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a b s t r a c t

A two step modeling for predicting the grain morphology − columnar or equiaxed − of the melting zone
in welding is proposed. The first step consists in numerically compute, using the Finite Element Method,
the thermal fields around the weld pool boundary, according to the welding parameters. The second
step consists in a post-treatment of the thermal field in order to compute the undercooling in the liquid
all along the solidification front of the columnar grains, and finally to compute the fraction of equiaxed
grains formed in the undercooling zone. The modeling takes into account the effect of the convection
phenomena on the undercooling, and is based on an heterogeneous nucleation model specially adapted
to steels inoculated with titanium. The nucleation model involves the size distribution of Ti-rich refractory
compounds formed in the weld pool, that act as heterogeneous nucleation sites. A method to identify this
distribution is also presented. The comparison of the modeling with experimental results of welding with
a Gas Tungsten Arc Welding process has proved its ability to predict the columnar to equiaxed transition
of a ferritic stainless steel inoculated with Ti.
. Introduction

The welding remains the main joining process used for manufac-
uring structural metallic parts. Unfortunately, this joining process
an have a detrimental effect on the material properties, specially
n the melted zone, where both composition (when a filler wire
s used) and microstructure are changed. In particular, the forma-
ion of a fully columnar grain structure in the melted zone during
elding can be a major handicap, as it shown in a previous paper

Villaret et al., 2013a), because this type of structure has a very
ow strength. According to Flemings (1974), it is possible however,
nder certain conditions, to modify the morphology of the grains

n the melted zone from a columnar to an equiaxed structure, as
videnced by Greer et al. (2003) in the case of aluminum alloys.
his kind of structure significantly improves the ductility of the
elted zones (Petersen, 1973) and decreases the transition tem-

erature (Lakshminarayanan and Shanmugam, 2009), especially if,
s evidenced by Bayraktar et al. (2006), the obtained equiaxed grain

s fine. This transition from columnar grains to equiaxed grains,
o called CET (Columnar to Equiaxed Transition) depends on the
emperature field and its evolution in the solidification area. Two
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parameters have a particular importance on the solidification mor-
phology, the thermal gradient at the solidification front G, and the
moving velocity of this front V. It is generally admitted (Kurz and
Fisher, 1992) that a decrease in the G/V ratio promotes the CET.

The dominant theory for explaining the CET implies the nucle-
ation and growth of new equiaxed grains in the undercooled liquid
near the solidification front that stop the columnar grain growth,
by mechanical interaction according to Kurz et al. (2001), or by
solutal interaction according to Martorano et al. (2003). The cool-
ing conditions promoting a high undercooling in the liquid near
the solidification front, i.e., a low G/V ratio, favor the nucleation
of new equiaxed grains and consequently the CET. In welding, an
increase of the welding speed for instance can decrease the G/V
ratio, thus promotes the equiaxed grain structure and, as evidenced
by Bayraktar et al. (2006), improves the ductility of the melted zone.
However, the number of nuclei giving equiaxed grains, formed in
the undercooled liquid, is mainly controlled by the weld pool com-
position, and specially by the content of some elements favoring the
formation of nucleation sites. According to Ostrowski and Langer
(1979), titanium for instance has a very active role on the morphol-
ogy of solidification grains for many alloys. In the case of ferritic
stainless steels, it has been shown in a previous paper (Villaret

et al., 2013b) that Ti forms refractory compounds in the liquid alloy
that provide heterogeneous nucleation sites for equiaxed grains.
The exact nature of these compounds is not always identified,
and Villafuerte and Kerr (1990), Villafuerte et al. (1995) indicate
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Fig. 1. Ti-rich precipitates size distribution and grain morphology in melting zones containing 0.07% Ti (a), and 0.15%Ti (b).

Fig. 2. Size distribution of Ti-rich particles in K44 steel melting zone, and distribution parameters of the associated lognormal law.



ests a

i
t

m
d
w
p
a
d
i
b
c
m
a
d
b
(

i
c
n
t
s
t
g
a
d

F
T

Fig. 3. Sample geometry for welding t

t seems to vary depending on the composition and cooling condi-
ions.

As the formed grain structure in the melting zone has a pri-
ary importance on the weld properties, some modeling have been

eveloped in order to try to predict the microstructure formed after
elding. The modeling based on Cellular Automaton, generally cou-

led to Finite Element (CAFE) methods, recently developed, were
pplied by Rappaz et al. (1996) and Carozzani et al. (2012) to pre-
ict with a rather good accuracy the grain structure formed during

ngot casting, or by Chiocca et al. (2015) for weld solidification,
ut needs very long computation time. At the opposite, the classi-
al models based on Hunt’s theory (Hunt, 1984) are more simple
ethods to predict if the CET occurs or not during the solidification,

s demonstrated by Kurz et al. (2001), but require the preliminary
etermination of the equiaxed grain density, that is not predictable
y the model, and that can change, as evidenced by Gaumann et al.
1997) , according to the cooling rate.

In this paper, an alternative modeling for predicting solid-
fication grain morphology in welding, based on a two step
omputation, is presented. The first step consists in a thermal
umerical simulation of the welding process, in order to predict
he thermal field evolution all around the solidification front. The
econd step consists in modeling, from this thermal field evolu-

ion, the grain solidification by the combination of the columnar
rowth model previously proposed by Niel et al. (2013) , the nucle-
tion model developed by Tronche et al. (2000), and a CET criteria
erived from the Hunt’s criteria (1984). The two steps of the mod-

ig. 4. Comparison between thermal cycle measured with thermocouple T3 and compute
3.
nd thermocouples location (T1 to T6).

eling are first described, and then applied to predict the CET during
Gas Tungsten Arc Welding of a ferritic stainless steel. The model
predictions are compared to experimental results.

2. Thermal modeling of welding

A simplified thermal modeling of the welding process is retained
to predict the thermal fields in the solidification area, using the
commercial finite element software Sysweld. The welded sample
is considered as a solid submitted to conduction heat transfer, with
boundary conditions to model heat transfers between the sample
and the surrounding environment. The heat source of the welding
process is modeled by a heat flux distribution located on the surface
of the sample.

2.1. Geometry and mesh

The modeled samples are thin sheets of 160 × 60 × 1.8 mm3

melted in their centerline using a Gas Tungsten Arc Welding
(GTAW) process without filler metal. In order to reduce compu-
tation time, a two-dimensional simulation is chosen in the plane of
the sample surface, as the melting zone is fully penetrated and have
a rather similar width in back and upper side for a low sheet thick-

ness. Due to the centerline symmetry, only half a sample is modeled
and meshed with linear rectangular elements with 4 nodes. The ele-
ments around the symmetry axis, that are closed to the trajectory
of the heat source center, suffer higher thermal gradients, and are

d thermal cycles for several nodes located near the center position of thermocouple
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Fig. 5. Comparison between numerical and experime

ore finely meshed to get a better computation accuracy. The cen-
er of the heat source is positioned at the initial time on the left of
he symmetry axis of the sample, and is translated along the y-axis
t a speed corresponding to the welding speed.

.2. Heat equation

Conduction heat transfers in solids are governed by the heat
quation:

Cp · ∂T
∂t

− div (� · gradT) = Q (x, y, z, t) (1)

ith T the temperature (K), � the density of the material (kg m−3),
p the specific heat (J kg−1 K−1), � the thermal conductivity
W m−1 K−1), and Q a potential source of external heat.

Solving this equation in any point of the sample in a Lagrangian
O,x,y,z) coordinate system associated to the sample, and at each
ime step, allows to know the evolution of the temperature field in
he sample under the effect of the heat input Q corresponding to
he welding source.

To take into account the latent heat of fusion Lf (Lf = Hl − Hs), the
pecific heat is increased within the solidification range (between
s and Tl) such as:

Tl∫
Ts

CpdT = Lf (2)
To take into account the increase in heat transfers in the weld
ool due to convection phenomena, the thermal conductivity of the
aterial is artificially increased from the liquidus temperature.

Fig. 6. Micrograph in top view of the melting zone corre
eld pool boundaries for welding tests 1 (a) and 2 (b).

2.3. Boundary and initial conditions

The initial temperature of the specimen is taken equal to 20 ◦C
for all the nodes.

The heat transfers between the sample and the outer environ-
ment by convection and radiation are modeled by a flow imposed
on all outer surfaces (Neumann condition):

−�∂T
∂n

= h (T − T0) + ε�
(
T4 − T4

0

)
(3)

with n the normal to the outer surface, h the convection exchange
coefficient, � the emissivity of the material, and � the Stephan-
Boltzmann constant.

2.4. Heat source

The heat source is modeled by a heat flow density imposed on
the sample surface interacting with the arc. A Gaussian distribution
is chosen, centered on the arc axis, moving in translation along
the y-axis at a speed equal to the welding speed Vs. The surface
distribution of heat flow density is then given by:

Q (r) = 2Q0

�Rs
exp

− 3r2

R2
s

(4)

with Q0 the Gaussian amplitude parameter, Rs the width parame-
ter, and r the distance to the center of the source, defined by:

r = (X − Xo)2 + (Y − Y0 − Vst)2 (5)

where X0 and Y0 are the coordinates of the initial position of the

heat source, and t the time.

The total power transmitted to the sample by this distribution,
obtained by integrating the relationship (4) for r values from 0 to
infinity, must match the effective welding power. One can then

sponding to the welding test 1 (a), 2 (b) and 3 (c).
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Fig. 7. Evolution of the volume fraction of equiaxed grains in the

educe the following relation between the distribution parameters
nd the process parameters:

0 = � · UI (6)

ith U the welding voltage, I the welding current and � the process
fficiency.

. Modeling of the CET

The modeling is based on the approach developed by (Niel et al.,
013) coupled to the “athermal” nucleation model proposed by
reer (Tronche et al., 2000). It consists in compute the growth rate
f columnar grains all around the solidification front, and the vol-
me of nucleated equiaxed grains in the undercooled liquid near
his front. When the volume fraction of equiaxed grains reaches
given limit at one point of the solidification front, then the CET

ccurs at this point.

.1. Growth rate of columnar grains

The first step of the modeling consists in calculating the growth
ate of columnar grains, all around the solidification front located
n the rear border of the weld pool. It is supposed in this step the
olidification front is on the liquidus isothermal line.

The growth direction of columnar grains is often supposed to
e rather perpendicular to the liquidus isothermal line. However,
xperience indicates a divergence between heat flux direction and
rowth direction, specially for high welding speed, due to the pref-
rential growth direction in crystalline materials.

In the modeling, the orientation of grains is given by the � angle,
efined as the angle between the welding direction and the growth
irection. The variation of this angle is calculated from eq. (7):

˙ = A (˛− ˛n) (7)

here �n is the angle between welding direction and heat flux, and
is a constant chosen for a given material according to preliminary
elding results.
For each time step, the growth direction changes according to
q. (8):

(t + dt) = ˛(t) + ˙̨ dt (8)
ing zone according to the distance to the centerline of the weld.

The growth rate of columnar grains V is given by:

V = Vs cos˛n
cos (˛− ˛n)

(9)

where Vs is the welding speed.

3.2. Undercooling

As suggested by Dantzig and Rappaz (2009), the curvature
undercooling as well the undercooling associated with the attach-
ment kinetics are neglected. The undercooling 	Ts then results
only on constitutional undercooling	Tc and thermal undercooling
	TT (Dantzig and Rappaz, 2009):


Ts =
TT +
TC = Lf
cp
Iv3D (PeT ) −mlC0

(
(1 − k0) Iv3D (PeC )

1 − (1 − k0) Iv3D (PeC )

)
(10)

with ml the liquidus slope, C0 the solute concentration in the liq-
uid, k0 the partition coefficient of solute, and Iv3D the 3D Ivantsov
function given by:

Iv3D (PeT ) = PeT exp (PeT )

∫ ∞

PeT

e−s

s
ds (11)

and PeT and PeC respectively the thermal and solutal Peclet num-
bers, given by:

PeT = VRtip
2˛l

(12)

PeC = VRtip
2Dl

(13)

with Rtip the dendrite tip radius, �l the thermal diffusivity, and Dl
the diffusion coefficient of solute.

Supposing thermal and solutal Peclet numbers are below to 1,
one can use the approximation of Ivantsov fonction proposed by
Dantzig and Rappaz (2009) :

Iv3D Pe ≈ 1.5Pe0.8 (14)

The undercooling is then given according to the growth rate of
columnar grains by the simplified expression:


Ts =
TT +
Tc = 1.5�0.8�sl
0.4

0.8 0.8
Lf Dl −mlC0 1 − k0 Cp˛l

Cp
0.6˛l0.4Dl

0.4 Lf Dl −mlC0 1 − k0 Cp˛l
0.4
V0.4 (15)

with �sl the Gibbs Thomson coefficient.



0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

Te

W
id

th
 o

f 
co

lu
m

n
ar

 z
o

n
e 

(s
ta

n
d

ar
d

iz
ed

 u
n

it
) Experience

Simulation

ompu

3
u

s
u
t
l
i

ı

T
i
b
f

3

s
2
n
i
n
p

a

w
d
r

e
r




Test 1

Fig. 8. Comparison of the width of the columnar grains zone c

.3. Nucleation and growth of equiaxed grains in the
ndercooling region

The width � of the undercooling region near the columnar
olidification front, supposed very small, is calculated from the
ndercooling
Ts and the maximal thermal gradient G (normal to
he isothermal surface) on each point of the liquidus. Supposing a
inear temperature variation in this area, the undercooling width �
s given by:

= 
Ts
G

(16)

he nucleation of equiaxed grains is supposed to be possible only
n this area. The undercooling on each point of this zone then varies
etween	Ts at the columnar front to 0 at the distance � from this
ront.

.4. Number of formed nuclei

The athermal nucleation model developed by Greer to predict
olidification during casting of aluminum alloys (Tronche et al.,
000) has been retained. This model is well suited for heteroge-
eous nucleation from small solid particles (Greer et al., 2003), as

n ferritic stainless steels inoculated with Ti, in which ferritic grains
ucleate from Ti-rich refractory compounds formed in the weld
ool (Villaret et al., 2013b).

It is supposed the size distribution of Ti-rich precipitates can be
pproximated using a lognormal distribution:

dn

d
= nmax

	�
√

2�

1
	

exp

(
− 1

2

(
ln 	 − ln 	0

	�

)2
)

(17)

ith ˚ the precipitate diameter, n max the precipitates number
ensity, ˚� and ln˚0 the distribution parameters, corresponding
espectively to the standard deviation and the mean.

According the Greer nucleation model, each precipitate of diam-
ter 
 is associated to a nucleation undercooling 	T given by

elation (18):

T = 4�sl
	

(18)
st 2 Test 3

ted and experimentally observed for the three welding tests.

One can deduce the nucleation undercooling distribution, i.e.,
the number of nuclei “activated” according to the undercooling	T:

dn

d
T
= nmax


T�
√

2�

1

T

exp

(
− 1

2

(
ln
T − ln
T0


T�

)2
)

(19)

with
T� =˚� and
T0 = 4� sl/˚0.
The number of nuclei formed in each elementary volume of the

undercooling zone, associated to the undercooling	Ti (between 0
and	Ts), is then given by relation (20):

dn(
Ti) = nmax


T�
√

2�

1

Ti

exp

(
− 1

2

(
ln
Ti − ln
T0


T�

)2
)
d
Ti (20)

3.5. Growth of equiaxed grains

Once nuclei are formed, equiaxed grains will grow at a growth
rate depending on the undercooling	Ti in the surrounding liquid
volume, supposed to be at the same temperature than the nuclei.
The growth rate of equiaxed grains ve follows the same growth law
than columnar grains:

ve = A
Ti2.5 (21)

with A =
(
Cp

0.6˛l
0.4Dl

0.4
(
Lf Dl −mlC0 (1 − k0)Cp˛l

)0.4

1,5�0.8�sl
0.4 (

Lf Dl
0.8 −mlC0 (1 − k0)Cp˛l0.8

)
)2.5

During the time between the moment where the nuclei is
formed, at time ti, and the moment ts where the columnar front
arrives (at the speed V), the equiaxed grain reaches a radius R given
by:

R =
ts∫
ti

vedt = A

GV


Ts∫

Ti


T2.5d
T = A

3.5GV

Ts

3.5 −
Ti3.5 (22)

The volume of equiaxed grains formed at the undercooling	Ti
is then equal to:

dV(
Ti) = nmax√ 1
exp − 1 ln
Ti − ln
T0

2


T� 2 
Ti 2 
T�

4
3
�

A

3.5GV

Ts

3.5 −
Ti3.5
3

d
Ti (23)



Table 1
Composition of the ferritic stainless steel K44 (Arcelor Mittal).

Element C Si Mn Cr Mo Al Nb Ti V Fe

Weight% 0.02 0.45 0.39 18 2.09 0.007 0.29 0.16 0.1 79.9

Table 2
Material properties used for thermal numerical simulation.

Temperature Specific heat Cp Thermal Conductivity � Density �
(◦C) (J kg−1 K−1) (W m−1 K−1) (kg m−3)

23 452 19.7 7675
200 522 21.0 7632
400 608 21.9 7581
600 840 22.8 7526
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Table 3
Heat source parameters and heat transfer coefficients used for thermal simulation.
800 612 23.0 7467
1000 – – 7392

The total volume of equiaxed grains is equal to the sum of the
olumes of grains formed at all undercooling between 0 and	Ts:

ge (
Ts) =

Ts∫

0

dV(
Ti) (24)

To take into account the decrease of the growth rate due to
he possible blocking between adjacent grains, one considers the
olume fraction of equiaxed grains follows an Avrami law:

ge = 1 − exp
(
−Vge (
Ts)

)
(25)

. Identification of data required for computation

The modeling described in the previous sections has been
mployed to study the behavior during GTAW of the melted zone
f a ferritic stainless steel containing Ti as inoculant. Previous
xperimental results validated the assumption of an heterogeneous
ucleation mechanism promoting the CET during Gas Metal Arc
elding of such stainless steels, and then confirms the choice of a

ucleation theory based on the Greer model. In a previous paper
Villaret et al., 2013b), it has been shown the CET is favored by a
igh Ti content in the filler metal (upper to 0.15 wt%), that forms
efractory compounds in the weld pool acting as heterogeneous
ucleation sites. These refractory compounds can be detected
y Scanning Electron Microscopy (SEM) and Energy Dispersive
pectroscopy (EDS) analyses, and their distribution are directly cor-
elated to the Ti content. However the CET, that occurs when the
olumnar growth is stopped by the equiaxed grains formed in the
ndercooling zone, is controlled for a given composition (i.e., for
given content of inoculants as Ti), by thermal conditions during

olidification, that determine the undercooling. In order to test the
bility of the proposed modeling to predict the CET, a stainless steel
aving a controlled Ti content of 0.16 wt%, namely the K44 alloy
upplied by Arcelor Mittal (Table 1), is used.

.1. Thermal simulation

The physical characteristics of the material (�, Cp, �) vary with
emperature, and are given in Table 2 up to 800 or 1000 ◦C. These
haracteristics are assumed to be constant beyond these tempera-
ures up to the solidus temperature of the material.

The heat source parameters are chosen using literature data and
xperimental considerations. The width parameter Rs is chosen

o be rather similar to the arc radius, and de process efficiency �
s chosen according to literature data and validated by compari-
on between preliminary simulations and previous welding tests
esults (Table 3).
Rs (mm) Process efficiency � Emissivity � Convection coefficient h (W/m2)

2 0.5 0.05 7.5

Radiation and convection heat transfer coefficients are chosen
according to previous instrumented welding tests, using compar-
isons between numerical and experimental cooling rates (Table 3).

4.2. CET modeling

4.2.1. Physical properties of the material
The physical properties required for the computation are gath-

ered in Table 4. Formulations expressing the relationship between
undercooling and growth rate (15) are given for binary alloys. In
the case of multi-component alloys, one can consider an equivalent
pseudo-system. ml, C0, and k0 parameters are then replaced by the
following expressions (Mingbo Yang and Fusheng Pan, 2009):

C0 =
∑
i

Ci ml =
∑
i

miCi
C0

k0 =
∑
i

miCiki
mlC0

(26)

where Ci is the concentration of element i, mi and ki respectively the
liquidus slope and the partition coefficient in the binary diagram
Fe-element i.

Only Cr and Mo elements are took into account, that have the
higher contents in the material, to compute these parameters.

4.3. Taking account of convection in the weld pool

Using values of Table 4, the undercooling at the columnar solidi-
fication front, composed of dendrite tips, given by eq. 15, becomes:


Ts = 105.3V0.4 (27)

with V in m/s.
Eq. (15) is established using a “marginal stability criteria” that

suppose the dendrite tip radius Rtip is equal to the minimal wave-
length of disturbance �min producing the instability of a planar
solidification front (Dantzig and Rappaz, 2009). According to this
criteria, the dendrite tip radius is given by:

Rtip = �min = 2�

√
�sl

mlGc − G (28)

where Gc and G are respectively the solute gradient and the thermal
gradient in the liquid at the solidification front, given, according to
the Ivantsov analyze (Dantzig and Rappaz, 2009), by:

G = − 2PeTLf
CpRtip

(29)

Gc = − 2PeCCl (1 − k0)
Rtip

(30)

The dendrite tip radius calculated with the values of Table 4, of
about 0.5 �m, is very low compared to that generally observed after
welding of these ferritic stainless steel, which is about 10 �m. That
seems to prove the convection phenomena due to fluid flow acting
in the weld pool have a significant effect on the solidification mech-
anism, by promoting the thermal and solute transfers, and then by
increasing the thermal and solute limit boundary layers, given by
ıT = 2˛l/V and ıC = 2Dl/V for pure diffusive mechanisms. If one
considers thermal and solute boundary layers have the same thick-

ness due to the convection, the effect of fluid flow can be artificially
traduced by an increase of the thermal and solute diffusivity coeffi-
cients. The “equivalent diffusivity” Deq corresponding to a dendrite
tip radius of 10 �m is 2.3 10−5 m2 s−1 for a moving velocity of the



Table 4
Physical properties used for the solidification modeling.

Physical property Value References

Dl (diffusion coefficient of solute into the liquid) 3.10−9 m2 s−1 Dantzig and Rappaz(2009)
ml (liquidus slope) −186 Kagawa and Okamoto(1984)
k0 (partition coefficient of solute ms/ml) 0.61 Kagawa and Okamoto (1984)
C0 (solute concentration in the liquid) 0.209 Kagawa and Okamoto (1984)
�sl (Gibbs Thomson coefficient, �sl/�	Sf) 1.9 10−7 m K Dantzig and Rappaz (2009)
�sl (solid-liquid surface tension) 0.204 J m−2 Dantzig and Rappaz (2009)
�	Sf (volume entropy of fusion) 1.07 106 J m−3 K−1 Dantzig and Rappaz (2009)

−6 m2 s−1 Nishi et al. (2003)
kg−1 K−1 Dantzig and Rappaz (2009)
105 J kg−1 Dantzig and Rappaz (2009)
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Table 5
Welding parameters for GTAW tests.

Voltage (V) Curent (A) Welding speed (mm/s)
�l (thermal diffusivity in liquid steel) 6.10
Cp (specific heat) 820 J
Lf (latent heat of fusion) 2.76

olidification front of 0.005 ms−1, corresponding to a representative
alue in welding. By replacing �l and Dl by this new coefficient, Eqs.
15) and (27) become:


Ts =
TT +
Tc = 1.5�0.8

�sl
0.4

Cp
0.6Deq

0.4

(
Lf −mlC0 (1 − k0)Cp

)0.6
V0.4 = 18.55V0.4 (31)

ith V in m/s.

.4. Precipitates distribution in the melting zone

The nucleation model defines in Eq. (17) a precipitates distribu-
ion allowing the heterogeneous nucleation of equiaxed grains in
he undercooling zone. In ferritic stainless steel, these precipitates
re supposed to be titanium-based refractory compounds (Villaret
t al., 2013b). One of the limitation of this model is it requires
he identification of this precipitates distribution. In order to study
his distribution, a methodology has been developed and tested on
everal stainless steels. The precipitates distribution analysis is car-
ied out using a SEM equipped with INCA analysis setup developed
y OXFORD© (www.oxford-instruments.com). This tool allows to
utomatically detect and analyze by EDS, in a predefined field of the
ample, particles using the grey level differences compared to the
atrix. This tool gives for each detected particle its position, size,

rey level and composition. The magnification of SEM images for
he analyze is fixed at 700 to detect particles of less than 0.05 �m
n diameter. The analysis field consists in 9 SEM images represent-
ng a total surface area of about 0.5 mm2. A threshold of grey level
s chosen to separate Ti-rich particles, that appear in dark grey on
EM images, and the matrix. The main elements of the steel, namely
hromium and iron, plus Ti and Nb additive elements are analyzed
y EDS on each detected particle, in order to confirm it is Ti-rich
article. That allows to eliminate from the distribution for instance
orosities, that appears also in dark contrast in the SEM images.
inally, a dedicated Python routine is developed to select, accord-
ng to the EDS analyses, the Ti-reach particles, and to compute their
ize distribution.

This analysis method has been used to compare the Ti-rich pre-
ipitates distribution of the melting zone of ferritic stainless steels
ontaining various Ti contents, and revealed significant changes
etween the compositions. Fig. 1 shows the differences between
steels containing various Ti contents, and then various Ti-rich

articles distributions. The first one, containing 0.07 wt% titanium,
xhibit a columnar grain structure in the melting zone, except in
he center-part and the top, where some coarse equiaxed grains
re formed. Conversely, the second one, containing 0.15% titanium,

xhibit a quasi-complete equiaxed grains structure in the melting
one. As a consequence of a higher Ti content, a greater number of
i-rich precipitates is formed, and CET is promoted in the melting
one.
Test 1 13 155 4.9
Test 2 13.5 253.5 9.5
Test 3 14.5 303.5 12.9

On the other hand, when a given composition is melted by
GTAW process with various welding parameters, there is only
minor changes in the precipitates distribution, that shows this dis-
tribution is mainly controlled by the steel composition. It is an
interesting result because that means the precipitates distribution
for a given steel composition has to be characterized only one time,
whatever the welding parameters used.

Fig. 2 shows the size distribution of Ti-rich precipitates obtained
by analyzing the melting zone of the K44 steel, containing 0.16%
titanium, and the associated lognormal law. The parameters of the
lognormal law are computed according to relations:

ln 	0 =
n∑
i=1

ni
nT

ln 	i (32)

� =

√√√√ n∑
i=1

(
ln 	i − ln 	0

)2 ni
nT

(33)

nmax =
n∑
i=1

ni

	

(34)

with ni the number of particles per volume unit of diameter�i, nT
the total number of particles per volume unit (m−3), and 	� the
width of the diameter classes.

The size distribution parameters identified from this analyze are
given in Fig. 2. One can deduced from these parameters the distri-
bution parameters of the “nucleation undercooling” distribution of
Eq. (19).

5. Comparison with experimental results

In order to test the ability of the proposed modeling to predict
the CET, bead on plate tests using GTAW process on K44 steel are
carried out and analyzed for comparison to the simulation predic-
tions.

5.1. Experimental details

Three GTAW welding tests have been achieved with various
welding parameters chosen in order to produce increasing under-

cooling, and then to promote CET (Table 5). The welding speed and
current have been simultaneously increased to obtain for each test
a rather constant width of melting zone. A GTAW source Sincos-
alt AC/DC 400A, associated with an automatic water-cooled torch

http://www.oxford-instruments.com
http://www.oxford-instruments.com
http://www.oxford-instruments.com
http://www.oxford-instruments.com
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EC4SAF-FRO equipped with a thoriated tungsten electrode (W-
% Th) of 2.4 mm diameter with a filing angle of 45◦, has been used.
he shielding gas is a 99.5% pure argon (ARCAL 1 Air Liquide) with
flow rate of 15 l/min.

The samples are stainless steel sheets of 160 × 60 × 1.8 mm3. Six
-type sheathed thermocouples of 0.5 mm diameter were placed
n each test specimen (Fig. 3), on the back face in order to pro-
ect them against the arc radiation, that can distort measurements.
o keep thermocouples in position, they have been embedded in
.5 mm diameter holes of 0.5 mm depth machined using hemi-
pherical machining tools to improve contact surface between the
ample and the thermocouples. Thermal acquisitions are made at
frequency of 20 Hz for 120 s.

.2. Thermal modeling

Fig. 4 compares the thermal cycle measured by thermocouple
3 with those computed by numerical simulation at the nodes

ocated near the location of thermocouple T3. The center position of
he thermocouple does not correspond exactly to a node position,
o several thermal cycles corresponding to neighboring nodes are
hown. Comparison between simulated and experimental temper-
ture curves shows good agreement, excepts for the thermocouples
losest to the melting zone (T4 and T6), where the computed max-
mum temperature is about 200◦ higher than that measured. This
an be explained in particular by the thermal inertia of the sheathed
hermocouples and the imperfect contact with the sample.

Fig. 5 compares the computed isothermal lines corresponding
o the liquidus temperature of the alloy with the boundary of the
eld pool observed at the end of the fusion line. One can see that

espite a comparable width, the length of the experimental weld
ool is always greater than the simulated one. That can be due to
he fact that the physical phenomena related to the fluid flow in
he weld pool are not taken into account by the simulation. Note
lso that in the numerical simulation, we consider the boundary
f the weld pool is given by the liquidus isotherm, while the real
oundary at the rear of the weld pool may be at lower temperature
ue to the undercooling, and may not correspond to an isothermal
urface. However, despite the simplification adopted in the thermal
odeling, the weld pool boundary and the thermal field are globally
ell predicted for each welding condition.

.3. Prediction of the CET

Fig. 6 shows in top view the grain structure of the melting zone
ormed for the three welding tests. One can see the fraction of
quiaxed grains in the center part of the melting zone increases
ith the welding speed, as expected.

Fig. 7 shows the evolution of the equiaxed grain fraction in
he melting zone computed from the thermal simulation of test
, using the “diffusive model” (Eq. (27)) or the “convective model”
Eq. (31)) for undercooling computation. The content of equiaxed
rains increases from the fusion line boundary to the centerline.
ne can see that if the correction proposed for taking into account

he effects of convection phenomena is not applied, the fraction of
quiaxed grains reaches high values, traducing a CET that promote
he formation of equiaxed grains in the major part of the melting
one, what is not in agreement with the experimental results. The
odel taking into account the convection phenomena seems then
ore realistic. Comparing this first numerical result with experi-
ent, the fraction of equiaxed grains producing the CET is chosen

qual to 20%. One can then compare the width of the columnar

rain zone computed for the three welding tests with experiment.
ig. 8 shows the general tendency, that involves an increase of the
idth of the equiaxed grains zone with the increase of the welding

peed, is well predicted by the modeling, despite a overestimation
of the width of the columnar grain zone obtained with the highest
welding speed.

6. Conclusions

- A modeling has been proposed to predict the columnar to
equiaxed transition in the weld pool of ferritic stainless steels
inoculated with Ti, according to welding parameters.

- The first step of the modeling consists to a thermal numerical
simulation of the welding process from which thermal fields all
around the weld pool boundary are extracted.

- In a second step, the thermal data are post-treated in order
to compute the undercolling, taking into account the effect of
the convection phenomena, and the fraction of equiaxed grains
formed in the undercooling zone all around the weld pool bound-
ary.

- The modeling requires to know the size distribution of Ti-rich
refractory compounds in the weld pool promoting the heteroge-
neous nucleation of equiaxed grains, that have been determined
using a specific method based on SEM and EDS analyzes.

- The confrontation of the model to experimental results shows it
can reproduce in a realistic manner the columnar and equiaxed
zone in a ferritic stainless steel containing Ti as inoculant.
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