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Computational Kinetics Simulation of the
Dissolution and Coarsening in the HAZ
during Laser Welding of 6061-T6 Al-Alloy

Experimental results indicate it is possible to predict HAZ
hardness of heat-treatable aluminum alloys

BY A. D. ZERVAKI AND G. N. HAIDEMENOPOULOS

ABSTRACT. Laser beam welding (LBW)
has become common practice in the pro-
duction lines of several industrial sectors
including the electronics, domestic appli-
ances, and automotive industries. The ad-
vantages of LBW over conventional fusion
welding processes (mainly GMAW and
GTAW) is the lower welding heat input
and smaller weld pool and HAZ dimen-
sions, which are associated with lower
residual stresses and distortion. In addi-
tion to the general problems encountered
during the application of LBW on alu-
minum alloys (high reflectivity, porosity,
loss of alloying elements), the most im-
portant problem, which concerns the heat
treatable alloys, is the softening of the
HAZ due to the dissolution and coarsen-
ing of the strengthening precipitates. The
main objective of the present work is the
simulation of the microstructural evolu-
tion in the HAZ in order to predict the
hardness drop of the HAZ as a function of
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welding conditions. Models for the nu-
merical simulation of precipitation, disso-
lution, and coarsening of $-Mg,Si phase
were developed and solved with the use of
the computational thermodynamics and
kinetics software DICTRA. In this way the
volume fraction and average precipitate
size were calculated for several types of
weld thermal cycles, under extremely non-
isothermal conditions. Calculated hard-
ness profiles in the HAZ are in good
agreement with the experimental values.
The above results point to the conclusion
that it is possible to simulate the mi-
crostructure evolution and hardness in the
HAZ of aluminum laser welds, thus open-
ing the way for a more precise control and

design of LBW of aluminum alloys.
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Introduction

Fusion welding of heat-treatable alu-
minum alloys, which are strengthened
through precipitation hardening, is ac-
companied by a loss of strength in the
HAZ. This degradation often limits the
application of welding in these alloys.
Laser beam welding (LBW) has been re-
cently applied successfully (Refs. 1, 2) for
the welding of airframe components. A se-
ries of experiments on LBW of 6xxx alloys
has been carried out (Ref. 3) in order to
support current work regarding the effect
of welding parameters on weld penetra-
tion, as well as the size and hardness of
HAZ. Complete joint penetration welds
in 6061-T6 were obtained with HAZ width
of 2 mm. However, despite the limited
HAZ dimensions, a drop in HAZ hard-
ness is still apparent. Softening in the
HAZ is normally attributed to dissolution
and/or coarsening of the strengthening
precipitates. Heat-affected zone softening
is a common and more pronounced effect

when welding with conventional welding
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Fig. 1 — Maximum temperature and corresponding hardness profile in the
HAZ due to dissolution and coarsening (T g = 400°C, T;=room temperature,

T,, = solidus temperature).

m/min, h = 56 Jimm.

Fig. 2 — Thermal cycles in the HAZ (z = 0 lies on the upper surface of the
sheet). Experimental conditions: laser power = 4500 W, weld speed = 4.8

processes. Kou (Ref. 4) observed a hard-
ness minimum in the HAZ of 6061 alloy
welded in the artificially aged (T6) or nat-
urally aged (T4) conditions by GTAW and
attributed the softening to coarsening of
B”precipitate, the basic strengthening pre-
cipitate, and formation of the coarser
precipitate. Similar results have been re-
ported by Malin (Ref. 5) on gas-metal-arc-
welded (GMAW) 6061-T6 aluminum
alloy. The aim of the present paper is to
simulate the softening reactions (dissolu-
tion and coarsening) in the HAZ of laser-
beam-welded 6061-T6 by a finite-element-
based heat flow analysis of weld thermal
cycles combined with a computational dif-
fusional kinetics analysis of dissolution
and coarsening. The latter was performed
by applying the DICTRA methodology
(Ref. 6), a software tool for handling dif-
fusion in multicomponent, multiphase sys-
tems based on the numerical solution of

the diffusion equations with local thermo-
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dynamic equilibrium at the phase inter-
faces. Several models have been devel-
oped in recent years to describe diffu-
sional phase transformations in aluminum
alloys. The majority of the models deal
with isothermal transformations (Refs.7,
8). Relatively few research efforts have
been directed toward modeling of non-
isothermal transformations as those en-
countered in welding (Refs. 9-14). The
DICTRA methodology mentioned above
has been applied by Agren (Ref. 15) for
the modeling of carbide dissolution in
steels under isothermal conditions. Also,
DICTRA has been applied for the solution
of coarsening problems under isothermal
conditions (Refs. 16-19). A new coarsen-
ing model presented in Ref. 17 was im-
plemented in DICTRA. The model was
based on the assumption that coarsening
of a system can be described by perform-
ing calculations on a particle of maximum

size at the center of a spherical cell. The

maximum particle size is 1.5 times the av-
erage size according to the LSW theory of
coarsening by Lifshitz and Slyozov (Ref.
20) and Wagner (Ref. 21). In Ref. 17, the
model was applied for the description of
the coarsening behavior of carbo-nitrides
in multicomponent Cr-steels under
isothermal conditions.

In the present paper, DICTRA was
used for the simulation of dissolution, re-
precipitation, and coarsening during the
welding thermal cycle in the HAZ of 6061-
T6 laser welds. The thermal cycles in the
HAZ were calculated by the finite ele-
ment method. The results of the heat flow
analysis are compared with experimental
data regarding the weld pool shape. The
calculated thermal cycles were linearized
and used as input for the DICTRA simula-
tions. The major assumptions made are
the following:

1) The HAZ is divided into two parts
(Fig. 1): HAZ, where the maximum tem-
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Fig. 3— Thermal cycles at the boundary HAZ weld pool interface for three val-

ues of heat input at the surface of the plate.

simulations.

Fig. 4 — Schematic representation of weld thermal cycle as used in dissolution

Table 1 — Values of the Thermal Cycle Parameters
Used for the Dissolution Simulations

since kinetic data for the metastable
phases (GP-zones, B”, f) are not yet in

cluded in the relevant databases.

T e H/Hy T
4©) (°Cls) (s)

595 103-5 x 107 7.8 x10-6-0.39
575 103-5 x 107 7%10-6-0.35
550 103-5 x 107 6x10-6-0.3
500 500-106 2x104-0.4
450 500-106 10-4-0.2

Welding Thermal Cycles

The temperature distribution and the

perature of the welding cycle exceeds Tp
and where only dissolution during heating
and reprecipitation during cooling can
occur. In HAZ,, on the other hand, the
maximum temperature does not exceed
Tcr and only precipitate coarsening can
occur. Tcr = 400°C is an arbitrary critical
temperature, above which it is assumed
that precipitation dissolution dominates,
and below which precipitate coarsening
dominates.

2) Although the primary strengthening
phases are the metastable phases B” and
B’, only the equilibrium precipitate -

Mg,Si was considered in the simulations,

associated thermal cycles were calculated
by employing the general-purpose finite
element program ABAQUS (Ref. 22). A
three-dimensional geometry was em-
ployed. The boundary conditions involved
heat losses due to convection and radia-
tion. The latent heat of fusion was taken
into account. The laser heat source was
modeled as a moving Gaussian energy dis-
tribution attenuated in the plate thickness
direction to account for the keyhole effect.
The details of the heat flow analysis are
presented elsewhere (Ref. 3). The evalua-
tion of the model was accomplished by
comparing the predicted weld pool shape
with the experimentally determined shape

by metallography. Calculated weld ther-

mal cycles are shown in Fig. 2 for various
z-positions in the HAZ of 6061-T6. The ef-
fect of heat input on the resulting thermal
cycle is shown in Fig. 3, which depicts the
thermal cycles at the HAZ/weld pool in-
terface at the surface of the plate. It is ev-
ident that a lower heat input results in a
steeper thermal cycle. The major parame-
ters characterizing the thermal cycle at
each point in the HAZ are the maximum
temperature, the cycle duration, as well as
the heating and cooling rates, respectively.
These parameters were evaluated and
were used as an input in the simulation of
dissolution and coarsening discussed in

the next sections.

Simulation of Disolution during
Laser Welding of 6061-T6

The weld thermal cycle used in the dis-
solution simulations was linearized as de-
picted in Fig. 4. In the Figure, 7,,,, is the

maximum temperature of the cycle, Ty, is
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Fig. 6 — Volume fraction (fg) variation vs. time for r

0
B =2nm. A — Short cycles; B — longer cycles.

the solvus temperature, T = 400°C, 1 is
the cycle duration, while Hp and H are
the heating and cooling rates, in °C/s, re-
spectively. The duration of the thermal
cycle is given by the relation
1 1
el

The parameters of the thermal cycle used
in the simulations are given in Table 1. The
dissolution problem is treated here using
the DICTRA methodology. The relevant
geometrical model is shown in Fig. 5. The
rod morphology of the 3-Mg,Si precipi-
tate requires the use of cylindrical geome-
try. In the geometrical model, r, and rg are
the radius of the o and 3 phase regions, re-
spectively. The geometry of Fig. 5B fol-
lows the cell model proposed by Grong
(Ref. 11), shown in Fig. 5A , where each B-

particle is surrounded by its own hexago-
nal cell and the dissolution region for the
o-phase is represented by an inscribed
cylinder with volume equal to that of the
hexagonal cell. Due to symmetry reasons
only the prescribed calculation area in Fig.
5B is considered. Surface energy effects
were not taken into account since it was
considered that dissolution of precipitates
is driven mainly by differences in chemical
free energy. For a given volume fraction of
B-phase, the sizes of the o (r,,) and B (rp)

regions are related by the expression

1
g = [flT_l]rﬁ
P @

where fg is the volume fraction of the
B-phase.

Further assumptions are the following:

*The problem was considered to be
one-dimensional where dissolution takes
place only in the radial direction.

*Because Mg diffuses much slower
than Si in the o-phase, it was considered
that only Mg diffusion controls the disso-
lution rate.

*The B-precipitate was considered sto-
ichiometric, and therefore, no diffusion
was considered within the B-phase.

*Depending on the amount of the
B-phase dissolved during the heating part
of the thermal cycle, reprecipitation of
that phase occurs during the cooling part
of the thermal cycle.

The initial compositions of the o and
B phases are calculated by the Thermo-
Calc software (Ref. 23) and obey the mass

balance equations
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duration = 7.8 ms).

0,00, 0~B0 _ -0
Ty CE+riehd =l o)
0 0 0 .0 0
racg- +rﬂC£i =CSi (4)

where 10, and rOB are the initial sizes of the

o and B phases, respectively. C ](512 and

s

0
C JE\'/Ig are the initial Mg contents of the o

and B phases, respectively. Cgfo and

B.0 ’
C 5
! 0
o and [ phases, respectively. C Mg and

0
Csi
respectively.

are the initial Si contents of the

are the Mg and Si alloy contents,

The Mg diffusion in the o-phase
(0<r<r,) is described by the following

equation:
9Cig 10

a
_10f o dCy,
ot ror Mg

or

J ®)

o o
where C Mg and D Mg@are the Mg content
and the diffusion coefficient of Mg in a-

phase, respectively. The flux balance at the
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Fig. 11 — Variation of mean radius of Bvs. thermal cycle duration (t) and ini-
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Fig. 12 — Schematic representation of the weld thermal cycle, incorporated in

the coarsening calculations.

o/B interface is described by the equation

acs,

/ /
“a/ﬁ(cﬁﬁ—cﬁ‘ﬂ):l)ﬁg[ ]
alB (6)

where ug is the velocity of the o/ inter-
Coz/ﬁ) Ca/ﬁ
B o

trations of the o and P phases at the o/Bin-

face and are the Mg concen-
terface.
For this closed system, the boundary
conditions are
aC
ﬂhzo =0 and
or (7)
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E)Cﬂ =0
or r=rg+rg (8)
The initial condition is given by
C,‘f‘lg(r,O):O.QS forO<r<r, )

where 0.98 wt-% is the alloy Mg composi-
tion. The initial equilibrium volume frac-
tion of the B-phase was calculated by
Thermo-Calc and is fg, = 1.63%.

The problem, described by Equations
1-9, was solved by the DICTRA method-
ology. In order to investigate the effect of
the initial average size of the B-phase dis-

persion on dissolution kinetics, the simu-

lations were carried out for r 0 _ 2, 10,

and 50 nm. ¢

During the weld thermal cycle, the vol-
ume fraction of the B-Mg,Si phase
changes. The variation of fg with time
fromt = 0 up to t = 1, where 7 is the du-
ration of the thermal cycle, for 7,,,, =
595°C, is given in Figs. 6, 7, and 8 for ini-
tial sizes rg = 2, 10, and 50 nm, respec-
tively. In Fig. 6A, results for short cycles
(up to 4 x 1073 s) are depicted, while Fig.
6B depicts results for longer cycles (up to
0.15s). In all cases the thermal cycle starts

with dissolution during heating and ends
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Fig. 15 — Variation of 7

B
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B

with reprecipitation during cooling. The
dissolution rate is larger for short cycles.
However, the extent of dissolution in-
creases with the thermal cycle duration
while full dissolution (f = 0) commences
for cycles longer than 10-2 s. The amount
of reprecipitation depends on the extent
of dissolution, since dissolution increases
supersaturation in Mg and Si and, there-
fore, increases the driving force for pre-
cipitation during the cooling part of the
thermal cycle. The simulation results for
the case where the initial dispersion of 3
has a mean size of 10-nm are shown in Fig.
7. Here complete dissolution commences
for large cycle duration (Fig. 7B) where
reprecipitation also appears. Reprecipita-
tion for short cycles is low (Fig. 7A). This
behavior can be attributed to the fact that
the 10-nm dispersion is coarser than the 2-
nm dispersion of B-phase and the respec-
tive diffusion distances are larger. The re-
sults for the 50-nm dispersion are shown
in Fig. 8, where dissolution followed by re-
precipitation is evident only for long cycles
of the order of seconds.

The effect of initial dispersion size is
shown clearly in Fig. 9 where the variation
of the volume fraction of B-phase is com-

pared for the three cases of initial mean

size of dispersion for the same cycle dura-
tion T = 7.8 ms. The results show that the
50-nm dispersion is practically not af-
fected by the thermal cycle, the 10-nm dis-
persion undergoes partial dissolution
while during the same thermal cycle, and
the 2-nm dispersion undergoes complete
dissolution and a significant amount of re-
precipitation.

While the above results show the vari-
ation of fg during the thermal cycle, the
final value of the volume fraction at the
end of the thermal cycle (expressed as
f 8 /f g ) is shown as a function of thermal
cycle duration t in Fig. 10 for 7,,,, =
595°C for the three initial mean dispersion
sizes of 2, 10, and 50 nm.

For a specific T,,,,,, the general shape
of these curves indicates that the final vol-
ume fraction of B-phase (at the end of the
thermal cycle) first decreases for short cy-
cles and then increases for longer cycles.
The minimum in f ﬁ/fg is shifted to longer
cycles as the initial mean size of the dis-
persion increases from 2 to 50 nm. Re-
garding the effect of 7,,,,,,, the minimum is
shifted to lower values (greater extent of
dissolution) with an increase in 7,,,,,.

The variation of the size rg of the B-

phase during the thermal cycle shows sim-

ilar characteristics as the variation in vol-
ume fraction. Typical results are shown in
Fig. 11, which depicts the final mean size
of the dispersion as a function of thermal
cycle duration 1, at 7,,,, = 595°C for the
three initial dispersion mean size of 2, 10,
and 50 nm. Again here, the final size first
decreases and then increases with cycle
duration. The minimum in ry is shifted to
longer cycles with increasing the initial

dispersion mean size.

Simulation of Coarsening during
Laser Welding of 6061-T6

The weld thermal cycle used in the
coarsening simulations is depicted in Fig.
12. Due to DICTRA software require-
ments, the heating part of the thermal
cycle was replaced by an equivalent
isothermal part at 7,,,, with duration Ty
such that the areas below the 7, t curves
are the same — Fig. 12. The isothermal
part is followed by a cooling part from

T,

'nax 0 T; (room temperature) with a cool-

ing rate H,.. The overall duration of the
thermal cycle is 1. The values of the para-
meters of the thermal cycles used in the
coarsening simulations, as calculated with

the FEM method, are shown in Table 2.

WELDING JOURNAL




Table 2 — Values of the Thermal Cycle
Parameters Used for the Coarsening
Simulations

Tmar HC T T
O (°Chs) () (s)
416 102104 0.01 0.2-1
400 102-104 0.01 0.2-1
393 102104 0.01 0.2-1
380 102104 0.01 0.2-1
350 102-104 0.01 0.2-1

For the simulations, the coarsening mod-
ule in DICTRA was employed. According
to this method coarsening of the disper-
sion can be described by considering one
spherical particle, which has the maximum
size of the dispersion prior to the applica-
tion of the welding cycle. According to the
LSW theory of coarsening (Refs. 20, 21),
the maximum size 7,, is 1.5 times the mean
dispersion size 7. The geometrical model
is shown in Fig. 13. The spherical particle
of B-phase is embedded in a sphere of ma-
trix o-phase. At the interface between o
and B local thermodynamic equilibrium
between a-phase and B-phase with radius
1,,is assumed. In this case a Gibbs-Thom-
son contribution is added to the Gibbs free
energy of the particle, which is
29V,

» (10)
where 7 is the interfacial energy of the
particle in the a-phase and V/,, the molar
volume. At the spherical cell boundary the
o-phase is in local equilibrium with B-
phase particle of the mean size 7, so the
contribution to the Gibbs energy in this

case is

2YV,

il

(11)
The difference in the Gibbs-Thomson
contributions to the free energy causes dif-
fusion of Mg and Si atoms toward the par-
ticle with radius Ty s which grows.

Due to the lower diffusivity of Mg in

Al coarsening was considered to be con-

@ AUGUST 2007, VOL. 86

Table 3 — Comparison of Experimental and Calculated Microhardness Values for Certain Positions

within HAZ,

Position /B 13
(nm)

A 0.0122 1.725

B 0.01173 1.70

C 0.01183 1.7029

D 0.01245 1.7424

E 0.013175 1.7975

F 0.014247 1.8692

Microhardness from

Microhardness from

calculations measurements
(HV) (HV)
95.3 85
92 83
92.8 85
96.6 85
100.6 87
106.6 88

trolled only by Mg diffusion. The interfa-
cial energy ywas taken 0.5 Jm=2 (Ref. 11).
In order to maintain constant volume frac-
tion of B-phase and the initial overall alloy
composition, the a-phase cell grows ac-
cordingly. For a given volume fraction f of
the B-phase the relation between o and 3

radii is

1
o= |
i (12)

Characteristic results of the coarsening
simulations are shown in Fig. 14 for the
case where the initial mean dispersion size
is 2 nm. The figure depicts the variation of
cube mean size 7> as a function of cycle
duration 1. The mean particle size in-
creases with cycle duration, the change
being more rapid for short cycles. For cy-
cles longer than about 0.3 s, particle
growth is very slow. As expected, coarsen-
ing kinetics is faster at higher 7,,,,,. Figure
15 depicts similar results for a dispersion
of initial mean size 5 nm. Compared to the
previous case of 2 nm, coarsening kinetics

is slower because the initial dispersion is

coarser.

Comparison with Experimental
Hardness Profiles in the HAZ

In this section a comparison is at-
tempted between calculated hardness
profiles and experimental ones. The cal-

culation of hardness is based on the hard-

ness of the base metal reduced by an
amount depending on the extent of disso-
lution or coarsening in the HAZ. These in
turn depend on the final values of fg and rg
in the HAZ.

Hardness Profiles in HAZ,

Figure 16 depicts all the elements nec-
essary for the comparison of the calcu-
lated and experimental hardness profiles
in HAZ,. The experimental hardness pro-
file was measured after laser welding with
the following conditions: laser power 4.5
kW, laser travel speed 4.8 m/min, and focal
distance —1 mm. In Fig. 16 the variation of
the following is shown:

* Hardness profiles (i.e., hardness at
points A, B, C, D, E, and F of HAZ,), in
Fig. 16A.

* The maximum temperature 7,,,, and
the duration of the thermal cycle T for
each respective point in HAZ,, in Fig.
16B.

* The volume fraction fg of phase -
Mg,Si at each point at the end of thermal
cycle, in Fig. 16C.

* The size rp of phase B-Mg,Si at each
point at the end of thermal cycle, in Fig.
16D.

The hardness of the base metal is Hy =
118 HV, while for the 6061-T6 used in this
stoudy, the precipitate has f g =1.63% and
rg=2nm. The experimental hardness pro-

file shows that welding is accompanied by
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Fig. 16 — A — Experimental and predicted microhardness profile in the HAZ ;

Fig. 17 — A — Experimental and predicted microhardness profile in the

B — T, and thermal cycle duration; C — volume fraction; D — size of 3 HAZ» B—T,,,;, C — size of B phase calculations at certain positions within

phase calculations at certain positions within HAZ ;.

HAZ,,

a reduction of hardness in HAZ,. More
specifically, the hardness is 88 HV at the
boundary with HAZ, (point F), drops to
83 HV in point B, and increases to 85 HV
at the fusion zone boundary (point A).
The maximum temperature of the thermal
cycle T,,,, increases from 451°C at point F
to 595°C at point A. The respective heat-
ing and cooling rates for these points are
Hp = 12000°C/s, Ho = 8326°C/s for point
FE, and Hy = 24375°C/s,
H~=17727°C/s for point A, while the re-

and

spective cycle lengths are 1 = 0.01038 s
and t4 = 0.019 s. The values of T,,,, Hp,
Hg, and 7 are the input parameters of the
thermal cycle for the simulation of disso-
lution. The simulation provides the values

of fg and rg at the end of the thermal cycle

for points A to E The results are plotted
in Fig. 16C and D, respectively. Precipita-
tion hardening in HAZ, comes from two
contributions:

* Coherency hardening, which is pro-
portional to f %r %, and

* Orowan hardening (obstacle bypass-
ing), which is proportional to f %r-1.

The change in hardness (AH) due to
dissolution of B-phase relative to the hard-

ness of the base metal (Hp),) is given by

(13)

where f g =1.63% and r 0_ 2 nm for the

B
condition T6.
The hardness for each point of HAZ,;

is calculated by the expression

H=Hpgy +(£]HBM

Hpy (14)
The results for each point of HAZ, are
shown in Table 3. The calculated hardness
values are plotted with the experimental
values in Fig. 16A. The simulation under-
estimates the softening of the HAZ by
8-10%. This is attributed to the fact that
only dissolution was accounted for the ob-
served softening. Taking into account all
the assumptions made for the current sim-

ulation, the comparison with the experi-

mental results is satisfactory.
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Table 4 — Comparison of Experimental and Calculated Microhardness Values for Certain Positions

within HAZ,
Position Trnax 13
(nm)

A 416 322
B 400 3.05
C 380 2.69
D 350 2.26
E 330 2.08
F 310 2.02

Microhardness from

Microhardness from

calculations measurements

(HV) (HV)
73.3 88
77.3 90
87.7 93
104.4 103
113.4 109
116.8 111

Hardness Profiles in HAZ,

In HAZ, the maximum temperature
T,.ax does not exceed 400°C and only
coarsening was considered to take place.
As stated in the introduction, although the
primary strengthening phases are the
metastable phases ”and f}’, only the equi-
librium precipitate -Mg,Si was consid-
ered in the simulations, since kinetic data
for the metastable phases (B”, B’) are not
yet included in the relevant databases.

Taking the above into consideration,
hardness changes are attributed to the
coarsening of the 3 phase. Figure 17 shows
the variation of the following:

* Hardness profiles (i.e., hardness at
points A, B, C, D, E, and F of HAZ,), in
Fig. 17A.

* The maximum temperature 7,,,, for
each respective point in HAZ,, in Fig.
17B.

* The size rp of phase B-Mg,Si at each
point at the end of the thermal cycle, in
Fig. 17C.

The experimental hardness profile in
Fig. 17A shows that the hardness drops
from 118 HV in the base metal to 88 HV
at the boundary with HAZ, (point A). The
coarsening simulation shows that the size
of the 3-Mg,Si phase increases from 2 nm
in the base metal to 3.22 nm at point A. In
order to calculate the hardness at each

point in HAZ,, it is considered that only
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the Orowan mechanism is active (overag-
ing conditions). For this case, hardening is
proportional to f “r-1. During coarsening
the volume fraction f remains constant for
all points of HAZ,. Therefore, the hard-
ness of points A to Fin HAZ, is calculated
by

_Hau'g
g (15)

The calculated values are given in Table 4

H

and are shown in Fig. 17A. Again, taking
into account the assumptions made, the
comparison between the calculated and

experimental values is satisfactory.

Conclusions

The softening of the HAZ following
laser welding of 6061-T6 Al-alloy has been
successfully predicted by the simulation of
dissolution, reprecipitation, and coarsen-
ing of the strengthening precipitates dur-
ing the weld thermal cycle. A finite ele-
ment based analysis of heat flow was
employed for the calculation of thermal
cycles.

The computational kinetics software
DICTRA was employed for the calculation
of the variation of volume fraction and
mean size of the precipitates during the
welding thermal cycle under nonisother-
mal conditions.

Taking into account the limitations

stated in the paper, the calculated hard-

ness profiles in the HAZ are in good

agreement with the experimental values.
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