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Abstract. First, the production process of fine-grained structural steels was considered. The results from the thermal
calculation, which is a part of the welding simulation, were compared with measurements and good concordance was
achieved. A modification of the hardness was found during the analysis of the hardness curve, the so-called local
hardness drop. The reason was the transformation of the structure, caused by thermal factors. The available TTA (time-
temperature-austenite) and available TTT (time-temperature-transformation) diagrams do not describe this tempering
process, which results in tempering structural condition by means of constituents of the martensite and bainite. The
method of solution was applied to an example of a mismatch-joint and a good concordance was achieved.

Keywords: numerical simulation, high-strength fine-grained steels, MAG-welding, temperature field, hardness, temper-

ing, local hardness drop.

1. Introduction

Today, numerical simulation offers the opportunity
to observe nearly all changes during treatment and pro-
cessing. By means of resolution into independent sub-
processes, it makes possible to break through the com-
plexity of the total process and look for specific solution
of problems. The welding simulation consists of processes
from the fields of thermodynamics, mechanics and met-
allurgy. Decoupled sub-processes develop according to
the variously strong interaction of the three fields. The
computation of the transient temperature field with trans-
formation of structure, the stress calculation and the de-
termination of the diffusion of gases are part of the indi-
vidual processes. The list of single processes reflects the
sequence of the computations, ie thermal and mechani-
cal simulation must occur, and the diffusion of gases can
be determined by the results.

Using the example of a butt weld joint, the process
for the numerical computation of the temperature field
and the hardness curve for an MAG-welding process is
described. The transformations of structure due to ther-
mal effects are central to the explanations. Characteris-
tics of the simulation of the joint between structural steels
and high-strength fine-grained structural steels are illus-
trated, and the production of the steel is described in
terms of the microstructure. In addition, the computed
values of temperature curve and hardness curve are com-
pared and verified with the results of the measurement.

2. Production of fine-grained structural steels

Sheet metals with tough, ferritic-perlitic microstruc-
ture develop during traditional rolling. The microstruc-
ture is ascribed to a high rolling temperature and low
resistance to deformation. For the improvement in
strength and ductility properties, various procedures are
used after or during rolling. Normalising, hardening and
tempering and thermo-mechanical rolling are part to the
processes.

For the attainment of the fine-grained structure due
to normalising, the sheet metals are heated from approx.
20 to 50 °C over transformation temperature A ; (final
temperature of the formation of austenite when heating)
after rolling and cooling afterwards. With the normalising
process, the alloying elements (manganese, nickel, cop-
per) and micro-alloying elements (niobium, vanadium,
titanium) contained in the steel have an effect on the
structure. With the cooling, a fine grained matrix is de-
veloped and the ductility is increased by a delay y—o-
transformation with nickel. The formation of mixed crys-
tals from manganese and nickel with the iron also im-
proves the ductility properties of the steel. Micro-alloy-
ing elements and copper cause a precipitation hardening,
which is reflected by an increase in the strength proper-
ties. Steels manufactured using the normalising process
attain a yield strength between 235 and 500 N/mm? and
have a structure of polygonal ferrite and pearlite.
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After rolling, the sheet metal goes through two heat-
ing processes, hardening and tempering. The first step,
hardening, includes a heating of sheet metals over the
Ac3-temperature and a subsequent fast cooling with a
speed of 40-50 K/s. The quenched structure is devel-
oped from martensite and bainite with a disproportion-
ately high carbon content. In the second step, the sheet
metals are heated to the transformation temperature Acl
(starting temperature for the formation of austenite when
heating). The process is referred to as tempering. The
existing structure of martensite and bainite thereby sepa-
rates finely distributed carbide. At the end of the two
processes, the sheet metals have tempered carbon-poor
martensite and tempered fine-grained bainite.

The alloying elements (manganese, molybdenum,
chrome, nickel) and micro-alloying elements (vanadium,
boron, titanium) change the transformation temperatures
of the steel and decrease the critical cooling rates for
the formation of martensite and bainite. The favoured
structure in the sheet metal can be produced with eco-
nomically favourable and technically possible cooling
rates. The existence of martensite and bainite is a pre-
requisite for the production of high-strength structural
steels. The developed fine-grained structure contributes
to an increase in ductility without loss of strength. Fine-
grained structural steels with a yield strength between
460 and 960 N/m? could be manufactured by hardening
und tempering. The steels also have good ductility prop-
erties.

Using thermo-mechanical rolling, a new delivery
condition is developed involving a deliberate control of
temperature, deformation and time during rolling. The
sequence is divided into three phases. During the first
process, the pre-rolling phase, the steel slabs are rolled
to an intermediate thickness with a fine-grained and regu-
larly developed austenite structure. In the second pro-
cess, the weaving phase, the steel slabs are cooled with-
out rolling. The new grain formation of the structure is
prevented by separating compounds with the micro-al-
loying elements (carbonitrid). A further refinement of the
austenite grain is caused during the final rolling, depen-
dent on temperature and deformation. In the sheet met-
als, a ferritic and a lamellar pearlitic structure is devel-
oped from a modified austenite structure after a final
rolling and a slow cooling. The quenching with water
(15-20 K/s) causes a modification from austenite to
bainite. The result is an increase in strength. Ductility is
achieved as a result of the fine-grained structure. Subse-
quent tempering is necessary for sheet metals with high-
strength requirement. For this purpose, precipitation hard-
ening is used during the tempering. The thermo-mechani-
cally rolled steels have a high weldability as a result of
the low-alloying element concentration. The sheet met-
als are suitable for welding with high cooling rates. A
schematic overview of the three manufacturing processes
and the yield strength of fine-grained structural steels can
be seen in Fig 1.
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Fig 1. Schematic overview of the manufacturing processes
of fine-grained structural steels after [1]

From the viewpoint of the structural condition, steel
can be represented as an inhomogeneously composed
material dependent on the manufacturing process. Each
constituent of the microstructure (ferrite, pearlite, mar-
tensite and bainite) has different mechanical and thermal
properties, which can be used to determine the steel com-
position. For this purpose, one needs to know the manu-
facturing process used and the data available in the lit-
erature for the yield strength of the constituents of the
microstructure. The result for the steel is shown in
Table 1.

Table 1. Percentage composition of the microstructure depen-
dent on the steel

Structure
Ferrite Perlite Bainite | Martensite

Steel [%] [%] [%] [%]
S355NL/ML 80 20 0 0
S460NL/ML 10 90 0 0
S690QL 0 0 86 14
S960QL 0 0 25 75

S1100QL 0 0 0 100

The data in Table 1 represent the starting point for
the description of the steel on the basis of the micro-
structure characteristics, using the numerical computation
of the temperature field and the residual stresses. The
effects of the manufacturing on the structural condition
are included. Observation of the production of fine-
grained structural steels is necessary for a characterisation
of the available initial state.

3. Welding simulation

Numerical welding simulations provide an opportu-
nity to analyse modifications during the welding process
more exactly. Analysis of the welding is complicated by
the complex physical interactions of processes from the
fields of thermodynamics, mechanics and metallurgy.
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A decoupling of the large model into several simple mod-
els with reduced computation expenditure can be accom-
plished by knowledge and consideration of the variously
strong and interdependent influences between the sub-
processes.

The transient temperature field directly affects the
structural condition. In contrast, the diffusion of gases
has only a slight effect on temperature distribution. Fur-
ther examples are found in [2]. In the partition often used
in the literature, the large model is divided into models
for the computation of the temperature field with trans-
formation of the structure, for mechanical computation
and for the determination of the diffusion of gases. Fur-
ther presentations are limited to thermal simulation and
transformation of the structure. The hardness at the
welded joint is calculated numerically, based on the re-
sults of the thermal computation.

3.1. Temperature field

The phase- and temperature-dependent values of the
material were used for enthalpy and heat conductivity in
the thermal simulation of the transient temperature field
and based on the results from Chapter 2. The material
data used for the individual constituents of the micro-
structure is based on an evaluation of the literature and
can be seen in Figs 2, 3.
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During the heating, a-iron (ferrite, martensite,
bainite, perlite) is transformed into y-iron (austenite)
under volume modification. The process takes place in a
temperature range between ~700 °C and 850 °C, depen-
dent on the chemical composition,. The transformation
of the structure during the heating process can be illus-
trated by a time-temperature diagram for continuous heat-
ing (TTA diagram). A time-temperature diagram for con-
tinuous heating for the steel S355N is given in [3]. Fur-
ther time-temperature diagrams for continuous heating for
other fine-grained structural steels could not be found in
the literature. The transformation of g-iron into a-iron is
started with the cooling of the steel in the lower tem-
perature range. The transformation of structure is sig-
nificant for the formation of residual stresses. Some of
the chemical-composition-dependent TTT diagrams can
be found in [4], for example, structural steels, high-
strength and corrosion-resistant steels, weldability struc-
tural steels and MAG weld metal. The diagrams have
been developed for a welding temperature cycle. The
TTT diagrams for new high-strength, quenched and tem-
pered, fine-grained structural steels are given in [5] for
S960Q and in [6] for S1100QL.

The parent metals, as well as the filler metals, are
similarly transformed during MAG-welding. Substantial
differences were determined by comparison with the
chemical compositions between the measured values from
the experiments and the values documented in [4]. How-
ever, the existing TTT diagrams in [4] are unsuitable for
application to the modern filler metal in the numerical
computation. Therefore, the transformation of structure
is described by an empirical formulation, which is stated
for the first time in [7] and has been further developed
since. By means of the aforementioned formulation, the
percentage composition of any low-alloy filler metal can
be determined without realisation of tests, and TTT dia-
grams can be developed. An example of a TTT diagram
for the filler metal “Union MoNi” can be seen in Fig 4.
The continuous transformation of the structure can be
considered during the simulation by means of the Leblond
kinetic model within the FE-program SYSWELD [8].
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Fig 4. Welding TTT diagram for welding consumables
“Union MoNi”
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A cause of the transformation in the material is lo-
cally active heat input during welding. Different models
for heat sources, as well as for the formulation in the
numerical computation, exist in the literature. Goldak
presents a normal distributed heat source for TIG- and
MIG-welding methods in [9]. A further development is
a normal source in the form of ellipsoids in [10], which
is characterised by a closed representation form. The
factors f; and fr’ the so-called heat transfer coefficients,
from the formulation in [9] are omitted [10]. This is rep-
resented by simplification during adjustment to condi-
tions. The change in the formulation of the heat source
is limited by the geometrical dimension a, b, c. The di-
mension of the heat source depends on the respective
welding process. An adjustment of the heat source to
the ambient conditions is important. The heat is trans-
ferred to the environment separately from the applica-
tion of energy during welding. The heat emission con-
sists of radiation and convection. The radiation is de-
scribed by the Stefan-Boltzmann law. The part of the
radiant heat is greater in relation to the heat transfer by
convection at high temperatures. The heat flow volumes
are dependent on the heat transmission coefficient in the
case of convection. Data for convection can be found in
the literature. For further details, refer to [11] and [12].

After description of the necessary data of the ther-
mal simulation, the temperature field is simulated using
the example of a butt weld. The used material data are
shown in Table 2. The structure of the three-layer butt
weld can be seen in the macrograph and it was consid-
ered in the FE-model for the joint of the 10-mm-thick
sheet metals.

Table 2. Material data used

Parent metal 1 Parent metal 2 Filler metal

S355 S960Q G Mn3NilMo
EN 12534

(Union MoNi)

For the calibration of the temperature field compu-
tation, as well as for the validation of the assumptions
and the simplifications, the temperature field during
welding was measured by thermocouples of the type
NiCr-Ni. A mobile measurement technique, developed
at the beginning of the project, was used. The results of
the measurements and the simulations are shown in Fig
5. The comparison shows a high degree of concordance
between computed and measured temperature. The max
temperature difference is 12 K.

The easily identifiable expansion of the melting bath
in the macrograph picture and maximum expansions of
the molten pool, which are described by the 1500 °C
limit in the simulation, were compared for each weld
layer and thus for further validation of the simulation. A
high degree of concordance was also found in the re-
sults here.
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Fig 5. Comparison between measurement and simulation

The properties in the heat-affected zone (HAZ) of
fusion welding joints are affected by welding process
conditions and by chemical composition. The technical
term, welding conditions, indicates welding methods,
welding parameters, work temperature and form of weld.
A central term, the cooling time tg ., was introduced for
evaluating the welding process in practice. This value
marks the length of time for passing through the 800 °C
limit up to the 500 °C limit at one location during cool-
ing. The significant transformation processes in the steel
take place in this temperature range. The cooling time
and the properties in the HAZ are directly linked. Simple
formulations have been developed for the prediction of
cooling time for practical application. A differentiation
between two- and three-dimensional heat conduction is
made in [13]. The equation for two-dimensional heat
conduction is:

_ _ 5 Q% 1 g 1 0
tg/5 = (4300—-4,3T, 10 2 %soo—Tog &OO—TOQEZZ
M

and the cooling time for three-dimensional heat conduc-
tion results from the following mathematical context:

1 1
ta/s = (6700-5To)Q %)O_TO %@BOO_TO %3- @

The reduced heat input per unit length of weld Q
[kJ/mm], the preheat- or interpass-temperature T, [°C],
the weld factor F [-] and the sheet metal thickness d [mm)]
are required for computing the cooling time t ¢ in s.
The cooling time can be determined by means of the
equation (1) and (2) for each weld layer during the three-
layer welded joint with the material data in Table 2 and
the welding parameters in Table 3.

The values for two-dimensional (2d) and three-di-
mensional (3d) heat conduction are compared to deter-
mine the specifying cooling times for each weld layer
from Table 4.
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Table 3. Welding parameters

Weld | Welding | Welding Welding Welding
layer position current strain speed
— Pos A \ mm/s
1 PA 270 31,8 10,38
2 PA 275 31,8 8,33
3 PA 276 31,6 8,33
Table 4. Cooling time
Weld Cooling time
layer [s]
- 2d 3d
1 6,58 3,95
2 11,27 5,22
3 10,84 5,36

The greater numerical value is the determining fac-
tor. Variations of up to 10 % are possible between mea-
sured and computed values for the cooling time with
simple butt weld joints. Error is greatly increased in the
case of complicated geometry. Variations of up to 100 %
are possible. The computed values with equations (1)
and (2) refer to the point of the weld characterised in
Fig 6. A cooling time is ascertainable for one point with
another geometrical situation with the equations. The
cooling time for each weld can be seen separately in
Fig 6. The change of the cooling time shows up from
the ranges of the weld over the HAZ to the unaffected

First weld layer

o N W W ke

| LI

Second weld layer

LI

[5]

Third weld layer

T

[5]

Fig 6. Cooling time for each weld layer with marked point

parent metal in the weld layer. The variations are of a
maximum of 10 % between the cooling times after the
equations (1), (2) and from the FE-simulation for each
weld layer. A high degree of concordance was also found
in the results here.

The numerically computed temperature field was
compared with the temperature curve at the selected point.
In addition, the geometry of the melting bath from the
macrograph picture was compared with the expansion of
the maximum temperature limit by 1500 °C from the FE-
simulation. Additionally the cooling times were consid-
ered between the practice-relevant equations after [13]
and the FE-computation. High degrees of concordance
were obtained in all three comparisons. It can thus be
shown that the temperature field of the simulation calcu-
lation is in a high concordance with the real welding.

3.2. Microstructure

It is well-known from Chapter 1 that steel is made
up of the individual constituents of the microstructure
(ferrite, pearlite, bainite and martensite) after the pro-
duction process. The mechanical and thermal properties
of steel are determined by the combination of the prop-
erties of the microstructure. Modifications in the con-
stituents of the microstructure are found in the HAZ
during the processing and the treatment of the steel by
welding processes. The main reason for the change is
seen in the existence of the temperature field during
welding. This special kind of thermal treatment of steel
with the strong temperature gradients over the material
is illustrated by the TTA and TTT diagrams. Diagrams
are available for consideration using the numerical simu-
lation.

Fig 7 shows a steel S355 on the left-hand side and
a steel S960Q on the right-hand side. The percentage
composition for the two steels, specified in Table 1, was

Bainite

a—second weld layer

b —first weld layer =—— 10
c—third weld layer I:lgg

=,
d—HAZ e
e—steel S355 —
f-sted SO60Q g

-

Fig 7. Percentage distribution of constituents of micro-
structure after third weld layer
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considered using the numerical simulation. The initial
composition of steel S960Q is characterised by ~75 %
martensite and ~25 % bainite. The steel S355 consists
of 100 % ferrite. At the beginning of the welding, the
weld metal consists of 100 % austenite and is transformed
into ferrite, bainite and martensite during the cooling
process.

The effects of the temperature field on the three
constituents of the microstructure within the area of the
weld and the HAZ can be seen in Fig 7. The different
constituents of the microstructure in the separate areas
after welding exert an influence on the properties of the
mismatch-joint. These include, for example, the residual
stress and the fatigue behaviour of this joint. The high-
strength steels S960Q generate far more martensite in
the region from weld to parent metal in relation to the
composition in the initial state. In the range d of the
high-strength steels S960Q, a darker colour can be rec-
ognized in Fig 7. The so-called microstructure notch ex-
ists in addition to the existing geometry notch. The com-
binations of material and geometrical properties have an
unfavourable effect on the fatigue behaviour in the range
weld — parent metal with mismatch-joints. Ongoing in-
vestigations have shown this.

4. Calculation of hardness

During the evaluation of experimental results, it was
stated that a drop in the hardness curve occurs after the
hardness peak in high-strength fine-grained structural
steel. The minimum hardness value in the so-called lo-
cal hardness drop is around 53 HVS5 for S690QL and
around 70 HVS for S960QL with the values of the unaf-
fected parent metal. A local drop was not observed
around 50 HVS of the hardness in the subsequent range
of the HAZ with steels with lower yield stress (S355
and S460). The hardness curves for two welds are rep-
resented in Fig 8 for cruciform joints at the top side of
the weld.

In the combination of S355M with S690QL, the
sheet metal with the lower yield strength is set on the
sheet metal with a higher yield strength. An influence on
the structure can be excluded within the range of the
groove by joint preparation with the sheet metal S690QL.
But the low-strength sheet metal runs through continu-
ously in the case of the combination S960QL with
S460M. A joint preparation with thermal effect and con-
sequent structural changes in the high-strength sheet metal
cannot be detected in the hardness curve.

The steels S690QL and S960QL both come from
the group of fine-grained structural steels with harden-
ing and tempering. The initial structure after production
consists of martensite and bainite. Further temperatures
up to a maximum of 700 °C predominate within the range
of the reduced hardness during the weld. Therefore, a
transformation to austenite does not occur within the sub-
critical heated-up range. The change in speed for heat-
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Fig 8. Hardness curves of cruciform joints

ing and cooling for two points within the range of the
local hardness drop can be seen in Fig 9. The maximum
temperature for a point 7,8 mm away from the centre of
the weld is 675 °C.

Similar initial conditions are the case with multiple
layer welding. The tempering zone is defined between
the Acl-temperature (~700 °C) and the martensite start-
ing temperature. In this zone, a relaxation of the struc-
ture (recrystallisation) occurs by means of the tempering
processes and leads to a reduction in strength. The de-
scriptions found in the literature for the tempering pro-
cesses refer to the thermal treatments of steel segments
in hourly stages. On the other hand, the heat works only
briefly during the weld, as Fig 9 shows. The available
thermal treatment approaches cannot be used for condi-
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Fig 9. Heating and cooling rate during MAG-welding
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tions during welding. The present approach considers a
modification of the numerical simulation in the structure.
A functional connection was sought between heating rate,
temperature and change in the constituents of the micro-
structure during the tempering, limited to the constitu-
ents of the microstructure martensite and bainite. Two
processes exist during the heating of steel in the numeri-
cal simulation. This behaviour refers to the conversion
of the initial structure into austenite. The other relation-
ship describes the change of martensite or bainite into
tempered martensite or tempered bainite.

The interdependence between temperature, heating
rate and transformed microstructure is represented in
Fig 10.
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Fig 10. Transformed microstructure dependent on heating
rate and temperature

The diagram can be understood as follows: 50 % of
the initial structure transforms into tempered structure
during a heating rate from 1 K/s to 700 °C; 50 % of
both the martensite and the bainite changes into tem-
pered structure; if the initial structure of 100 % marten-
site is heated with constant 20 K/s to 600 °C, then a
ratio of 20 % tempered to 80 % unchanged martensite is
in the steel at the end of the cooling process; a maxi-
mum upper limit for the transformed structure is deter-
mined at of 50 % of the initial structure and occurs at
high temperatures and slow heating rates. If the tempera-
tures are developed over the A ,-temperature with a weld
layer, what has so far been a tempered structure disas-
sembles itself linearly up to the A ;-temperature, and
austentite is created. The temperature and the speed
change simultaneously with the heating process during
the welding. This is seen in Fig 9. The kinetic model of
Lebond is used for the application in the FE-program
SYSWELD. This model for the transformation behaviour
has already been used for the conversion of the TTA
and TTT diagrams.

The effects of tempering can be clearly seen in
Fig 11. A zone of up to 30 % tempered structure is cre-
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Fig 11. Percentage distribution of constituents of the mi-
crostructure after third weld layer with regard to temper-
ing effect

ated over the third and final weld of the butt weld joint.
A line of tempered martensite appears in the high-strength
fine-grained structural steel from the upper surface to
the base with the parent metal on the edge of the HAZ.
In addition, a part of the bainite, resulting from the pre-
ceding weld layers, is transformed both in the weld and
in the parent metal of the low-strength fine-grained struc-
tural steel. The tempering of the structure near the HAZ
is considered in the numerical simulation.

The hardness of the transformed structural condi-
tion is calculated. Different empirical models exist in the
literature for the determination of hardness. The formu-
lations for individual constituents of the micro-structure
(ferrite, pearlite, bainite and martensite) are deduced us-
ing systematic investigations and by means of the re-
gression analysis of a large number of results. The val-
ues of hardness depend on chemical composition. The
effects of the change in temperature are taken into ac-
count in the formulations through the cooling speed of
700 °C or the cooling time ty . The consideration of por-
tions of the residual ausentite is not relevant from a car-
bon content of 0,50 %. The low-alloy structural steels
have a maximum carbon content of 0,20 %.

The following three equations are available for the
numerical determination of the hardness values in the
FE-program SYSWELD:
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hardness of martensite

HV,, =127 +949C +27S +11Mn +8Ni +16Cr

+21log E‘fﬁ (3)

hardness of bainite

HV, = -323 +185C +330S +153Mn +65Ni +144Cr

+191Mo + (89 +53C -555 -22Mn —10Ni

~20Cr -33Mo)log E‘fﬁ, 4)

hardness of ferrite

HV, =62 +223C +155 +30Mn +2INi +23Cr  (5)

+19Mo + 260V .

The equations (3) to (5) are based on the investiga-
tions of R. Blondeau et al [14] and [15]. The hardness
of pearlite is computed using the formulation for ferrite.
The total hardness of the steel is computed dependent
on the percentage portions of the constituents of the
microstructure. For the tempered structure, the hardness
of ferrite is used. The linear mixture rule for the deter-
mination of hardness, available in the FE-program
SYSWELD, is as follows:

HY = (Yo * Yoorte *+ Yooy ratote + Yogouoe) FHV: (6)

+ybainite I:H-IVB + ymanens‘te [H-IVM °

Applied to the example, the hardness values are
calculated for the second weld layer and can be seen in
Fig 12. The hardness curve with regard to the tempering
effect adapts better to the results of measurement. The
dropping in hardness can be reproduced within a range
of 6 — 8 mm adjacent to the centre of the weld in the
high-strength parent metal. The maximum hardness dif-
ference with tempering is 17 HV between measurement
and calculation. A peak develops in the numerical simu-
lation at the edge of the weld at a value of 400 HV in
the hardness curve without regard to tempering. The

450
w 400
E 350
2] \ —
§ filler metal \A\ //
£ 300 1 Union MoNi M
= 250 4 | | perant metal

) S960QL
200 T T 1 t f T

6 1 2 3 4 5 6 7 8 9 10
Distance of weld centre [mm]

=#- measurement HVS
— calculation with tempering

~==calculation without tempering

Fig 12. Comparison of hardness curves after the second
welding

T

I

230

TII

(v

Fig 13. Hardness distribution after the second weld layer
without regard to the tempering effect (above) and with
regard to the tempering effect (down)

hardness value is more than 50 HV higher in relation to
the measurement. The hardness over the total cross-sec-
tion after the second weld layer with and without regard
to tempering can be seen in Fig 13.

The peak drops in the lower part of the missing
third weld in low-strength steel. The portions of marten-
site and bainite are lower in this area after the first weld-
ing in relation to the initial situation in high-strength steel.
The effects of tempering on the structure, and thus on
the hardness, can be recognised in the right-hand section
of the butt weld joint. An improvement in the results
can be produced through the expanded formulation in
the numerical simulation.

5. Summary

After the introduction, the second chapter deals with
the production of fine-grained structural steels and the
associated structural conditions in steel. Steel is an inho-
mogeneous material in terms of its microstructure. The
material data for the thermal calculation in the welding
simulation is described in the third chapter. The results
of the simulation are compared with measurements by
means of an example. The FE- program SYSWELD is
used for the calculation. A high degree of concordance
is obtained in temperature curves, in the expansion of
the molten pool and in the cooling time for the three
weld layers. The transformations of the structure, which
are described by TTA- and TTT-diagrams, are discussed
in chapter 3.2. An extension to the consideration of the
tempering of martensite and bainite is presented in chap-
ter 4 and converted into the FE-program SYSWELD
using the Leblond kinetic model. The calculation of hard-
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ness is a further main area in chapter 4. A high degree
of concordance between measurement and numerical cal-
culation is achieved using the example. The results of
the hardness curves show that an extension of the trans-
formation behaviour is necessary in the case of steels
with martensite or bainite sections. A comprehensive view
of the level of the microstructure from the production to
the end of the treatment process demonstrates the causes
and solutions observed during the welding process.
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