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SUMMARY

As accomplishment of an activity of research in order to set up a computation
methodology for the numerical simulation of hot bending processes of large sheets
(in the frame of the project EUREKA-FASP, EU353), the method singled out for
samples of reduced dimensions has been applied to a sheet of large dimensions, that
is 4x2x0.015 mJ.
Met difficulties, modifications to the methodology previously utilized, first
significant obtained results by the ABAQUS/S code utilization will be presented and
discussed.
This work has been presented at the 7th National Congress of Italian ABAQUS User
Group (ABAGroup) at Segrate (Ml), 23 - 24/10/1996.

SOMMARIO

A completamento di un'attivita di ricerca per la messa a punto di una strategia di
calcolo per la simulazione numerica di processi di piegatura a caldo di grandi
lamiere (nell'ambito del progetto EUREKA-FASP, EU353). la metodologia
individuata e stata applicata ad una lamiera di dimension! grandi. in particolare
4x2x0.015 m3.
Le difficolta incontrate, le modifiche necessarie alia strategia precedentemente
utilizzata, i primi risultati significativi ottenuti mediante l'utilizzo del codice
ABAQUS, sono gli argomenti trattati e discussi.
Questo lavoro e stato presentato al 7° Congresso Nazionale del Gruppo Italiano
degli Utenti ABAQUS (ABAGroup) a Segrate (MI), nei giorni 23 - 24 Ottobre
1996.



FIRST RESULTS FOR A HOT BENDING SIMULATION

OF A LARGE SHEET

1. INTRODUCTION

The work here presented has been made in the frame of the european project EUREKA-
FASP, whose objective was to renovate the ship-building technologies.

One of the aspects considered in the project concerned the process of steel sheet bending or
shaping for the ship hunks, for which an automate methodology, based on the utilization of a
machine driven by an expert system, was required so that it could substitute the manual
traditional methods.

The hot bending (or shaping) process has been chosen as process to be automated and,
during the phase of the automate machine design, it has been thought convenient to use also
the numerical simulation as verification tool of the different hypotheses made by degrees.

All the numerical studies have been developed by the use of ABAQUS/S code.

The first study phase has concerned the setting up of the calculation methodology considering
samples of steel sheet of reduced dimensions for which experimental measures were
available.

The process to be simulated is a typical thermo-structural process which has been approached
uncoupling the thermal simulation by the structural one, that is determing, first, the
temperature distribution as a consequence of a given source power distribution and, then, the
sheet deformation (bending or shaping) due to the obtained temperature distribution.

Owing to the great number of paremeters in play, the execution of a great number of
calculations has been necessary in order to set up:

- the modality for the sheet heating and source representation (see refs. Carmignani, Daneri,
Toselli 1995 and 1996; Carmignani, Toselli 1996a, 1996c and 1996d, Part. 5);

- the material characteristics (see Carmignani, Daneri, Toselli 1996, Part 3) and boundary
conditions (see Carmignani, Toselli 1996c and 1996d, part 6), in order to single out, by
one hand, the simulation methodology which better represents the physical process and,
by the other hand, the values of some parameters for the process optimization.

With the aim to verify the choices made on the basis of the numerical results obtained for
samples of reduced dimensions, new calculations have been performed for sheets of greater
dimensions, nearer to those really utilized in the ship building.

The met difficulties, the modifications made to the previously defined methodology and the
first significant results are the object of this work.



2.PROBLEM DEFINITION AND FIRST SIMULATION
METHODOLOGY

In (Carmignani, Daneri, Toselli 1995) (see also Carmignani, Toselli 1996a) it has been
explained that the sheet hot bending is based essentially on two different heating sub-
processes, called Line Heating (L.H.) and Area Heating (A.H.). L.H. process is based on
the temperature difference which occurs in the sheet thickness when the sheet on one of the
two surfaces is heated along some lines with a suitable heat source. On the contrary, A.H.
process is based, or should be based, on the uniform contraction of a volumetric sheet zone,
of suitable shape and position, which is heated always by a convenient heat source, but in
such a way that a sufficiently uniform temperature occurs in the thickness, avoiding effects
similar to the ones produced by a L.H. process. Indeed, in this case, the curvature given by
A.H. process might partially nullify the curvature obtained during the application of a
previous L.H. process.

As observed in (Carmignani, Toselli 1996a), L.H. and A.H. processes should be obtained
adopting rather different velocities of the heating source, in particular higher for L.H. and
lower for A.H.. Beside, in order to obtain a more effective A.H. process, the chosen sheet
zones, probably, should be heated simultaneously on both their surfaces (upper and lower
faces).

Really, technological constraints, due to some choices made by the machine designers, have
allowed neither the two opposite sheet faces to be heated nor a velocity very different from
that adopted for L.H. process realization to be assumed. Indeed, for L.H. porcesses a
velocity of 45 cm/min has been used, while for A.H. processes a velocity of 30 cm/min has
been adopted.

For L.H. process, after having singled out the modalities of the heat source representation
and movement, the numerical simulation has provided results in agreement with the
expectations. Beside, having fixed the sheet movement velocity to the value of 45 cm/min
due to the choices made for the automate machine to be built, it has been concluded that the
few remaining parameters to be defined for this process (that is the number of heating lines
on the upper sheet face and their length) can be well managed by the expert system.

The study for the A.H. process simulation has been more complex. Indeed, because the
technological constraints imposed by the heating automate machine, as already said, take
A.H. process far from its ideal situation, the effect of the physical parameters characterizing
the process changes.

For this reasons the machine designers have been obliged to make, from time to time, new
hypotheses for the realization of an alike efficient process, utilizing the numerical simulation
in order to verify the hypothesis validity and the corresponding importance of the different
parameters in play.

By the studies developed for the L.H. process simulation, a modality for the representation
of the heating source as a surface source applied on one of the sheet faces and its movement
has been set up. Even if the effective heat source has quite a pointed form, it has been pointed
out that, in order to simulate its effect considering a surface source, it is necessary to
distribute this source on some elements, both along the movement direction and the
orthogonal one, with power density variable from the central elements to the peripheral ones
(see Carmignani, Daneri, Toselli 1996). The movement has been represented using
AMPLITUDE function of ABAQUS.



Because in A.H. process, really, the modality of the sheet heating differs from the one used
for L.H. only for the source distance from one of the sheet faces and for the source velocity,
the same source representation modality, set up for L.H. process, can be adopted, obviously
with a different calibration (see Carmignani, Toselli 1996a and 1996d).

For this second process, starting from considering a velocity of 5 cm/min (more
corresponding to the process to be realized) and only one heating line orthogonal to the sheet
fibres which must get shorter, after different simulations, considering also changes respeqt to
the initial definition, it has been necessary to consider more heating lines in order to have an
appreciable effect of the required sheet shortening.

Subsequenty, adopting a source movement velocity of 30 cm/min (for the reasons above
said), also with the use of repeated sources on the same heating lines, keeping the same
movement direction previously described, it has not been possible to obtain the same results.
These results, even in part better, have been on the contrary obtained modifying the heating
direction by a 90° rotation (that is, considering the same direction along which the sheet fibres
get shorter) and keeping 6 parallel heating lines run by 5 repeated sources (see Carmignani,
Toselli 1996a and 1996d, Part 6). This part of study, which concerned substantially the
setting up of a thermal calculation strategy and, in particular, the optimization of A.H.
process (with the respect of the constrains above said), has been performed making reference
to a steel sheet model of reduced dimension (60x30x1.5 cm3) for which some experimental
measures had been provided.

Referring to this sample, a study has been also performed on the effects due to different
conditions or choices of mechanical constraints (see Carmignani, Toselli 1996a and 1996d).

3. EXTENSION TO A MODEL OF GREATER DIMENSIONS

Because the final aim of the automate machine of interest is to arrive to give a pre-established
shape to sheets of rather great dimensions (typical steel sheets utilized in ship-buildings have
a surface of 16x4 m^ with thickness variable from 1.5 to 3 cm), after having singled out a
possible numerical simulation of physical phenomena in play, particularly in A.H. processes,
for samples of limited dimensions, it is necessary to verify the applicability of this
methodology to sheets of dimensions nearer to the real ones.

As intermediate transition, the designers have required to treat a sheet model of 4x2x0.015
m3 dimensions, whose numerical simulations can give in advance information sufficiently
significant as concerns the expected results for the real sheets.

The performed numerical analysis has still referred to A.H. process.

Because, as said, the modality of the execution of this process differs from ideal conditions
(which foresaw uniform temperature distribution in the thickness), the simulation has been
done also to evaluate its possible interference with the curvature induced on the sheet by
previous L.H. processes.

For this reason, in the considered model an initial curvature of 7.5 m radius has been
assigned to the sheet in the direction of short edges, that is in the direction orthogonal to that
along which the fibre shortening is required.

It is has been supposed, consequently, that the sheet central zone, for a width of 15 cm, is
heated along lines parallel to the long edge by the use of a tool constituted by a travelling
crane which supports a slide on which some torches can be attached, as described in



(Carmignani, Toselli 1996b). The model symmetry respect to the vertical plane passing
through the sheet medium line parallel to the longest edge bas been taken into account. The
sample has been analysed in 3D geometry using the ABAQUS finite elements of the type
DC3D8 for the thermal calculation and C3D8R or C3D8 for the mechanical one. Beside, in
all the performed studies the same finite element mesh discretization has been adopted both
for the thermal calculation and structural one. This was made, substantially, for two reasons:

- greater facility for the input data definition;

- the zones, in which in the thermal calculation a greater accuracy is necessary (finer
discretization in the zones interested by the heating), are the same interested by the greatest
deformations.

Finally, because it is very important that the maximum computed temperatures appproximate
with a very great accuracy the real maximum temperatures which, remember, must not
overcome 650-700°C (in order to not modify the initial structural characteristics of the
adopted steel), the element of smaller dimensions are those along the axes of the lines run by
each source.

Difficulties and problems which may arise applying the calculation strategy set up for the
reduced models to samples of large dimensions and some possible solutions have been
already presented and discussed in (Carmignani, Toselli 1996b). However, in order to
evaluate the efficiency and reliability of the assumptions and solutions proposed for the
reference model, it has been considered convenient to start from a calculation methodology as
near as possible to the one adopted for the samples of reduced dimensions, making only the
modifications indispensable in order to end the calculation.

4. CALCULATION STRATEGY MODIFICATIONS

As concerns the choice of the mesh to be adopted for the new reference model, we have taken
into account:

- the final choice made for the model of reduced dimensions (see fig. 1);

- the fact that the machine designers prescribed the heating line stops at 10 cm from the
external longest sheet edges, that is heating line is 180 cm long.

In order to apply a heating source with the same modality adopted for the model of fig. 1, a
mesh discretization has been defined characterized in the thickness still by 4 element layers
and on the plane by:

- in a central zone of 24 cm, interested by the heating, still 16 elements of 1.5 cm in the
direction of the long sheet edge (x direction) and 87 elements in the other direction (short
edge, y direction), of which 41 elements (used for the source central part description) of
0.75 cm, 45 of 1.5 cm and 1 of 1.75 cm;

- two equal elements (of 2 cm) in x direction and 44 elements (43 of 2.25 cm and 1 of 3 cm)
in y direction for the two lateral zones, contiguous to the central zone;

- finally, 46 equal elements (of 4 cm) in x direction and 22 elements (21 of 4.5 cm and 1 of
5.25 cm) in y direction for the two remaining lateral, more external, zones.

As said previously and in (Carmignani, Toselli 1996b and 1996d, Part 6) the heating occurs
moving the heat source along lines parallel to the sheet long edges.



To follow the same heating modality of the model of fig.l, the interaxis among the sources
must be of 4.5 cm; for this reason, in the new model 21 heating lines, each run by 1 source,
must be foreseen. Beside, in order to represent the correct power density distribution for each
surface source, it is necessary to use 42 elements (6x7) as described in (Carmignani, Toselli
1996d, Part 6). However, the thermal calculation for this modelling failed owing to a too
great number of values of DFLUX parameter associated to each function AMPLITUDE,
necessary in order to describe the movement of each of 21 sources.

For this reason, subsequently, this modelling has been partially modified, reducing the
number of heating lines up to 16, with an interaxis of 6 cm between two contiguous lines,
redefining conveniently the mesh discretization in the sheet central zone, as shown in figs. 2
and 3. In this case, it has been possible to perform the thermal calculation, supposing to
consider a heating line at a time, run 5 times by the same source with an interval of 30 sec, as
made in the final part of the studies performed for the model of fig. 1 (see Carmignani,
Toselli 1996d, Part 6).

The computation times have been very, very high. In order to reduce these times and also
with the objective of a better exploitation of the possibilities of the automate machine (which
can bring up to a maximum of 4 torches in the direction orthogonal to the movement), it has
been thought to re-execute the simulation for the same model of figs. 2 and 3, but
considering 4 sources which move simultaneously along 4 of the 16 defined heating lines.

In order to obtain an omogeneus distribution of temperature (whose maximum is, as said,
less or equal than 650-700°C), the best movement strategy to be adopted has been, in
particular, the one for which the 4 sources move, initially, along 4 lines 12 cm far each from
the other, for example from left to right, starting from the upper edge on the sheet upper face.
At the run end, the slide which supports the 4 sources is shifted of 6 cm, towards the sheet
lower long edge; then, the 4 sources run other 4 lines to be heated, moving from right to left.
Concluded this second run, the 4 sources are shifted upwards, in the first starting position.
This process is repeated for other 4 times. At this point, 8 of the 16 heating lines have been
run. The remaining 8 lines are run, immediately after, with a process completely analogous to
the one above described.

In this way, the time of the process realization is reduced to a quarter and similarly the
computation time is reduced. It has been also verified that the temperature distribution is more
homogeneus.

The modelling above described, which could be considered adequate for the thermal
calculation, subsequently, after having tried to execute the structural calculation, has been
modified as concerns the mesh discretization in the zones contiguous to the heated central
zone; this has been done both in order to decrease the computation times and to try to
overcome some difficulties which caused the structural calculation stop before the simulation
end but when an advanced sheet cooling phase had been already reached.

For this reason, supposing that the calculation stop were due to some discontinuities
introduced by the presence of contiguous zones discretized much differently, maintaining the
same fine discretization in the sheet central part (interested by the heating), some tests were
made decreasing the number of freedom problem degrees and passing in a more gradual way
from the fine central zone to the coarse external ones.

The different meshes have led to reduce, by degrees, the computation times (which, however
remain high) and to advance in the mechanical response simulation, but without arriving to
the thermal steady state conditions, neither by the use of C3D8R elements nor by the use of
C3D8 ones. In figs. 4 and 5 the mesh, by which the mechanical simulation has provided the
process more complete simulation, is shown.



As concerns the sheet boundary conditions (besides the symmetry condition), analogously to
the reduced dimension models, assumption might be made that the sheet were placed on a
rigid plane (treated in the simulation as RIGID SURFACE) with the addition of convenient
constrains in some points so that the mechanical system is not unstable and the consequent
mathematical problem is well placed. However, because this assumption makes very heavy
the corresponding calculation (due to the very great number of freedom degrees of the
model), it has been taken into account that, really, the steel sheet is placed on 4 supports at a
distance, from the vertices, of 30 cm in x direction (long edge) and 20 cm in y direction
(short edge), respectively. In this way, in the first computations, 2 supports, due to the
imposed symmetry condition, have been considered; they have been represented, initially, as
linear spring elements, acting in x and z directions and placed under the sheet lower surface,
as near as possible to the real position, according with the adopted mesh. Subsequently, with
the aim to improve the results, non linear spring elements have been assumed in z direction.

5. RESULT ANALYSIS AND FINAL CALCULATION STRATEGY

As concerns the thermal part, the final strategy above descrived, as said, is the one which has
given a reduction of the time both of the physical process execution and of the numerical
simulation. It has also allowed, using the same source power, a decreasing of 80°C for the
maximum temperatures and, as consequence, more homogeneus temperature distributions to
be obtained.

The figs. 6 and 7 show the temperature distributions, at two different simulation times, for
the mesh discretization of figs. 4 and 5, adopted on account of the structural calculations.

The thermal simulation has been performed using not one only step but several steps which
differ for their maximum period, maximum value of the time increment and steady state
condition (that is, prefixed limit for the cooling rate).

This expedient was used in order to obtain more detailed information in that part of the
process simulation in which strong changes of temperature occur in short time intervals and
still sufficiently detailed information (without utilizing, however, too high calculation times)
in that part in which the thermal phenomena are not critical, but, on the contrary, the
structural phenomena are important.

At the end of the last thermal calculation step (case PAH4X2T8D) the maximum temperature
recorded on the sheet has been ~ 51°C. The corresponding computation time on workstation
IBM Rise 6000, 37T has been - 40.5 h.

As concerns the structural calculation, carried out, as above said, adopting the mesh
discretization of figs. 4 and 5, with constraints conditions as described in the previous
paragraph, it has never been possible to finish the calculation, neither using the elements
C3D8R nor more rigid elements C3D8; indeed, by C3D8R the mechanical response has been
simulated for only 1560 sec of 4860 sec (total time of thermal simulation), while by C3D8
for 2340 sec.

After different hypotheses and analyses (which concerned also the model symmetry
condition), it has been found that the calculation stop was due to the occurrence of buckling
effects related to support conditions not sufficient for the considered sheet, taking the ratio
thickness/length of the sheet into account.

Subsequently, after some tests, in which the number of sheet supports (represented always
as spring elements, linear in x direction and non linear in z direction) has been increased by
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degrees, the model which has, at last, led to a complete simulation of the whole process is the
one shown in fig. 8; as can be noted, 12 supports have been introduced (they are far each
from the other of - 50 cm in x direction and ~ 60 cm in y direction). The simulation ended,
but unfortunately was very expensive: the CPU times has been - 1 5 days (367 h), always on
workstation IBM Rise 6000, 37T.

The introduction of 12 supports, really, reflects a situation rather near to the one of the
automate machine design in which several hydraulic jacks are present with the aim (see
Carmignani, Toselli 1996b) to follow gradually the sheet curvature and to make in this way
the sheet position more stable during the hot bending process.

In figs. 9 the final sheet configuration (compared with the initial ones, both without the
gravity effect) is shown from the point of view of face 3.

It can be noted that a sheet bending effect has been obtained: in particular, in the central zone,
corresponding to the external edge, a maximum dropping of - 7 cm occurred.

The simulation has also confirmed (see Carmignani, Toselli 1996a and 1996b, Part 6) a sheet
shortening in x direction, ~ 2.7 mm, sufficiently uniform, considering the adopted heating
modality.

Unfortunately, it is also clear from the sheet final configurations seen from face 4 (figs. 10
and 11) that the assigned initial curvature is completely disappeared; that is, the analysed
process, as feared, has nullified a previous L.H. process effect, simulated, as said, giving
the sheet an initial curvature along the direction of the sheet short edge.

The maximum final values of Von Mises stress and equivalent plastic strain have been,
respectively, 2.65 108 N/m2 and 5.8%; these values occurred at the sheet centre (heated
zone) where the symmetry condition has been applied. The maximum value of Von Mises
stress, 3.08 108N/m2, however, has been obtained at an intermediate simulation stage,
during the cooling phase, in connection with a maximum temperature of 320°C.

6. CONCLUSIONS

The calculation stategy for the sheet hot bending simulation, previously set up considering
models of reduced dimensions, can be also used for models of large dimensions with the
addition of two major modifications: the one, concerning the heating modality and the other,
concerning the sheet support conditions.

The computation times, in particular for the simulation of the sheet mechanical response as
consequence of the temperature distributions obtained during the heating process, are, as
could be expected, strongly high.

By some expedients (see Carmignani, Toselli 1996b), as for example the use of the
"superelements", the computation time could be partially reduced; however, what these
expedients cannot remove, is the cancellation of sheet curvatures obtained by previous L.H.
process applications, orthogonal to those which are required with A.H. process in course.

The process considered in this work, really, is more a L.H. process than an A.H. one;
indeed, it is based on the heating of a sheet band of uniform and sufficiently reduced width.

The only possibility, to get nearer to an A.H. process (considering the technological
characteristics of the automate machine which does not allow a sheet uniform heating in the
thickness to be performed), could be to try to take advantage of the sheet fibre differential
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shortening based on the different length of the heated fibres; that is, instead of heating bands
of rectangular form, to heat triangular surfaces with the base towards an external sheet as
described in (Carmignani, Daneri, Toselli 1995).

In order to have a confirmation, referring to the model here analysed, a study could be
performed substituting to the heated central zone, two symmetric, triangular zones (of area
globally equal to the one of the actually heated central zone), each with the base towards one
of the external long edges and the vertex towards the sheet centre.
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