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A B S T R A C T

Innovative incremental bulk forming (IBF) process dedicated to form integral elements for the aerospace in-
dustry is presented in the paper. Particular attention is put on analysis of advantages and disadvantages of this
process, as well as on detailed evaluation of material flow characteristics across different length scales. Thus, a
multi scale numerical model of the IBF process was established based on the isotropic hardening law at the
macro scale and digital material representation concept connected with the crystal plasticity theory at the micro
scale. Numerical results are also supported by a series of experimental investigations realized at the prototype of
the IBF press.

1. Introduction

In automotive and aerospace industries, light and durable integral
structures provide an opportunity to reduce CO2 emission. Saha Pradip
(2017) and Heinz et al. (2000) describes integral components (IC), as
parts usually characterized by a complex shape, made from a single
piece of material. Heinz et al. (2000) have also explained the ad-
vantages and limitations of such monolith structures with particular
attention put on the production issues. In this case, the main advantage
of integral parts application is the elimination of additional joining
operations, which can affect part integrity. Therefore, various ap-
proaches for manufacturing of integral elements have already been
established. Abele et al. (2017) analyzed a new machining process
dedicated for obtaining integral titanium components applicable in the
aviation and aerospace industries. They have proposed a way to im-
prove machining based production process of IC by inductive heating
and cryogenic cooling. Another possibility for the manufacturing of IC
has been discussed by Yang et al. (2011). They have focused on the
application of the isothermal local loading during the forming of large
scale integral rib web components. Welding, brazing and extruding
processes have also been investigated for the IC manufacturing by
Rendigs (1997), who has focused on eliminating the conventional riv-
eting and bonding operations in integral fuselage structures. The

integral type components could also be manufactured by a stamping
process, which has been analyzed in a review paper by Merklein et al.
(2014). However, from all these forming solutions for integral struc-
tures, forging seems to be a good alternative as was in detail discussed
in Szyndler and Madej (2015). It is relatively fast, has good geometrical
accuracy and allows controlling the final material properties what has
been well presented by Zhan et al. (2014).

Unfortunately, integral elements especially for aerospace applica-
tions, are usually characterized by small thicknesses, wide surfaces and
stiffening ribs. This requires large forging loads which could exceed the
maximum load of conventional presses.

These issues have already been addressed in the early works of
Marciniak (1970), who proposed an orbital forging concept widely used
in industry. In this approach, a sample is deformed by a conical upper
die, which performs incremental orbital movement, while an immobile
lower die determines the final shape of the product (Fig. 1a). As a re-
sult, the load is significantly reduced in comparison to classical forging.
This concept was then extended in various ways, i.e. by Shivpuri
(1988), who proposed to include the orbital forging and axial die
rolling processes as a subset of rotary forging.

Recently Marciniak's (1970) concept was applied to manufacture
very demanding parts characterized by small thickness, wide dimen-
sions, and essential stiffening ribs. For that Grosman et al. (2012)
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introduced an additional set of small anvils between the sample and
orbiting upper die, leading to a precise division of the load into con-
trolled small incremental deformations (Fig. 1b). To increase the in-
cremental character of the deformation, the conical die was eventually
replaced by a set of rotating rolls, transferring load to the anvils and
finally to the material (Fig. 1c). However, due to the orbital/rotational
movement of the upper die, only cylindrical parts could be obtained
that way.

Therefore, a more general incremental bulk forming process was
recently proposed by Grosman et al. (2012) and patented in Grosman
et al. (2019). The concept is again based on the actuation, within a
single press, of a series of small anvils, as seen in Fig. 2. Proper ar-
rangement of anvils within sets leads to components with various
shapes including e.g. stiffening ribs (Fig. 3) with very specific dimen-
sions. In this concept, subsequent anvils are pressed into the material by
the reciprocating movement of an additional die in the form of a roll.
The concept can be classified as an incremental bulk cold forming (IBF)
process. It is a very promising solution for manufacturing of various
shapes of integral elements with small thicknesses and additional stif-
fening ribs. A characteristic feature of the IBF is also fibers' continuity,
which strengthens the final product. Such a positive material response
can be obtained only during forging and is impossible to receive by i.e.
machining or casting. However, process limitations can also be identi-
fied. One of them is a problem with overflows, that may be created in
the areas between anvils, due to the loss of press stiffness or tools wear.
Another problem can be an occurrence of folds, that may appear when
the overflows are pressed by anvils into the top surface during the
process. In consequence, they may cause fractures in the surface area,
increase the wear and reduce corrosion properties of the obtained
product.

Therefore, to reach a proper technological readiness level of this
forming technology, scientists and engineers must understand the me-
chanisms controlling deformation and microstructure evolution. It is
not a trivial task as highly complex strain/stress states occur in the
material during subsequent anvil indentations. Numerical modelling
techniques can complement experimental observations which do not
provide sufficient information in three dimensions.

Therefore, in this paper, the deformation mechanism and

microstructure evolution in IBF process are investigated both with ex-
perimental and numerical methods. A 2D/3D hybrid multi scale nu-
merical model is developed to simulate material flow at different length
scales; not only at the macro scale by conventional approaches, but also
at the micro scale. The model adapts the Digital Material
Representation (DMR) concept coupled with Crystal Plasticity (CP)
theory. The model is then used to address practical questions regarding
the development of the process window for this new forming tech-
nology.

2. Experiments

The developed prototype IBF device, which is described in detail by
Szyndler et al. (2016a), was mounted within the working space of a
standard hydraulic press, as seen in Fig. 4.

The case study selected for the present investigation is a setup of
two sets of six anvils, moving roll and fixed lower die that enables
backward extrusion for stiffening ribs creation with thickness of 5mm
(Fig. 5a). Using two sets of anvils produces a stiffening rib also in the
central part of the sample. For evaluation of fundamental material be-
havior during the deformation, commercially pure aluminum was used
as seen in Fig. 5b.

The obtained component has been subjected to detailed analysis
involving macro- and microscopic metallographic investigation. First,
longitudinal and perpendicular cross-section surfaces have been prop-
erly treated to reveal the underlying microstructure. Samples were
ground with P800 and P1200 grade pads. Then, they were polished
with diamond pastes with gradation of 9, 6, 3 and 1 μm. For the LOM
(Light Optical Microscopy) analysis, samples were additionally etched
with Keller's etchant for 150 s. The macro scale images of the sample
cross-sections have been primarily obtained with the use of macroscope
as well as series of microscopic images stitched together to increase the
accuracy of the investigation, as seen in Fig. 6.

As mentioned earlier, characteristic periodic continuous type fiber
alignment is visible for both perpendicular and parallel directions.
Additionally metal lines maintain their continuity even in the area of
ribs formation where the highest deformations are observed.

Therefore, several micro scale laboratory analyses have been per-
formed to evaluate the properties of the final product after the IBF

Fig. 1. Original Marciniak press concept with further modifications.

Fig. 2. IBF process concept.

Fig. 3. Sample with stiffening ribs after the IBF process.
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process. First, Vickers micro-hardness map of the deformed part was
obtained by Zwick/Roell ZHVμ tester (Fig. 7).

The investigated area covers the specimen under 2nd and 3rd anvil
in the middle of the set. The load value was set to 100 gf. Obtained
results show small variation in hardness distribution, which ranges
between 35.8–38.8 HV, with no clear repetitive values alignment. In
this case, sample hardness rises over 54 % during the IBF process, as the
initial hardness, before deformation was 24 HV. The uniform hardness
across the whole specimen thickness indicates that the IBF process
imposes plastic deformation throughout the entire sample.

Electron microscopy was then used to increase the accuracy of in-
vestigation and to analyze in detail how the material behaves at the
level of single grains. The SEM FEI Quanta microscope with Electron
Backscatter Diffraction (EBSD) detector was used to evaluate micro-
structure morphology and crystallographic orientation changes. The
sample was again ground with different grinding pads (240, 600, 1200
grades). This was followed by polishing operations with diamond pastes
(9, 3 and 1 μm). Final polishing with colloidal silica provided high
quality surface suitable to acquire EBSD maps. The SEM FEI Quanta
with the TSL acquisition system was used at this stage of the in-
vestigation. This kind of imaging was realized in several interesting
locations of the investigated sample, as shown in Fig. 8.

Presented results in the form of EBSD images at different locations
of the sample after the incremental forming process, show various grain
alignments. Grain elongation in a horizontal direction is visible in the
bottom part of the sample and in the area close to the surface directly
under the anvil (location no 6, 7, 8, 13, 14). In these locations under
and between the anvils, grain shapes are elongated and tilted under
different angles (location no 1, 2, 3, 4, 5, 9, 10, 11, 12). The area in the
top part of the rib seems to be the least deformed (location no 15). The
highest grain direction change is visible in the EBSD map taken from

the bottom part of the rib, close to the anvil (location no 16). Obtained
results clearly show that the deformation occurs in the whole sample
volume. Furthermore, high grain fragmentation takes place during the
IBF process especially in the areas between the two anvils. This process
is also confirmed by the high fraction of low angle grain boundaries as
presented in Fig. 9.

This experimental 2D analysis has been then extended to 3D in the
present paper by the development of the numerical multi scale model,
to gain better insight into the presented inhomogeneities of plastic flow.

2.1. Development of the macro and micro models

The viscoplastic Norton-Hoff rule was used in the macro scale finite
element (FE) model of the IBF process. The FE model is a fully coupled
approach in the thermo-mechanical sense. The Hansel-Spittle material
flow stress model, which is a function of strain, strain rate, and tem-
perature, was used during the investigation:

= +Ae T e e(1 )p
m T m

i
m m

i
m T m

i
m

i
m T/ i i1 9 2 4 5 7 3 8 (1)

where: σp – flow stress; εi – equivalent strain; i - equivalent strain rate;
T – temperature; A, m1-9 - coefficients.

To identify the model parameters, an inverse analysis method de-
scribed by Szeliga et al. (2006) was selected. First, a series of uniaxial
compression experiments were realized with the Gleeble 3800 thermo-
mechanical simulator to provide raw data in the form of measured
force-displacement curves. Samples were compressed under several
combinations of strain rates (0.1, 1 and 10 s-1) and temperatures (20, 50
and 100 °C) to provide a wide range of material responses. A graphite
foil was used to minimize the friction between the sample and dies.

The inverse analysis yielded the following values of coefficients in
Eq. (1): A=139.0, m1=-0.00184, m2= 0.0623, m3= 0.00933, m4=-

Fig. 4. Hydraulic press adapted to the IBF process.

Fig. 5. Sample after the IBF process with pressing 2 sets of 6 anvils.
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Fig. 6. State of the macro- and microstructure of the IBF sample.

Fig. 7. Fiber alignment after IBF with Vickers micro-hardness map.

Fig. 8. Inverse pole figure-colored EBSD maps with grain boundary of the aluminum sample after the IBF process in selected sample locations.
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1.76E-05, m5=-0.00186, m7= 0.0631, m8= 7.17E-05, m9= 0.0381.
Examples of forces recorded and calculated during the mentioned tests
and stress-strain curves obtained after the inverse analysis are pre-
sented in Fig. 10.

Then, for the detailed micro scale level analysis, the digital material
representation (DMR) concept was applied. Possible practical applica-
tions of the DMR concepts in the metal forming are explained in the
review paper by Tekkaya et al. (2015). In that way, the DMR approach
allows a description of real material morphology with different mi-
croscale features directly included (e.g. inclusions, precipitates, grains,
grain boundaries, crystallographic orientations, etc.). In this case, an
exact or synthetic DMR models can be generated with different nu-
merical approaches, which are broadly discussed by Madej (2017) and
then combined with the crystal plasticity (CP) model to describe local
grain hardening and deformation during the IBF. In the current study,
the crystal plasticity model presented by Lin et al. (2018) was used.

The DMR approach explicitly takes into account various micro-
structural features. The more accurate the DMR is, the more reliable
results of calculations regarding material behavior are expected. EBSD
was used as it provides exact information about initial grains shapes,
sizes and crystallographic orientations before sample deformation.
During the data acquisition process, a hexagonal scan grid with step
size 4 μm was used to cover the area of approx. 2600×500 μm. To
maintain focus during the scan, 5 subsequent maps were acquired and
then manually stitched together. The obtained EBSD images were

processed by the image analysis technique developed by Rauch and
Madej (2010) in order to identify each grain as presented in Fig. 11.
Due to the complexity of grain shapes, some manual corrections were
also necessary.

Finally, the digital representation of the microstructure was used as
input for the FE mesh generation software DMRmesh developed by
Madej et al. (2012). The generated mesh conforms to the grain
boundaries where it is selectively refined to accurately capture solution
gradients.

Instead of relying on serial sectioning, which is expensive and te-
dious, a 3D microstructure morphology of the investigated material was
generated using a modified Monte Carlo (MC) grain growth model
presented by Blikstein and Tschiptschin (1999). From 2D DMR model
presented in Fig. 11, the average grain size is 225 μm in the horizontal
and 138μm in the vertical direction. This was used in the MC simula-
tions setup to generate corresponding 3D DMR morphology. Therefore,
the developed DMR model (Fig. 12) is a cube with dimensions 345 ×
345 × 345 μm3and has 20 grains. The in-house code described in
Madej et al. (2012) was used to create the finite element mesh and then
flow stress data valid at micro scale was assigned to each grain using a
crystal plasticity model to compute the microscopic mechanical re-
sponse (Appendix A). The CP model does not take into account the
influence of the temperature change, as preliminary macro scale si-
mulations of the IBF process revealed that the temperature increase in
the sample is negligible (less than 4°C).

Fig. 9. a) High resolution inverse pole figure map in the area between the anvils with low (blue lines) and high (black lines) angle grain boundaries and b)
corresponding grain boundaries histogram (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 10. Force-displacement and stress-strain curves obtained for the macro scale model after the inverse analysis.
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With the model influence of different crystallographic orientations
on grain deformation could be taken into account. However, the key
element influencing the accuracy of calculations is a proper identifi-
cation of the coefficient of the CP equations to describe the hardening of
aluminum grains with respect to their crystallographic orientations.
The CP model parameters were obtained based on an inverse analysis
procedure.

The experimental data to define the goal function in the mentioned
inverse analysis were obtained from channel die tests of aluminum
single crystals. Two mono-crystals with specific extreme crystal-
lographic orientations were selected. Such aluminum single crystals
with cube and hard initial orientations were grown by a modified
Bridgman technique in the split graphite molds. Samples with dimen-
sions of 10mm×10mm×10mm were cut out from the obtained
ingots and finally subjected to a compression test. Initial orientations of
the samples are in the range of 2° of the ideal orientations. The Teflon

foil was used to minimize the influence of friction during the test.
Results in the form of force-displacement curves recorded during both
tests were then used as input data for the inverse analysis. During the
identification, three parameters from the Swift hardening model were
evaluated: Γ0= 0.05, τc0= 7MPa, n=4, and obtained results are
shown in Fig. 13.

As presented, the CP model accurately predicts material behavior
for the two extreme conditions. However, slight overestimation in the
case of cube orientation can be observed. These identified material
coefficients were used in subsequent FE simulations.

Based on these models, a multi scale solution was finally estab-
lished. The concept of the developed 3D multi scale model is presented
in Fig. 14a. As seen, in this case, the data from the macro scale IBF
model is transferred to the micro scale CP-DMR by interpolation of
displacement boundary conditions (Fig. 14b).

As seen in Fig. 14b, data transfer is realized between macro and

Fig. 11. DMR preparation steps in 2D spaces and the initial pole figure.

Fig. 12. DMR preparation steps in 3D space.

Fig. 13. a) Force-displacement curves measured and calculated after inverse analysis, b) deformed mono-crystal in cube orientation.
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micro scale points which are located within the tolerance zone. As can
be expected the quality of obtained results mainly depends on the
number of transfer nodes at the macroscale level as coarser mesh is used
in this case. The microscale model is usually discretized with very fine
mesh, and a large amount of boundary nodes is available. An earlier
study, presented by Szyndler et al. (2016b), on data transfer quality and
its influence on obtained computational results at the micro scale pro-
vided guidelines for the present simulations of the IBF process.

3. Results and discussion

First, a preparatory step before IBF process modelling, was focused
on the evaluation of the appropriate single anvil indentation depth
under one roll pass. For this purpose, a series of calculations were
realized with a simplified two dimensional FE model where a single
anvil was pressed into the material up to ten different depths: 0.1, 0.2,
0.3, 0.4, 0.5, 1, 2, 3, 4 and 5mm (Fig. 15a). Obtained results demon-
strated a positive effect of dragging material on both sides of an anvil
and negative effect of material bulging at the top surface (Fig. 15b).

When the indentation depth is limited, the surface of the sample is
better controlled. Deeper indentations cause severe bulging of the

surface, which complicates the incremental forming process, e.g.
overflows or uneven anvil wear. However, increasing the indentation
depth reduces the manufacturing time. Therefore, with these criteria, it
was concluded from Fig. 15b that 0.2 mm depth is the highest accep-
table indentation depth. This limit value was used during both experi-
mental and numerical analysis of material flow during the IBF process.

The IBF numerical model in general exactly replicates the setup
used during the experimental investigation from chapter 2. The IBF
numerical model in general exactly replicates the setup used during the
experimental investigation from chapter 2. The validity of the devel-
oped macro-scale numerical model has already been proven in earlier
authors' work (Szyndler et al. (2016a)).

Therefore, during current analysis, various process setups with dif-
ferent numbers of anvils or roll sizes have been analyzed. Performed
simulations with the developed models proved the main advantage of
the IBF deformation – significant load reductions. Loads recorded
during the IBF were several times lower than during conventional
forming, depending on the process setup (Fig. 16a). Unfortunately, it
has to be also noted that, due to the cyclic character of the roll path, the
energy required for the IBF deformation is higher than during con-
ventional forming what is clearly visible in Fig. 16b. However, as

Fig. 14. a) Multi scale model and b) data transfer concept.

Fig. 15. a) Setup of the single anvil indentation, b) shapes of the upper part of the sample after pressing an anvil to different depths.
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mentioned the main advantage of the IBF process is the possibility to
form hardly formable materials on presses with smaller load capacities.

The next interesting issue that has to be addressed is the material
behavior at the level of single grains during complex stress states in the
IBF process. As mentioned, the developed 3D DMR micro model is a
cube with dimensions 345×345×345 μm3 and has 20 grains. All
micro models have been located in the vicinity of the sample surface in
four areas: underneath two anvils and directly under the center of the
3rd anvil – in half (H) and a quarter (Q) of the anvils length (Fig. 17).

This time, the simulation of four roll passes at the macro scale was
performed with the roll frequency equal to 0.5 Hz and 0.2mm in-
dentation depth per a single roll pass to match the experimental setup.
An analysis of shapes of parts obtained from the laboratory (Fig. 5) and
numerical (Fig. 18) investigations show a very good correlation. Fig. 18
reveals also that the equivalent strain values especially rise along the
surface and in the areas between anvils what may be associated with
the strain path change effect, which is discussed in detail in the

following parts of the paper.
Grains displacement during the IBF was analyzed to investigate the

influence of the third dimension on local material flow. DMR predic-
tions of the geometry after deformation revealing changes of grains
shapes are shown in Fig. 19. Also, the logarithmic strain distribution
and pole figures for all calculated DMR models are shown there, to
point out significant local heterogeneities.

Obtained results show that grains became elongated in the hor-
izontal direction in locations between anvils, what is in-line with the
roll movement direction and is comparable with experimental 2D re-
sults. Also, higher strain values are noticed in the areas between anvils
(Q2, H2) than directly under the single anvil (Q1, H1), which also
matches previous observations. Moreover, obtained pole figures clearly
show that in the areas between anvils the ideal shear texture compo-
nent forms during the IBF process. This leads to grain fragmentation
and substructure formation similar to the Sun et al. (2011) research
work, which is in line with presented earlier experimental observations.

Fig. 16. a) Loads and b) corresponding energies recorded during conventional and incremental forming for various process setups.

Fig. 17. The 3D multi scale model setup.

Fig. 18. Equivalent strain distribution at the macro scale after the IF process: a) overall geometry, b) cross-section in the middle of the anvils set.
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However, this behavior is not as pronounced in locations directly under
the anvils.

To investigate changes in the DMR location during the IBF along
elongation and transverse directions, the position of a single grain was
tracked after each roll pass, as seen in Fig. 20. Subsequent colors of
grains are used in Fig. 20 to relate their position to the roll location
during the IBF process. Light green is the initial/reference position of
the grain before the process. Obtained results clearly show, that in all
cases, there is negligible influence of the transverse direction on the
obtained results. It supports the statement of generally plane strain
deformation conditions in the central line of the sample.

Thus, the 2D IBF FE model can be used to analyze the influence of a
large set of different process parameters without making expensive la-
boratory tests or running long-lasting 3D calculations.

Therefore, the faster 2D model was used in the present work to
evaluate the influence of roll size (10−100mm), movement frequency
(0.1–1 Hz) and final indentation depth (0.1-0.5mm) on material flow.
Additionally, two possible ways of roll movement control were in-
vestigated. The first was based on a constant pressing depth in a single
roll pass, e.g. 0.1, 0.3 or 0.5 mm (Fig. 21a). The second, on a constant
velocity of roll in the vertical direction, which is related to the in-
vestigated roll frequency: 0.04, 0.2, 0.4mm/s (Fig. 21b). Overall 378
numerical simulations have been prepared, run and analyzed to in-
dicate the set of acceptable IBF process parameters, that maintain the

Fig. 19. Logarithmic strain distribution, grain shapes and pole figures for 3D DMR models located in the areas Q2, H2, Q1, H1.

Fig. 20. Grain displacement in DMR location Q2, H2, Q1, H1.

Fig. 21. Schematic illustration of roll movement direction with a) constant
indentation depth, b) constant velocity during IBF process.

J. Szyndler, et al. Journal of Materials Processing Tech. 287 (2021) 116487

9



incremental character of deformation (max. two anvils in contact with
the roll).

The obtained results are presented in Figs. 22 and 23. Acceptable
parameters, which sustain the incremental character of deformation,
are gathered below the graph surface.

Given results show that the roll movement frequency has limited
impact on material flow, thus required manufacturing time can be re-
duced. Moreover, decreasing the roll size augments the indentation
depths, which additionally results in faster production. Both cases
provide similar results, however the first has slightly larger process
window.

Besides providing the process map, the advanced numerical model
enables planning further experiments on the press prototype while
lowering the risk of mistakes and problems.

4. Conclusions

Numerical and experimental investigation on the IBF process lead to
the following conclusions:

- Strain path changes occur in two directions during the forming
process.

- Substructure creation is visible in the entire sample volume, even far
from the anvils.

- Hardness distribution map indicates that material undergoes plastic
deformation throughout the entire sample thickness and also sug-
gests uniform distribution of mechanical properties in the final
product.

- Influence of frequency of a roll movement on material behavior
seems to be negligible.

- Decrease in the roll diameter gives access to larger indentation
depths.

- Along with the load reduction, an increase in energy required for
deformation is observed.

Thus, the IBF process can potentially be used for manufacturing of
near-net-shape critical components with uniform properties, despite
complex shapes, dedicated for aerospace applications.

Ethical statement

The work has been prepared according to common ethical stan-
dards.

Declaration of Competing Interest

The authors declare that they have no conflict of interest.

Acknowledgments

Financial support from the National Science Center based on deci-
sion no DEC-2013/11/N/ST8/01207. FEM calculations were realized at
the AGH ACK CYFRONET. LD is mandated by the FNRS Belgium.

Appendix A

The general theory of crystal plasticity assumes that dislocations slip is a stress-driven phenomenon that appears along well defined crystal-
lographic directions and planes. In the CP models elastic and plastic strains are usually distinguished, based on a multiplicative decomposition of the
deformation gradient tensor:

= =F F F R U Fel p el p* (1)

where: Fp – transforms the initial configuration into an intermediate configuration that corresponds to a crystal deformed only by a dislocation slip
(Fig. A1), Fel represents the subsequent transformation that can be decomposed into a Uel, which is a asymmetric tensor of the elastic stretch and R*
that is an orthogonal tensor that represents crystal lattice rotation.

The velocity gradient L is defined as:

= = + +L FF R R R U U R R F F U RU( ) ( )T el el T el p p el T*1 * * 1 * * 1 1 * (2)

The plastic velocity gradient is computed as the sum of shear rates on slip systems signposted with the superscript α from the equation:

= =L F F Mp p p 1

(3)

where: M – Schmid tensor that represents the dyadic product of the slip direction bα with the normal to the slip plane nα, – rate of dislocation
slip.

The elastic strain tensor E can be calculated as:

= =E F F U U1
2

( 1) 1
2

( 1)elT el elT el
(4)

The second Piola-Kirchhoff stress T is the work-conjugate measure of stress and is related with the Cauchy stress σ, what is presented in:

= =T F F F U U R R Udet( ) det( )el el el T el elT T el*1 1 * 1 (5)

Fig. 22. Process map with acceptable process parameters combination for
constant roll displacement.

Fig. 23. Process map with acceptable process parameters combination for
constant roll velocity.
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The fourth order elasticity operator c sets the proportionality of T with regard to E:

=T cE (6)

Finally, the theory of crystal plasticity is completed with relation between the slip rates and shear stress T. According to the generalized
Schmid law, it is assumed that slip occurs when the resolved shear stress τα reaches a critical value:

= T M: (7)

In the present work a viscoplastic expression proposed by Hutchinson (1969) and incorporated into the current CP code by Delannay et al., 2002
is used to evaluate slip rate:

= sign( )
c

m

0

1/

(8)

where: 0 - reference slip rate (constant), m – sensitivity exponent (constant), c – critical resolved shear stress (CRSS) that increases due to the
strain hardening.

The hardening law assumes an identical c on all slip systems, described as:

= +1c c
tot

n

0
0 (9)

where: c0, 0, n – material parameters describing the evolution of the CRSS ( c) for all slip systems as a function of the accumulated plastic slip tot
described by:

= dt| |tot
t

0 (10)
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