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SUMMARY 

An approach to the simulation of the thermal shaping or bending of large steel sheets, by 
ABAQUAS/Standard code, will be presented. 
A thermal source representation, which can produce a temperature distribution, adequate to the 
processes which must be considered, has been set up. 
Some problems connected will the hot sheet shaping or bending process simulation have been 
approached and calculations have heen executed in order to single out how to perform the sheet 
heating, so that the required sheet shape may be obtained. 
The results for one reference model for different source situations and one heating line, object 
of the first phase of the analyses performed, will be presented and discussed. 
This work will be presented at 8th International; "ABAQUS Users' Conference" at Paris 
(France). 31/5 - 2/6/1995. 

RIASSUNTO 

In questo lavoro viene presenta la la prima fase degli studi eseguiti riguardanti la 
simulazione numerica della sagomatura o piegatura a caldo di grandi lamiere di acciaio 
mediante il codice ABAQUS/S. 
In particolare, vengono individuate ed analizzate alcune rappresentazioni per la sorgente 
termica in grado di riprodurre una distribuzione di temperature, adeguata per i processi che si 
devono considerare e vengono affrontati alcuni problemi connessi con la simulazione dei 
processi di sagomatura o piegatura a caldo delle lamiere. 
Vengono presentati alcuni dei calcoli più signilicativi eseguiti per individuare come meglio 
rappresentare il riscaldamento della lamiera, in modo da riprodurre la forma richiesta per la 
lamiera stessa e infine, vengono presentali e discussi i risultati ottenuti in questa prima fase 
di studio, per un modello di riferimento, per diverse rappresentazioni di sorgente e per una 
sola linea di riscaldamento. 
Il lavoro sarà presentato anche alla "8th International ABAQUS Users' Conference" a Parigi 
(Francia). 31/5 - 2/6/1995. 



AN APPROACH TO THE HOT BENDING 

PROCESS SIMULATION 

1. INTRODUCTION 

In the frame of the european project EUREKA-FASP, which has the aim of the 
development of new methodologies in the ship buildings, the use of the numerical 
simulation of some particular physical processes has been strongly claimed as support 
both to the design of tools which should substitute the manual people labour in the ship 
construction and to the control and verification of the procedures for the utilization of 
these same tools. 

One of the processes of great interest in the building of the ship hulks is the bending 
of large sheets, according lo ine shape required. 

In th's frame, ENEA has assumed the task to reali/e a machine able to execute the 
sheet shaping or bending, based on hot forming techniques. 

Several numerical simulations of these processes for samples of different, even if 
limited, dimensions have been carried out, up to now, as support to the design of the 
machine above said. 

Some problems, calculations and corresponding results as concerns the first phase of 
the studies performed, will be here reported. 

2. SOME PHYSICAL ASPECTS OF THE THERMAL BENDING 
PROCESSES 

The process of ine thermal slice I bending or shaping is the process by which a steel 
sheet assumes different curvatures in more directions, which may be considered as the 
sum of the effects of longitudinal curvatures and transversal ones, orthogonal to the 
previous. 

It is remembered that the sheets utilized in llie ship buildings, generally, have 
thicknesses which range from 1 cm up to 3 cm and longitudinal and transversal 
dimensions of 16x4 m^. 

Usually, in order lo obtain a "cylindrical shape" wiih very high curvature radii, a heat 
source is moved along longitudinal lines on one lace of the steel sheet; this heating 
process is named "line healing" (L.H.) 
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The transversal curvature, orthogonal to the previous one, is obtained causing the 
contraction of sheet parts having, generally, triangular shape; this is obtained by the 
heating, if possible in an homogeneus way in the thickness, of sheet triangular zones, 
conveniently positioned, with the base towards the sheet borders and the vertex towards 
the sheet internal part; this heating process is named "area heating" (A.H.). 

A line heating process produces in the thickness a non-homogeneus heating of the 
sheet. The hottest layer tries to get longer along li".e heating direction; on the contrary, 
the other layers, in the thickness, which are gradually colder, prevent partially the 
elongation above said, so that the hot layer becomes shorter than it should be, if it had 
been free. For this reason, when the effect of the heating source crossing is finished 
and the sheet reaches again the room temperature, the layer which has undergone the 
heating is shorter than it was, initially, at room temperature and draws back the external 
borders of the sheet, producing, in this way, the required bending (cylindrical shape). 

On the contrary, during the area healing process, a contraction, equal in the whole 
thickness for all the layers, is produced; however, obviously, this contraction will be 
greater in the shell part, nearer to the base of the heated triangular /.one and will be 
gradually smaller towards the vertex of the same /.one. This heating process, as final 
result, produces another type of bending in the sheet; in particular, this process 
produces a "toroidal shape" for a sheet which was already bent in a cylindrical shape by 
the use of one or more line healings. 

A suitable combination of the two heating processes, above described, should lead to 
a sheet with the required bending shape. 

3. APPROACH TO THE NUMERICAL SIMULATION 

The numerical .simulation of the processes of the thermal .sheet shaping or bending is 
the numerical simulation of a typical ihcrmo-.siruciural process; however, for its 
characteristics, this process can be analyzed by ABAQUS/S code, uncoupling the 
thermal simulation and structural one. In other words, as known, in ihe thermal 
simulation the temperature distribution, due to the effects of heal sources, is determined; 
then, this distribution is used as assigned load in the subsequent structural simulation. 

Taking into account that the required numerical simulations should be used in the 
phase of the design and realization of the machine for the hot sheet forming, many 
calculations have been executed, in particular in order to set up the sources to be used 
and to single out how to cany out the two different heating processes, line and area 
heatings, so that the sheet can assume the warned shape. 

3.1 Samples 

The first model considered, MP. I, has been a "theoretical" model (it has no 
experimental reference), constituted by an AISI-304 steel sheet of, respectively, 2(M) cm 
and 99 cm length and width and I cm thickness. This model has been adopted in the 
first part of the studies, for the three following aims: 

• to confirm the ABAQUS/S code capabilities in order to simulate hot bending 
processes for a model of sufficiently great dimensions (even if always reduced, 
compared wilh those of real models); 

6 



• to set up a suitable representation for one or more sources to be adopted: 

• lo valuate the effects of different constraints and boundary conditions. 

In the first explorative study phase, reference has been made to AISI-304 steel for 
the sheet considered in MP. 1 model, because its behaviour and characteristics are 
sufficiently known. 

Subsequently, a second model, MP.2, of more reduced dimensions 60x30x1.5 cm-\ 
has been treated for comparisons with some related experimental results. In this case a 
new type of steel has beer, introduced with behaviour and characteristics nearer to those 
of the steels, usually, utilized in the ship buildings. 

3.2 Source representation and heating strategies 

The most complex problems lo be solved are surely those connected with the source 
representation and the sheet healing realization both as line heating and area heating. 

The first aspects considered, principal object of the work here discussed, has been 
the heating of line type, lhat is the process for which to produce a difference of 
temperature between the sheet upper and lower faces is necessary. 

The considered reference model is MP. 1, whose dimensions are sufficiently great 
also in order to get an idea ol the computer lime needs. 

In order lo obtain a line healing process, initially, a volume source has been assumed, 
in a thin layer (2.5 mm) of the sheet thickness, concentrated in one element of 
15x15x2.5 ram-! 

Lacking any reliable information about the heal sources lo be used, the source power 
has been estimated so that the maximum temperature reached is less than 700 °C (this 
assumption musi be made in order lo prevent phase changes in the solid state of the 
material). 

Besides, in order to obtain the healing of an whole line, il can be considered: 

• as first and less expensive approach, the presence of the same source, for a fixed 
time, simultaneously on all the elements of the sheet layer which constitutes the 
heating line; 

• or, as more realistic approach, a source which moves wilh an assigned velocity on all 
the elements above mentioned, positioned initially in the first element, and which 
slops when the lasl clement is reached. 

The subsequent cooling phase musi be also considered. The cooling representation can 
be performed in different ways. In our study, calculations have been made, considering: 

• "natural" cooling, that is assuming only the natural convection for the thermal 
exchange with the environment; 

• "forced" cooling, obtained wilh the assumption of a negative surface source. 
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changing in ine time, applied alter a fixed lime and moving in the same way of the 
heat source; 

• another "forced" cooling, obtained with a "forced" hypothetical convection, 
assigning a very great value to the thermal exchange coefficient, h. 

In all the cases the thermal numerical simulation is executed up lo the reaching of the 
fixed stationary siale. 

The "forced" cooling considered is an altempt to simulate a real situation in which the 
heated sheet is made cold with water spouts or fan coolers. 

3.3 First series or numerical simulation 

The first calculations have concerned the line heating process simulation along only 
one line for MP. 1 model and in all the calculations performed, x, y and z axes have 
been assumed, respectively, along die length (2(M) cm), width (99 cm) and thickness (1 
cm) directions. 

The line healing process has been hypothized along one line in the sheet central part, 
parallely to y direction. For this reason, only one half of sheet, for the symmetry 
presence respect to x axis, can be studied; thai is, the model MP. 1.1 of dimensions 
HX)x99xl.5 cm-\ deduced by MP.l, has been treated. The reference system origin is 
located al the lowest left vertex on the symmetry sheet face. 

A volume source along y direction, as explained in para.3.2, has been applied, 
starting from the point of coordinates (()., ()., 0.75). It is defined using AMPLITUDE 
facility of ABAQUS/S. 

In Fig. 1 the finite element mesh schemuti/.aiion, adopted on the sheet plane, is 
shown. Along the thickness, 4 elements in the pari interested in the source crossing, 
then 2 elements and subsequently only I element in the remaining part, have been 
considered. 

DC3D8 and C3D8 ABAQUS finite element types have been used respectively in the 
thermal simulations and structural ones. 

Calculations have been executed considering bolli the two different hypotheses of the 
sheet healing and three different hypotheses for the sheet cooling. During the first series 
of calculations the source power has been gradually modified in order lo reproduce 
maxima temperatures not greater than 700 °C, us required. 

In all the tests made, as concerns the structural analysis, the sheet has been 
supposed, as in the real .situation, placed on a fixed plane, considered as fixed rigid 
surface; besides, a symmetry respect to the plane x-0 has been imposed. 

Finally, in the tests with "simultaneous" heating the same boundary conditions, bel 
of Tab. I, have been assigned, while in 'he tests with "subsequent" healing (see Tab. 1), 
for a sensitivity analysis, different boundary conditions have been considered. 

In Tab.2 all the simulations executed for this study phase have been summarized, for 
the different types of the sheet healing and subsequent cooling. 
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It is lo be noted that in the structural calculations, after the simulation corresponding 
to the temperature distribution obtained in the previous thermal simulation, a final step, 
in which the temperatures of the all the sheet nodes are forced to reach the room 
temperatures (25 °C) in a fixed time interval (25 sec), is added. 

4. CONSIDERATIONS ON THE RESULTS 

Analysing the results obtained in the simulations with simultaneous healing, it has 
been noted that the different type of cooling has affected very little the maximum raising 
of the sheet, when the sheet reaches again the room temperature, as can be seen from 
Tab.2. This is due probably to the fad that the cooling process is applied starling from a 
time at which the physical phenomenon, caused by the heating process, has already 
happened. 

The computer limes have been aln. >sl limited (9-16 min) in the thermal part, while 
they have been greater in the structural part, in particular much more greater (3-5 h ) in 
the cases of the forced cooling with a greater fictitious convection parameter h. (In these 
last cases, ihe greatest portion of time was required in the final calculation step, when 
the room temperature reaching is imposed.) 

The change of the source (CH.6 simulation of Tab.2), that is, to consider a less 
source power applied for a longer lime on the sheet, has produced only a light decrease 
(-10%) of the sheet final maximum raising. 

In Fig.2, the raising history of the l'irsi point and last one, on the end sheet pail in its 
lower face, obtained in CH.2 case, is shown. 

The calculations with subsequent heating (SH calculation series of Tab.2) have 
presented, on the contrary, a quite different behaviour. In these calculations, taking 
what observed in the previous study into account, only natural cooling has been 
considered; besides, the source power adopted is equivalent lo a power of 27.5x10" 
W/nA compared with ihe source adopted in the previous CH calculations. 

The computer time for the thermal .simulation (2h 45') has been much greater, while 
for the structural simulation it has been, practically, similar (see Tab.2). 

Comparing the first calculation of SH series, SH.l, with ihe previous CH ones, 
having the same boundary conditions, a lower maximum final raising of the sheet (-
16%) can be observed (see, still, Tab.2). This lower raising, probably, is due to the 
different thermal exchange in the sheet and with the environment. Varying the boundary 
conditions, as expected, different responses have been obtained, as concerns the final 
sheet raising (see always Taii.2). 

In Figs. 3, 4, 5, 6 the displacement histories in /. direction, for some points of the 
end sheet part in its lower face, are shown, respectively for the simulations SH.l, 
SH.2, SH.4, SH.5. 

Using the second healing scheme, generally, the l'ina! sheet raising is lower and not 
uniform: indeed, in all the simulations executed, excluding the last one SH.5 in which 
opposite behaviour has been obtained, for the same coordinates x, greater sheet raising 
has been obtained for lower y coordinates. 
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The calculations of CH series, practically, had the aim to analyze the process 
simulation capabilities and to make a sensitivity study for the cooling problem; in this 
case, the final sheet raising observed in its end part has been too high, respect to the 
expected value. 

In the reality, the heating, in order to produce a sheet bending, is obtained by a 
subsequent healing process, as simulated in the second calculation set, SH. However, 
also this set has provided unsatisfactory results; indeed, we have obtained: 

• still too high raisings of the sheet in its end part; 

• too unbalanced raisings between the first and last points of the end sheet part. 

This is probably due: 

• to have considered AISI-304 steel, instead of steel of the type utilized in ship 
building; 

• to have adopted not tot) realistic boundary conditions; 

• to have noi adopted a good source representation. 

For this reason some tests, siili on the same model P. 1.1, have been made simulating 
the heating source as surface source, because this source type is more similar to the 
physical .situation of ine considered process: the maximum final sheet raising, in this 
case, has been 1.26 mm, thai is lower, but siili high, respect to the required value. 

Parallely, calculations of CH.2 type have been repealed, adopting a steel type used in 
the ship building (making some suitable hypotheses and deducing some characteristic 
parameters from literature; a sensitivity analysis has been made on the parameters 
adopted, which characterize the material, in order lo single oui the parameter which 
affects greatly llie sheet raising; as expected, this parameter is the thermal expansion 
coefficient). In this case, the new results obtained seem to be in the required sense. 

At this point, before considering more complex heating processes (line-area 
healings), in order lo lesi the besi calculation strategy to adopt, experimental 
verifications for comparisons with the numerical simulations are strongly needed. For 
this reason, experimental tests have been set up for samples of the type MP.2 of 
para.3.1 and a new series of calculations has been designed in order to lest the last 
calculation strategy singled out, adopting surface sources and steel as utilized in the ship 
building, as above discussed. 

5. CONCLUSIONS 

The phase of the study above presented has shown iliat ABAQUS/S code is able to 
simulate ihe effects of line healing processes for the sheet bending with acceptable 
computer limes, even if for samples of reduced dimensions and with only one healing 
line. 

In ihe case of samples of greater dimensions and more complex healing processes, 
to adopt some further simplified assumptions, probably in the thermal simulations, will 
be necessary. 
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An aspect to be furtherly investigated is the boundary condition problem. As seen, 
boundary conditions affect greatly the results. In the reality, the sheet, which must be 
bent, is usually placed on the fixed rigid plane without any other constraint; as known, 
in the numerical structural simulation further boundary conditions are required (the 
numerical problem must be "well" defined); for this reason, suitable, reasonable, 
boundary conditions for the sheet must be singled out (for example, springs) in order to 
well simulate the thermal forming processes of interest. 

However, it can be concluded that in the study performed a calculation strategy has 
been, in part, found for the next analyses. 
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TAB.I ASSIGNED BOUNDARY CONDITIONS IN THE STRUCTURAL 
SIMULATIONS 

Boundary 
condi t ions 

b e l 

be. 2 

be. 3 

be.4 

be.5 

First condition 

no displacement allowed 
for the node I (reference 
system origin) 

no displacement allowed 
for the node 1 (reference 
system origin) 

no displacement allowed 
for the noile I (reference 
system origin) 

no displacement allowed 
for the first two nodes on 
the lace 6 corner, along y 
axis 

no displacement allowed 
for the first node on the lace 
o corner. between the 
faces (•> and 2 

Second condition 

no displacement allowed 
for the nodes on the corner 
of the face 6. along y axis 

no displacement allowed 
lor the second node on the 
face 6 comer, along y axis 

no displacement allowed 
for the lust node on the 
corner between the face 3 
and face 6. along / axis 

no displacement allowed 
for the last two nodes on the 
face 6 corner, along y axis 

no displacement allowed in / 
direction lo; all the nodes 
on the face A corner, 
bel ween the faces 6 and 2 
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TAB.2 CALCULATIONS EXECUTED FOR THE DIFFERENT SOLACE REPRESENTATIONS 

C a l e . 

C H I 

CH.2 

CH.3 

CH.4 

CH.5 

CH.6 

S H I 

SH.2 

SH.3 

SH.4 

SH.5 

S o u r c e 

Power 

(W/m 3> 

2l>.5 x 108 

25.5 x IO8 

25.5 x IO8 

25.5 x IO8 

25.5 x IO8 

19.0 x IO8 

55.0 x IO8 

55.0 x IO8 

55.0 x IO8 

55.0 x IO8 

55.0 x IO8 

App
li me 
(sec) 

-» 

-) 

-y 

~> 

2 

3 

1 

1 

1 

1 

1 

Veloc. 
( cm/ 
ni i n ) 

90 . 

90 . 

9 0 . 

9 0 . 

90 . 

C o o l i n g 

Nat. 
Conv. 

(h) 

5.67 

5.67 

5.67 

5.67 

5.67 

5.67 

5.67 

5.67 

Forced 
Convection 

(h) 

2000 on 
the tace 2 
4000 on 
the face 2 
2000 on 
the faces 
1 and 2 

Negaiiv. surface source 

Power 

W / m 3 

-8. x IO5 

In. 
t ime 
s e e 

10 

Dur. 
t ime 
sec 

20 

B o u n d . 
c o n d . 

b e l 

b e l 

b e l 

b e l 

b e l 

b e l 

b e l 

h e 2 

he. 3 

bc.4 

b e 5 

M a x . 
f i n a l 
r a i s i n g 

( m m ) 

3.5 

3.45 

3.32 

3 .39 

3.39 

3.0 9 

2.86 

1.86 

1.36 

0.9 

4 .96 

C P U 
T i m e ( » ) 

( T h e r m , 
s i m u l . ) 

9' 

15' 

12' 

I 1 

9' 

16' 

2h 45' 

2h 45' 

2h 45' 

2h 45' 

2h 45' 

C P U 
T i m e ( * ) 

( S t r u c t , 
s i m u l . ) 

Ih 31' 

Ih 50' 

Ih 39' 

3h 54' 

5h 24' 

Ih 24' 

2h 29 

2h 4' 

2h 2' 

Ih 53' 

2h 39' 

(*) On workstation. IBM - Risc 6000. Mod. 37T. 



Fig.l Finite element mesh schematization 
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