
Two sheets, each one of 2.6 mm, rolling 4 mm, die channel 4.2 mm, internal radius 1.5 mm
Three sheets, each one of 2.6 mm, rolling 6 mm, die channel 6.2 mm, internal radius 2 mm
Three sheets, each one of 2.6 mm, rolling 6 mm, die channel 6.2 mm, internal radius 1.5 mm

Fig. 6 Meshing of both
angular channel die and
processed material

FEM Modelling of the Continuous Combined Drawing 25



body to be crossed and of 0 when there is a contact between deformable bodies
(0 means that when the contact is detected, the interval fixed by the distance
tolerance is symmetric, which this is very useful when the bodies in contact are

Fig. 7 AA8011 flow stress

Fig. 8 Contacts die-material

Fig. 9 Detailed view of the
contacts in the rolling
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both deformable). Moreover, the initial stress in the contacts is not taken into
account in order to avoid subsequent problems.

The friction model employed is that of type Shear [57], with a velocity of
relative displacement of 0.025 mm/s. The values for the friction coefficients are as
follows: 0.1 between sheets; 0.9 between the rolls and the sheet, and 0.1 between
the dies and the sheet. The body which draws from the sheets is glued to an end of
the latter.

The detection method for the contact between deformable bodies (useful in the
case of two sheets and in the case of one sheet against any of the dies) is double sided,
that is, it checks the contact at the nodes of the two bodies, which slows the simu-
lation but is essential for the good running of this. The criterion of separating the
nodes from the lines which limit the rigid bodies is considered through the relative
stress, where if this changes the 0.1 %, the nodes are separated from the rigid body.

When the dies model is changed from a static rigid body to a deformable body, it
is necessary to introduce restrictions in the nodes in order to avoid their displace-
ments. Restriction of movement in axes ‘‘x’’ and ‘‘y’’ is applied to the external nodes
of the dies. As well as this boundary condition, in the simulations performed with
more than one sheet, a restriction of movement in axis ‘‘x’’ is applied to the first
nodes in contact with the rigid body, which model the tension force exerted over the
sheet at the exit of the angular channel. Figure 10 shows the previously mentioned
boundary conditions as ‘‘apply1’’ and ‘‘apply2’’, respectively.

The iterative process employed to linearise the problem is the full Newton–
Raphson method [57] with 50 possible recycles and with the possibility to continue
the calculation although non-positive definite matrices appear. In order to solve the
equations in each step of the simulations, direct sparse is utilised. The convergence

Fig. 10 Detailed view of the
angular channel die
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of each iteration is achieved with residuals or displacements with a tolerance of
0.1 % in the values for the force and for the relative displacement.

The results presented are the equivalent plastic deformation, the von Mises
stress, the stress tensor, the damage according to the Cockroft–Latham’s model
and the equivalent elastic deformation. For high values of deformation, the sim-
ulations are performed using both the Lagrange’s method and the additive
decomposition option for the plastic zone.

4 Finite Element Results

In the present section, the main results obtained in relation to the plastic defor-
mation exerted on the material, the accumulated damage, the stresses in the die and
the values for the force are assessed employing the FEM simulation software Marc
Mentat 2008TM.

4.1 Total Equivalent Plastic Strain

The aim of the CCDR process is to impart to the processed material high values of
deformation with no significant change of its cross-section, in such a way that it is
possible to accumulate higher deformation values. In the present section, the
results obtained regarding the accumulation of plastic deformation inside the
processed sheet are shown.

As was above-mentioned, by CCDR, the cross-section is reduced slightly in
order to prevent the sheet from being accumulated at the entrance of the die. The
temperature is being applied to the process to ensure that the section does not vary
as it is possible to work with similar velocities of pushing and drawing. In addition
to this, it is possible to reduce the heterogeneity that appears when the material is
processed twice using route C between passes, where this route consists in rotating
1808 the processed sheet in such a way that the zone which is first in contact with
the inner radius of the die is in the next passage in contact with the outer radius,
thus increasing the deformation exerted on the material and its homogeneity. This
has not been included in this chapter because it does not form part of its objectives
but it will be shown in a future technical work.

The values for the plastic deformation accumulated in the material as a con-
sequence of the rolling and of the deformation in the angular channel have been
assessed. A comparison of the deformation in the same sheet has been made when
the inner radius and the sheet thickness vary. Moreover, the deformation values
when a single sheet or when various sheets with the same thickness of the latter
pass through the same die. In the images shown in Fig. 11a–g, the deformation
imparted to the material can be observed when modifying the process conditions.
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Taking the obtained results into account, the deformation diminishes when the
internal radius of the lower die (Rint) is increased.

In the case of Fig. 12a, corresponding to a sheet of 2.6 mm thickness rolled up to
2 mm, it can be observed that the deformation obtained with the lowest inner radius
is always higher than that obtained with the highest inner radius. The maximum
value is located at the zone closer to the inner radius, a decrease is observed in the
central zone and a new increase at the other end of the sheet. For 2 mm, the max-
imum value is of 1.3 whereas in the case of the inner radius 1.5 mm, the deformation
value is of 1.5, which means a 15 % higher. Figure 12b, which is the case of one
sheet of 5.2 mm thickness rolled up to 4 mm, shows that the deformation has a
pattern similar to the previous case. The difference between the deformation
obtained with the different radii is lower. The maximum value is attained for the
radius of 2 mm although it is the intermediate zone of the sheet where a higher value
of deformation is observed when a lower inner radius is used. Furthermore, Fig. 12c
shows the deformation of one sheet of 7.8 mm thickness rolled up to 6 mm and later
on, processed by CCDR. As can be observed, when the internal radius of the angular
channel die is decreased, the achieved value of deformation is higher.

In order to analyse if there exists a change in the deformation imparted when a
higher number of sheets with the same thickness is processed simultaneously, the
simulations previously shown were performed, whose comparison is depicted in
Fig. 13. In the study case for the three sheets, the existence of hydrostatic pressure
in the central sheet was considered in order to diminish the damage and to increase
the deformation value. In the following graphs, the attained results are shown.

In Fig. 13a and b, it can be observed that the deformation with a single sheet is
always higher than that in the case of two sheets with the equivalent section. A
border effect is seen in the case of the sheets processed simultaneously but it is not
enough to improve that obtained with a single sheet of processed material. The
same behaviour can be observed in Fig. 13c and d. Both inner and outer sheets
provide deformation values much lower than those attained when a single sheet is
processed. On the contrary, the intermediate sheet has deformation values similar
to those obtained with a single sheet, presenting the advantage of having a much
higher homogeneity of plastic deformation. Nevertheless, it can be seen that the
central sheet reduces its section more than both, the internal and the external ones,
as can be observed in Fig. 11g.

The thickness of the processed sheet is important for the possible applications
of the material processed by CCDR. Figure 14a and b show the deformation values
attained for sheets with a starting thickness of 2.6, 5.2 and 7.8 mm.

As can be observed in Fig. 14a and b, when the thickness is increased, the
homogeneity and the mean deformation in the section increase. The maximum
value is achieved for the sheet with an intermediate value of thickness although it
seems that the sheet with the highest thickness presents a decrease in the central
zone of a lesser degree.
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4.2 Analysis of the Damage Imparted to the Processed
Material

Although with the CCDR process it is intended to impart very high values of
plastic deformation to the processed materials, it is essential that the imparted
damage is as low as possible in order to diminish the appearance of cracks limiting
the subsequent applications of the processed material.

The damage is the progressive process by which the materials break subjected
to a specific load. In a microscale level, this is the accumulation of microstresses in
the neighbourhood of defects and the breaking of bonds, which generates micro-
cracks that initiate one crack [58]. Damage is not an observable variable and a
model definition is required in order to measure it [59]. Different approaches have

Fig. 12 Plastic deformation in a section of the sheet. a Deformation pattern of one sheet with a
thickness of 2 mm after rolling. b Deformation pattern of one sheet with a thickness of 4 mm
after rolling. c Deformation pattern of one sheet with a thickness of 6 mm after rolling

Fig. 11 Accumulated value of plastic deformation inside the material when varying the CCDR
process conditions. a CCDR simulation (increment 1,500) in a die with an inner radius of 2 mm
and one sheet with a thickness of 2 mm after rolling. b CCDR simulation (increment 1,500) in a
die with an inner radius of 2 mm and one sheet with a thickness of 4 mm after rolling. c CCDR
simulation (increment 1,500) in a die with an inner radius of 2 mm and one sheet with a thickness
of 6 mm after rolling. d CCDR simulation (increment 1,500) in a die with an inner radius of
2 mm and two sheets with a thickness of 2 mm after rolling. e CCDR simulation (increment
1,500) in a die with an inner radius of 1.5 mm and two sheets with a thickness of 2 mm after
rolling. f CCDR simulation (increment 1,650) in a die with an inner radius of 2 mm and three
sheets with a thickness of 2 mm after rolling. g CCDR simulation (increment 1,650) in a die with
an inner radius of 1.5 mm and three sheets with a thickness of 2 mm after rolling

b
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been proposed in order to determine the damage mechanics [60–64]. All these
formulations have been classified in the three main approaches in [65]: abrupt
failure criteria, porous solid plasticity and continuum damage mechanics (CDM).

Fig. 13 Plastic deformation in the sections of the sheets. a Deformation pattern of one sheet of
4 mm thickness after being rolled versus two sheets processed simultaneously each one of 2 mm
thickness with an inner radius of 2 mm. b Deformation pattern of one sheet of 4 mm thickness
after being rolled versus two sheets processed simultaneously each one of 2 mm thickness with an
inner radius of 1.5 mm. c Deformation pattern of one sheet of 6 mm thickness after being rolled
versus three sheets processed simultaneously each one of 2 mm thickness with an inner radius of
2 mm. d Deformation pattern of one sheet of 6 mm thickness after being rolled versus three sheets
processed simultaneously each one of 2 mm thickness with an inner radius of 1.5 mm

Fig. 14 Plastic deformation in the sections of the sheets with different thickness. a Deformation
pattern of one sheet of 2 mm thickness after being rolled. b Deformation pattern of one sheet of
4 mm thickness after being rolled
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The first approach predicts the failure when one external variable, that is uncou-
pled from other internal variables, reaches its critical value. For the second
approach, Gurson’s type model was derived for porous materials taking into
account only the nucleation and growth of the microvoids [60]. This formulation
was extended later by other authors [66, 67]. In the last years, as is analysed in
[65], a number of finite element unit cell based on micromechanical studies have
been performed in order to correlate voids evolution and interaction with the
resulting macroscale material yield function. The third approach assumes that the
damage is one of the internal constitutive variables that accounts for the effects of
the material constitutive response induced by the irreversible processes that occurs
in the material microstructure [65]. The initial work in this field was developed by
[61]. Subsequently, new models were developed such as those of: Lemaitre [62]
and Chaboche [68]. In the las two decades a great number of CMD based for-
mulations have been proposed as can be seen in the revision of Bonora [65]. The
limitations of these CMD approaches were overcome with a new damage model
formulation proposed in [69].

Although a large number of damage models exist, in the present work, the
damage values in the CCDR process have been obtained by using Cockroft–
Latham damage models with the Marc MentatTM FEM software. This model is
commonly used in SPD processes [70]. This will allow us to determine the most
appropriate die geometry to perform the process. In the present section, the results
of the FEM simulations for the damage exerted on the material are shown, as was
mentioned, employing a model type Cockroft–Latham [56]. This model can pre-
dict a zone of located damage through Eq. (1). Cockroft and Latham damage
model is a damage indicator which is often used to predict the initiation of the
cracks. It considers the effects of the maximum principal tensile stress. The
damage in Cockroft–Latham model is calculated by using Eq. (1).

C ¼
Z�ef

0

rmax

�r
d�e ð1Þ

where �e represents the equivalent plastic strain, �ef is the equivalent plastic strain
just at the moment of fracture, rmax is the maximum principal tensile stress and
C is material constant threshold for damage. As can be observed, no material
parameters have to be employed in order to compare how the die geometries
influence the damage, when Cockroft–Latham damage model is used. In order to
determine how the die geometry influences the damage on the processed material,
different FEM models with the above mentioned conditions were simulated in
order to calculate the Cockroft–Latham damage parameter. The damage imparted
to the material has been evaluated as a consequence of both the rolling process and
the angular channel (Fig. 15).
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In this section, the effect of the inner radius on the damage imparted to the sheet
is shown. The values of the die inner radius (Rint) for the cases studied are 2 and
1.5 mm.

Figure 16a shows the case of a sheet of 2.6 mm thickness rolled up to 2 mm. As
can be observed, the model predicts that the damage exerted with a lower inner
radius is always higher than that with a higher inner radius. The maximum value is
given in the zone closer to the inner radius, followed by a decrease in the central
zone and a final increase at the other end of the sheet.

In the zone close to the outer radius, the level of damage is similar in both cases
but in the inner part of the sheet, the difference is remarkable, where with a radius
of 1.5 mm, the damage is 33 % higher than in the case with an inner radius of
2 mm. Figure 16b shows that the difference between the damage exerted by the
different values of radius is lower.

The maximum value is obtained for a radius of 2 mm but the intermediate zone
of the sheet is more damaged with a lower value of radius. Figure 16c shows that
there is no difference between the damage exerted on the inner zone and on the
outer. When the inner radius decreases, the imparted damage is higher, specially
for low values of sheet thickness. Moreover, when the sheet thickness is increased,
the influence of the inner radius decreases.

In Fig. 17a and b, it can be observed that the damage when a single sheet is
processed is higher than that for the two equivalent sheets in section, except in the
contact zone of the two sheets, because of the border effect produced when both of
them are processed simultaneously. Figure 17c and d show that the simultaneously
processed sheets have values of damage lower than those attained in the single
processed sheet. In the contact zone between the intermediate sheet and the outer,
the level of damage exerted by the friction in these sheets exceeds the sheet with
the highest value of thickness.

In the following graphs, Fig. 18, the values of damage for sheets with a starting
thickness of 2.6, 5.2 and 7.8 mm, respectively, are shown. One can see that when
the thickness is increased, the mean value of damage in the section increases.

The maximum value is achieved for the sheet with the intermediate value of
thickness. In this case, it is interesting to employ sheets with a lower value of
thickness in order to reduce the level of damage in the central part of the sheet.
This result coincides with that obtained in the previous section, where it is shown

Fig. 15 Damage exerted on the material. a CCDR simulation (increment 1,500) in a die with an
inner radius of 2 mm and one sheet with a thickness of 2 mm after rolling. b CCDR simulation
(increment 1,500) in a die with an inner radius of 2 mm and one sheet with a thickness of 4 mm
after rolling. c CCDR simulation (increment 1,500) in a die with an inner radius of 2 mm and one
sheet with a thickness of 6 mm after rolling. d CCDR simulation (increment 1,500) in a die with
an inner radius of 2 mm and two sheets with a thickness of 2 mm after rolling. e CCDR
simulation (increment 1,500) in a die with an inner radius of 1.5 mm and two sheets with a
thickness of 2 mm after rolling. (f) CCDR simulation (increment 1,650) in a die with an inner
radius of 2 mm and three sheets with a thickness of 2 mm after rolling. g CCDR simulation
(increment 1,650) in a die with an inner radius of 1.5 mm and three sheets with a thickness of
2 mm after rolling

b
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that it is preferable to process several sheets of low thickness rather than a single
sheet with a higher thickness.

4.3 Equivalent Von Mises Stress Within the Dies

In the present section, the stress distribution inside the CCDR dies is shown when
the material is processed with the process conditions which are shown in Table 1.
Figure 19 shows the nodes that have been analysed: node 1 corresponds with the
inner radius, node 2 corresponds to the contact zone at the upper die before starting
the angular channel and node 3 corresponds to the contact zone at the upper die
after passing through the angular channel. It has been observed during the exe-
cution of the simulations that it is in these points where the sheet makes contact
due to a lack of complete filling of the channel in the die.

As can be observed in Fig. 20, the point with the highest level of stress is that at
the inner radius of the die, followed by the contact zone after passing through the
intersection between both channels. The zone with the lowest value of stress is that
at the upper part before the intersection zone between both channels since a big
amount of the sheet surface rests over this.

In the image shown in Fig. 21, one can observe the von Mises stress inside the
sheets when these are processed by CCDR. The obtained value is that from the
material hardening law at the value of plastic deformation which it has accumu-
lated at that moment.

Fig. 16 Values of damage with Cockroft–Latham model in one section of the sheet. a Damage
pattern for one sheet of 2 mm thickness after being rolled. b Damage pattern for one sheet of
4 mm thickness after being rolled. c Damage pattern for one sheet of 6 mm thickness after being
rolled
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Table 2 presents the results obtained from all the simulations which were
carried out. It can be concluded that the most affected point when varying the inner
radius is node 1, which, in general, presents the highest value of stress since it is at

Fig. 17 Values of damage with Cockroft–Latham model in the sections of the sheets. a Damage
pattern of one sheet of 4 mm thickness after being rolled versus two sheets processed
simultaneously each one of 2 mm thickness with an inner radius of 2 mm. b Damage pattern of
one sheet of 4 mm thickness after being rolled versus two sheets processed simultaneously each
one of 2 mm thickness with an inner radius of 1.5 mm. c Damage pattern of one sheet of 6 mm
thickness after being rolled versus three sheets processed simultaneously each one of 2 mm
thickness with an inner radius of 2 mm. d Damage pattern of one sheet of 6 mm thickness after
being rolled versus three sheets processed simultaneously each one of 2 mm thickness with an
inner radius of 1.5 mm

Fig. 18 Values of damage with Cockroft–Latham model in the sections of the sheets with
different thickness. a Damage pattern for a single sheet with a thickness of 2 mm after being
rolled b Damage pattern for a single sheet with a thickness of 4 mm after being rolled
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this point that the sheet gets into contact in order to be deformed. When the inner
radius decreases, the value of the von Mises stress is higher in the zone near the
node 1, particularly for low values of the sheet thickness. For instance, for sheets
with a thickness of 2.6 mm, changing a radius of 2 mm into a value of 1.5 mm
means an increase in the stress of 10 %, in the case of a single sheet, and of 17.5 %
in the case of two simultaneously processed sheets. Furthermore, when the sheet
thickness is increased, the influence of the inner radius diminishes. Figure 22
shows a comparison between the values of stress that appear when a single sheet of
5.2 mm thickness is processed and those attained when two sheets with a thickness
of 2.6 mm are processed.

As can be observed in Fig. 22, the stress variation inside the die at nodes 1 and
2 is negligible, whereas in the case of node 3, which corresponds with the outer
part of the die, a considerable increase in the stress value is produced. The extreme
case is given in the dies with an inner radius of 1.5 mm, where a stress peak

Fig. 19 Nodes from which
the information is taken
during the CCDR process

Fig. 20 Variation of von
Mises stress during the
CCDR process
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Fig. 21 Von Mises stress
inside the sheets during the
CCDR process

Table 2 Results of von Mises stress obtained from the different cases considered

Simulations Node 1 Node 2 Node 3

1 sheet_2.6_2_2.2_90 %_rint2 297.1 30.5 279.4
1 sheet_2.6_2_2.2_90 %_rint1.5 337.8 39.4 254.7
1 sheet_5.2_4_4.2_90 %_rint2 423.1 38.6 216.7
1 sheet_5.2_4_4.2_90 %_rint1.5 427.1 77.0 172.4
1 sheet_7.8_6_6.2_90 %_rint2 410.0 52.2 112.3
1 sheet_7.8_6_6.2_90 %_rint1.5 426.8 56.1 107.3
2 sheets_5.2_4_4.2_90 %_rint2 404.2 24.3 234.5
2 sheets_5.2_4_4.2_90 %_rint1.5 470.1 23.0 392.3

Fig. 22 Von Mises stress inside the sheets during the CCDR process. a Single sheet of 2 mm
thickness after being rolled with a die of 2 mm inner radius. b Two sheets of 4 mm total thickness
after being rolled with a die of 1.5 mm inner radius
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appears doubling the value for the processing of a single sheet. This result may be
due to the fact that with two sheets, a more efficient filling of the channel is
produced.

4.4 Forces Required to Carry Out the CCDR Process

In the present section, the variation of the pushing force, the drawing force and
those undergone by the CCDR dies is shown. In all cases, it is observed that when
the rolled sheet starts to pass through the die (about 300 s), there are sudden
changes in the forces and subsequently, there is an increase with respect to the
non-rolled sheet part, which does not have accumulated plastic deformation.
Figure 23 shows the graphs which correspond to a simulation with an initial sheet
of 2.6 mm, rolling up to 2 mm, die channel of 2.2 mm and inner radius of 2 mm.

The force with the highest value involved in the CCDR process is the pushing
force, which has to be multiplied by two since it represents the force of only one of
the two rolls in the rolling mill.

The drawing force is the lowest of all and its value varies from 5 to 10 % of the
pushing force. The values of the force undergone by the dies are counteracted with

Fig. 23 Diverse forces involved in the CCDR process. a Force undergone by the lower die.
b Force undergone by the upper die. c Pushing force carried out by a rolling mill. d Drawing
force
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the actual mechanical or hydraulic fasteners which allow us to compensate the
force exerted by the material when this is deformed. The obtained results are
presented in Table 3.

When the inner radius of the die is varied, no significant changes in the process
forces are observed. For instance, when the value of the inner radius is reduced up
to 1.5 mm, there is an increase of 15 % in the die forces, in the case of a single
sheet with an initial thickness of 2.6 mm and in the case of two sheets with the
previously mentioned value of thickness. The values of the force in the lower die
decrease significantly when two sheets are processed in relation to those obtained
when a single sheet with an equivalent thickness is processed, as is shown in
Table 3. The same behaviour can be observed with the drawing force, although the
decrease is lower. With respect to the pushing force, it is approximately the same.

From the results of the simulations, it can be stated that the values of the force
when three sheets are processed by CCDR are the same as those obtained when a
single sheet with a thickness equal to the three of them is processed. It is obvious
that in order to reduce the values of the forces, it is better to process the three
sheets at the same time. In this case, the clamping force of the dies is reduced by
half, whereas the pushing force is reduced an average value of 15 % and the
drawing force a 35 %.

The values of the drawing force and of the force undergone by the lower die are
doubled when the values for the thickness of the processed sheet are doubled as
well, that is to say, they follow approximately a linear law with the thickness.
Nevertheless, the pushing force and the force undergone by the upper die increase
approximately a 25 % when the sheet thickness is doubled.

5 Conclusions

In the present work, the results obtained from a study about a process denominated
as Continuous Combined Drawing and Rolling (CCDR) have been shown. This
study has been made by means of the finite element method and employing

Table 3 Forces required to carried out the CCDR process [N]

Simulations Lower die Upper die Pushing force Drawing force

1 sheet_2.6_2_2.2_90 %_rint2 17,057 37,553 210,285 13,182
1 sheet_2.6_2_2.2_90 %_rint1.5 21,959 41,388 215,981 14,712
1 sheet_5.2_4_4.2_90 %_rint2 51,889 53,141 256,096 31,191
1 sheet_5.2_4_4.2_90 %_rint1.5 50,805 52,668 260,135 31,177
1 sheet_7.8_6_6.2_90 %_rint2 77,131 59,680 292,586 56,998
1 sheet_7.8_6_6.2_90 %_rint1.5 76,402 59,349 293,456 58,112
2 sheets_5.2_4_4.2_90 %_rint2 25,388 17,118 222,796 19,640
2 sheets_5.2_4_4.2_90 %_rint1.5 30,503 22,840 229,451 21,261
3 sheets_7.8_6_6.2_90 %_rint2 43,459 26,788 237,727 37,530
3 sheets_7.8_6_6.2_90 %_rint1.5 43,542 27,250 239,217 39,281
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different process conditions and different types of materials. This process is a new
concept of severe plastic deformation processes (SPD), developed by researchers
belonging to the Public University of Navarre and based on the patent (ES
2224787) [1]. With the results presented in this work, it is shown that this severe
plastic deformation process is industrially viable and it is capable of operating in a
continuos form, making it possible to manufacture highly deformed material.

Within the experimental section, it has been seen that the achievement of an
optimum value of reduction in the rolling process is a determinant factor for the
improvement in the mechanical properties. If the reduction is too high, the filling of
the CCDR die is worse and the attained deformation is lower and less homogeneous,
which limits the improvement in the mechanical properties of the material.

The decrease in the die inner radius, the processing of a single sheet and the
increase in the thickness of the latter increase the deformation introduced in the
material. As the improvement in the mechanical properties is linked to the plastic
deformation introduced, the adequate selection of the angular channel die geom-
etry will enable a greater improvement in the mechanical properties at each CCDR
passage.

When the inner radius is decreased, the imparted damage is higher, especially
for low values of sheet thickness. Another alternative in order to achieve a
decrease in the level of damage is to process several sheets at the same time, since
the mean value of damage in the section increases when the thickness of the
processed sheet is increased.

The forces involved in the process increase their values when the inner radius is
reduced and the sheet thickness is increased. Nevertheless, as it is the force carried
out by the rolls of the rolling mill which is the highest from those involved in the
CCDR process, it would be recommendable to increase the sheet thickness
because this force increases in a much lower proportion than thickness.
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