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SUMMARY 

The simulation of the mechanical response of steel sheets, due to the heating during welding 
processes by a laser source beam, obtained by ABAQUS/Standard code, will be discussed. 
Different hypotheses for the material behaviour at temperatures greater than the fusion one 
have been tested and compared; in particular, some tests have bem made taking the 
annealing effect into account by means of an user routine UMAT developed ad hoc. 
This work will be presented at 8th International "ABAQUS Users' Conference" at Paris 
(France), 31/5 - 2/6/1995. 

RIASSUNTO 

Viene presentato e discusso il problema della simulazione della risposta meccanica delle 
lamiere, in seguito alla distribuzione del calore e di elevate temperature, durante il 
processo di saldatura laser, utilizzando il codice di analisi strutturale non-lineare 
ABAQUS/S. 
Viene affrontato, in particolare, il problema della rappresentazione del comportamento del 
materiale alle temperature maggiori di quella di fusione; vengono presentate, sperimentate 
e confrontate, facendo riferimento ad alcuni modelli semplici, diverse ipotesi in cui non si 
tiene o si tiene conto dell'effetto di "annealing" del materiale, sviluppando in quest'ultimo 
caso una "user routine UMAT" ad hoc. 
Questo lavoro sarà presentato alla "8th International ABAQUS Users' Conference" a Parigi 
(Francia), 31/5- 2/6/1995. 



EVALUATION OF THE SHEET MECHANICAL RESPONSE 

TO LASER WELDING PROCESSES 

1. INTRODUCTION 

The numerical simulation of the effects of the thermal distribution on the steel sheet 
during the laser welding processes, adopting the code ABAQUS, as known, is 
preferably carried on by uncoupled thermo-mechanical calculations, that is, a thermal 
analysis which allows the temporal temperature distribution to be determined during the 
whole laser welding process and subsequently a mechanical analysis which allows the 
mechanical sheet response to be determined, as consequence of that temperature 
distribution. 

The most complex and difficult aspects of the sheet welding simulation, in particular 
in the case of laser welding, are surely in the mechanical analysis. This is true also for 
models of small dimensions, specially in the welding direction, as already experimented 
(see Carmignani, Daneri, Giambuzzi, Toselli, 1994) 

The study, whose some calculations and results will be reported and discussed here, 
has been developed in the frame of an european project, EUREKA-FASP (EU353). 
The study is a part of an activity whose aim was to test the possibility to utilize the 
numerical simulation of the laser welding processes in the field of the design and 
production for the ship building industries and to verify if the laser welded pieces 
present lower residual stresses and/or deformations respect to those produced by 
traditional welding processes. 

In the ship building field the steel sheets involved are very large. For this reason, 
because the computation times for the laser welding simulation seem to be very 
expensive, due to the strong non linearities of the problem (high temperatures and very 
high temperature gradients), computation strategies shouid be found in order to give a 
numerical estimation of the sheet response during the process. This can be obtained, for 
instance, analyzing samples of reduced dimensions and/or searching correlations with 
more traditional welding processes, easier to be simulated. 

In any case, the first and most difficult problem to solve is the representation of the 
material behaviour at the temperatures near and greater than the fusion one and the 
subsequent annealing effect. 

Some calculations have been carried out considering different hypotheses for the 
material behaviour and or adopting an "ad hoc" user routine UMAT. The results 
obtained are here presented and discussed. 
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2. CONSIDERATIONS ON THE THERMAL RESULTS OF THE LASER 
WELDING ANALYSIS 

Because the problem to be solved was to test the possibilities to simulate 
numerically the sheet laser welding processes and to determine a feasible strategy by 
numerical tools, reference has been made to experimental and theoretical tests of small 
dimensions, constituted by a steel AISI-304, sufficiently known as concerns its 
properties and constitutive laws. 

The first part of the study and analysis of the laser welding simulation by the 
structural code, ABAQUS, in part presented at the 7th ABAQUS Users' Conference 
(Carmignani, Daneri, Toselli, 1994), was oriented to the thermal simulation. In this 
frame a convenient source representation and movement have been set up. In the same 
time, a suitable finite element mesh discretization has been chosen so that it was 
adequate both to the source representation adopted and computer time saving need. 

In this way, a temperature distribution during the whole considered process has been 
obtained for the samples of small dimensions studied (that is, welding length of 1 cm, 
2 cm and 4 cm, while the other dimensions are always 20.6 cm in x direction and 1 cm 
in z direction), mentioned in ref. (Carmignani, Daneri, Giambuzzi, Toselli, 1994) as 
M.3, M.4, and M.5, respectively . 

The shape and dimensions of the characteristic melted keyhole have been reproduced 
and are in agreement with the experimental ones; in particular, in the greatest sample this 
characteristic melted keyhole can be seen in a very clear way (see fig. I). 

However, the computation times have been quite expensive, in spite of all the 
attempts made for their reduction, and increase drammatically when the welded sheet 
length increases. 

Comparing the results obtained, it has been remarked that the temperature histories 
and distributions in the central elements (along y welding direction) did not differ, along 
y, in shorter and longer sheets. Moreover, the temperature histories have been 
practically the same for all the elements far from the ends of the welded face, obviously 
with a delay in the time, depending on the laser way. In the first and last elements, in all 
the calculations executed, as expected due to the different thermal exchange conditions, 
the maximum of temperature values has been almost equal and higher than that of the 
internal elements. 

Finally, as reported in (Carmignani, Daneri, Giambuzzi, Toselli, 1994), from the 
analysis of the results obtained it is noted that: 

• beyond the laser, no temperature changes happen on the sheet few millimeters afar; 

• laterally, 5-6 millimeters afar (differently from a more traditional welding thermal 
simulation), die temperature is not affected during the laser crossing; it changes only 
in the phase of die heal expansion when the welding is just completed; 

• behind the laser, the temperature remains high during the welding for significant 
times and significant distances from the laser front; note that time and distance values 
depend on the laser and material sheet characterisics, while the temperature decay 
docs not depend essentially on the laser presence over the sheet after the time 
necessary to the laser to cross few further elements; besides, the temperatures decay 
significantly only after the welding. 
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From the considerations made, it can be deduced that the temperature distribution 
along the welding way, around the laser, after a "characteristic" time and distance from 
the welding start point remains the same; this can be seen, in particular, from the results 
obtained in the simulation of the model M.S. 

As a conclusion, even if 

• the time requested for the sample above mentioned seems to indicate that there is no 
hope to arrive to simulate laser welding of sheet of real dimensions (welding of 1 m 
up to 16 m). if the method used up to now is followed, 

nevertheless, because 

• the temperature decay for each element depends essentially on the heat quantity 
released in few elements preceeding and following the element itself, 

for the particular laser source considered and A1SI-304 sheets, the results, obtained in a 
thermal calculation like that for the last sample mentioned, can be sufficient in order to 
describe the temperature distribution for a mechanical response simulation in the case of 
much larger sheets. However, a suitable combination of these results should be 
organized to perform the mechanical calculation. 

3. LASER WELDING MECHANICAL RESPONSE SIMULATION 

As just noted, an interesting and important result has been reached as concerns the 
knowledge for the temperature distribution during a laser welding process: it is 
sufficient to simulate the laser welding process for a reduced model (whose dimensions 
depend obviously on the source and material considered) and to extend suitably the 
results obtained to larger models. 

It is reasonable to think that, for the simulation of the mechanical response due to the 
temperature distribution during the same laser weiding process, u greater portion of 
sheet, which must be welded, must be considered: indeed, it seems, from the 
experience, that the mechanical effects are different when the sheet dimensions change, 
surely up to "characteristic" dimensions which arc greater than those determined as 
"characteristic" for the thermal analysis. 

As a consequence, two problems must be solved: 

1) how to extend the temperature distribution to sheets of greater dimensions which 
must be welded, starting from that obtained in the simulation of a reduced model, 
after the "characteristic" time and distance above said; 

2) to find the "characteristic" dimensions of the sheet to be welded which 
arc sufficient to give a knowledge of the mechanical response also for welding of 
sheets of greater dimensions. 

Before approaching these problems, initially, in order to investigate the ABAQUS 
feasibility to simulate the sheet mechanical response, some preliminary studies have 
been carried out starling from the temperature distribution histories obtained in the 
thermal analysis above described, considering the same geometrical reduced models. 
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Reference has been made to the models already mentioned, using the corresponding 
thermal distributions obtained by the calculations E.13 and E.15 mentioned in 
(Carmignani, Daneri, Giambuzzi, Toselli, 1994). 

In order to solve correctly the mechanical simulations, two preliminary problems 
must be approached and solved: 

1) the treatment of the material behaviour during the melting phase; 

2) the treatment of the annealing effect on the material due to the melting phase, at the 
moment of the resolidification. 

These problems, initially, have been considered separately, as can be seen in the 
following and two series of calculations have been performed. In all these calculations 

1) a support plane, considered as a rigid surface, under the -.heets to be welded, at a 
distance of 4 cm from the welding plane (friction effect has been neglected), 

2) the gravity load, 

3) a constraint on a portion of the upper sheet face at a distance of 4 6 cm from the 
welding plane, represented by constraints on some nodes of the upper face, 

4) the simmetry condition respect to the welding plane (on the basis of the hypothesis 
that the two parts of the sheet to be welded remain in conctact during the whole 
process, surely correct hypothesis in the case of the small samples analyzed in this 
work) 

have been taken into account. 

3.1 Material behaviour models at high temperatures without annealing 
effect 

As known, in the laser welding processes very high temperatures, much greater than 
the fusion one, are reached. 

In ABAQUS code, as in other structural codes, during a mechanical simulation, the 
change of the material state, in different geometry parts and at different times, is not 
provided. 

In this situation, the material must be considered as a solid; for this reason it is 
necessary to define particular stress-strain laws, basing on some suitable and reasonable 
hypotheses or considerations, which allow the material behaviour during the melting 
phase to be treated. 

The behaviour laws for AISI-304 steel, experimentally determined, are available at 
different temperatures up to the fusion one (see Camello, Penasa, 1989). 

A first hypothesis made for the fictitious mechanical properties, at high 
temperatures, during the liquid phase, has been: 

• Young modulus E, yield stress s , hardening modulus E and ultimate stress s are 
defined more and more low when the temperature increases, but the ratios s^E and 
s IE remain equal to those given for the fusion temperature T.-; 
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• maximum total strain allowed is 90% with ultimate plastic strain equal to -70%; 

• Poisson coefficient v = 0.455 for TVTV (in order to reduce the computation time), 
even if the most realistic value should be 0.499 because the material is incompressible 
where it is melted. 

Tests have been made for the smallest sample, that is M.3, basing on the hypotheses 
above described; but, all the calculations tried have failed: unacceptable deformations 
have happened, already at the calculation beginning. This is due, probably, to the fact 
that the stress-strain laws are too far from the material behaviour during the melting 
phase. 

The second hypothesis is based on the consideration that during the melting phase 
the material is practically fluid and thermal expansion is recovered when the temperature 
decreases. For this reason, in this phase, the plastic deformations have been hypothized 
as low as possible: that is, the material h«.; been assumed as a strongly elastic material 
with a greater yield stress, for T>Tr. In this way, the greatest part of the strain is of 
elastic type and, therefore, recovered when the temperature decreases, under the fusion 
one. 

After some preliminary tests, using also samples of more traditional welding (lower 
source and so on lower calculation time), new stress-strain laws have been set up (see 
Carmignani, Daneri, Giambuzzi, Toselli, 1994); also in this case the laws have been 
defined considering a maximum total strain of 90%. 

The calculation executed for the test M.3, following the second material behaviour 
hypothesis, has been successful. 

Some calculations have been also made, adopting the second material behaviour 
definition, for a test of greater dimensions, deduced by the model M.5, that is the 
model M.6. This model which differs from M.5 only in the x direction dimension 
(120.6 cm instead of 20.6 cm), has been considered in order to single out the global 
sheet behaviour, taking into account that a larger dimension in x direction has no great 
influence on the thermal behaviour, but may give more useful information about the 
mechanical behaviour of the sheets of interest. 

In this case, all the attempts made for the simulation have failed, probably due to the 
large dimension in the welding direction, which induces a greater rigidity. Indeed, very 
high strains, even if of elastic type, also for limited stresses, have been obtained at the 
high temperatures during the laser source crossing; for this fact too great mesh 
deformations happened for some elements and the calculation stopped. 

May be that, modifying furtherly the stress-strain laws at the high temperatures 
(»Tf), it would be possible to achieve the end of the mechanical simulation also for 
samples of these dimensions. However, many attempts must be made and the results 
obtained could have scarsely physical meanings. 

At this point, taking the annealing efi'ect into account becomes very important in 
order to verify if, in this case, the laser welding process simulation, with ABAQUS/S 
code, is possible for samples of iarge dimensions in the welding direction. 
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3.2 Annealing effect 

As said and known, in ABAQUS/S the annealing effect, that is the fact that metal 
materials become "virgin" after the fusion temperature reaching, is not taken into 
account; however, by the use of an user routine UMAT, describing the material 
behaviour based on the theory of ABAQUS/S (see Hibbit, Karlsson & Sorensen, 
1993), this effect may be introduced. 

This type of routine has been written following two different ways. 

In the first way (UMAT-1): 

- elastic, plastic and consequently total deformations are nullified in each Gauss point of 
the elements in which, after the melting phase, the temperature becomes less than the 
fusion one; 

- the stress-strain laws, set up in the second hypothesis of the previous paragraph, are 
used. 

In the second way (UMAT-2): 

- the plastic strains are nullifield in each Gauss point of the elements as soon as the 
temperature gets over the fusion one, that is during the whole melting phase; 

- the stress-strain laws are as previously up to 1600°C; for higher temperatures the same 
stress-strain law adopted at I6(K)°C is used. 

In the second hypothesis for routine UMAT, indicated with UMAT-2, differently 
from the first one, the material behaviour at high temperatures (>Tf) has been chosen so 
that the yield stress is a sufficiently high and the elastic domain associated to the material 
is, on the contrary, not too high; this assumption has been made in order to avoid the 
rising of great unrealistic elastic deformations which can stop the calculation. 

In order to test the two different choices for the routine UMAT, firstly, calculations 
have been executed for the sample M.3. 

On the basis of the results obtained, simulations have been extended to the greatest 
sample M.6. 

4. CONSIDERATIONS ON THE RESULTS 

In Tab. 1 the calculations executed for the models M.3 anc" M.6 are summarized. 

In the case of the smallest sample M.3, three different calculations, as said, have 
been successful: one without considering the annealing effect and others two by the use 
of routine UMAT in both versions. 

The results obtained with and without the use" of routine UMAT have been quite 
different; on the contrary, the results obtained with UMAT-1 are quite similar to those 
with UMAT-2. 

In particular, by the use of both UMAT versions the stress and strain distributions, 
during and at the end of the simulation, present very similar values, much lower and 
more realistic than those obtained in the first calculation, as can be seen from figs. 2 up 
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to 7 (at instance, maximum strain is 23-30% compared with the maximum value of 
-250% of the first M.3 simulation). 

The final sheet mechanical response is also very different: the steel sheet, when the 
temperature reaches the room one and constraints on the upper face are eliminated, 
without UMAT (that is without the annealing effect simulated), presents a significant 
clockwise rotation around the welding plane and practically no rising (DZ=5.10"^cm) in 
its part farer from the welding plane; on the contrary, in the other cases, with UMAT, 
the steel sheet presents a little counterclockwise rotation around the welding plane and a 
little rising (DZ=().33mm) in its part farer from the welding plane (see figs. 8 and 9). 

From the comparison of the two calculations with UMAT, it can be noted that the 
second one is less expensive (see Tab. 1); besides, the hypothesis made for the material 
behaviour is more correct or, at least, less arbitrary. 

The simulation executed for M.6 calculation without use of UMAT, as mentioned, 
has failed; this fact has led to conclude, as already said, that considering annealing effect 
is fundamental in order to complete the simulation of any process during which the 
material fusion temperature is overcome.Taking into account what obtained and 
discussed for M.3 model, the second definition made for UMAT, UMAT-2, has been 
used; in this case, the calculation end has been reached. 

The results obtained are in the same sense of those obtained in the analogous 
calculation for the smallest model M.3, but they present more reduced values for the 
residual stresses, strains and displacements (see, for example, figs. 10, 11 and 12). The 
stresses and strains are lower, probably due to a greater dimension in the welding 
direction, while the displacements in the final sheet part are more reduced, probably as 
consequence of the gravity load effect. 

Finally, it can be noted that, in all the calculations executed, the zone interested in the 
greatest deformations is very reduced; besides, the sheet shortening in y direction and 
the characteristic swelling of the sheet on the upper and bottom faces (see figures 
shown), along the laser crossing, happen as it happens in the experience. However, 
comparisons with the experimental results are necessary in order to validate the 
assumptions made and the results obtained. 

5. CONCLUSIONS 

The study executed has shown that the calculations of the sheet mechanical response 
during the laser welding processes are possible only if the annealing effect is taken into 
account, as soon as the temperature reaches the fusion one. 

A numerical tool, routine UMAT-2, has been set up which allows the calculations 
above said to be executed and, perhaps, to find, as already seen for the thermal 
analysis, a way in order to reach the calculation strategy to be used for the large sheet 
laser welding simulations. 
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TAB. 1 SIMULATIONS EXECUTED 

Model 

M. 3 

M.6 

Geometry 

20.6x1x1 cm3 

120.6x4x1 cm3 

Mat. behaviour 

no annealing 
el feet -
2nd hypothesis for 
the material 
relations 

UMAT-1 

UMAT-2 

no annealing 
effect -
2nd hypothesis for 
the material 
relations 

UMAT-2 

Comp. time(*) 

lh57min 

lhSmin 

lh lmin 

failed 

14h4()min 

(*) On workstation, IBM - Rise 6000, Mod. 37T. 
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Fig. 2 Residual Mises stresses for M.3 model without UMAT 
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Fig. 4 Residual Mises stresses for M.3 model whit UMAT-2 
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Fig. 6 Equivalent plastic strain for M.3 model with UMAT-1 
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Fig.10 Residual Mises stresses for M.6 model with UMAT-2 
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