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The heat and mass transfer behavior and the morphological evolution of the solidification structures in
the weld pool were simulated by the multi-scale model which combines the finite element (FE) and the
cellular automata (CA) methods to investigate the columnar to equiaxed transition (CET) process during
welding. The grain structure evolution within the entire weld and the competitive dendrite growth at dif-
ferent locations were studied to better understand the CET process. The results indicate that with the
decrease of the distance to weld center, the undercooled zone width and the maximum undercooling
increase. In this case, more equiaxed dendrites form in the undercooled melt, and the distance between
the equiaxed dendrites and the columnar front also becomes lager. There is more space for the equiaxed
dendrites to grow up and block the columnar dendrites. Therefore, the equiaxed dendrites become more

competitive, and the CET tendency increases.
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1. Introduction

Fusion welding has a wide range of applications in the
manufacturing industry field.” The morphology of the
solidification structure in the molten pool controls the
ultimate mechanical properties of the weld.? The colum-
nar to equiaxed transition (CET) in the weld produce the
continuous equiaxed grain zone in the weld as shown in
Fig. 1> which can obviously refine the grain and improve
the mechanical properties of the weld. Therefore, in order
to obtain the finer equiaxed grain structure and the bet-
ter mechanical properties of the weld, the study on the
CET phenomenon during welding should be performed to
provide the useful information for the welding parameter
optimization. The various grain structure morphologies in
the weld is directly determined by the competitive growth
of microstructures with different preferential orientations in
the molten pool. The welding parameters exert an important
influence on the grain structure evolution through changing
the solidification conditions. As a result, to better understand
the CET process during welding, it is necessary to investi-
gate the competitive growth of microstructures in the molten
pool. However, owing to the complicated welding process,
it is difficult to observe the highly dynamic solidification
behavior.

With the development of the numerical technique, the
solidification structure morphology in the molten pool could
be simulated directly by the Phase field (PF) and the cellular
automata (CA) methods. Pavlyk? simulated the dendrite
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morphology in the molten pool of gas tungsten arc welding
(GTAW) by the CA model. Y. Wei” developed a numeri-
cal model based on CA technique to study the columnar
dendritic grain growth at the edge of the weld pool. X.
Zhan®" proposed a limited angles method to improve the
CA model and simulated the competitive dendrite growth
in the molten pool. R. Ma® and Z. Dong” investigated the
dendrite morphology and the solute redistribution with the
fluid flowing in the weld pool. The dendrite growth in the
laser-engineered net shaping process was studied by Yin'?
using a two-dimensional model combining the FE and CA
methods. The grain structure morphology in the weld of
GTAW was simulated by Chen'" and Bordreuil'? using the
CA model. Tan and Shin"*'® proposed a two-dimensional
CA-PF model to study the dendrite and grain growth in the

Fig. 1. The equiaxed grain structure in the gas tungsten arc (GTA)
weld.? The welds shown in this figure are full penetrated in

order to obtain the two-dimensional solidification structures.
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molten pool. Farzadi'® and Fallah'” simulated the dendrite
morphology evolution in the molten pool using the PF
method. The microstructure evolution with the transient
solidification conditions was simulated by W. Zheng'®!?
using the PF model. A review of these studies shows that
the dendrite morphology evolution was investigated, and
the grain structure in the weld was also simulated through
coupling the macro-scale heat transfer model. As men-
tioned above, the CET process during welding is directly
controlled by the competitive growth of the microstructures
under the transient thermal conditions within the entire mol-
ten pool. Therefore, to comprehensively understand the CET
process, both the transient solidification conditions along
the trailing pool boundary and the competitive growth of
the solidification structures should be considered. However,
the multi-scale study for the CET process during GTAW
which contains the heat and mass transfer in the molten
pool, the grain structure evolution within the entire weld,
and the competitive growth of microstructures has not been
presented.

In the present work, the FE model and the CA technique
are adopted to simulate the heat and mass transfer behavior
and the morphological evolution of the solidification struc-
tures in the weld, respectively. The solidification conditions
along the trailing pool boundary have been extracted and
analyzed. The morphological evolution of the grain structure
within the entire weld is simulated to show the complete
CET process during welding. The calculation conditions
used in the CA model are obtained from the results of the
FE model through the interpolation method. In addition, the
simulation for the competitive growth of microstructures at
different locations is also performed to further understand
the CET process at micro-scale.

2. The Model Description

The heat and mass transfer behavior during welding is
calculated by a three-dimensional FE model to obtain the
transient solidification conditions in the weld pool. In this
model, the complicated fluid flow in the molten pool is
considered. To simplify the numerical model, some basic
assumptions have been made as follows: (1) this problem is
symmetric in the longitude plane along the welding direc-
tion, (2) the fluid flow in the welding pool is laminar, incom-
pressible and Newtonian, and (3) the deformation of the free
surface during welding process is ignored. To calculate the
heat and mass transfer process, it is necessary to solve the
equations of energy, mass and momentum conservation.
These conservation equations in three-dimensional Carte-

sian coordinate system are shown as follows.?”
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where p is the density of the metal, u, v, w are velocities
of the liquid metal, S,, S, S- are the volume forces in the
molten pool, K is the thermal conductivity, C, is the specific
heat, Sy is the latent heat. The solidification structure evolu-
tion in the weld pool occurs in the three-dimensional space.
However, the solidification conditions and the grain struc-
ture in the weld can be simplified if the thin plate-shaped
workpiece and the full penetration process are applied. In
this case, the solidification conditions and the grain struc-
ture in the weld do not change obviously along the thick-
ness direction of the workpiece and can be approximately
considered as two-dimensional problems. As a result, the
workpiece used in the FE model is a carbon steel plate with
the length of 100 mm, width of 50 mm, and thickness of 2
mm. This method also adopted by many previously reported
experimental investigations for the grain structure evolution
in the weld.?'* To obtain the full penetrated weld, the
welding current is 110 A, the voltage is 12 V, and the speed
is 1.5 mm/s in the simulation. The material properties of
the carbon steel are obtained from the reference.”” The CA
technique is adopted to simulate the solidification structure
morphology in the molten pool. The physical properties of
the Fe—C binary alloy used in the calculation are listed in
Table 1.%*” The solute distribution in the molten pool is
solved by the equation as follows:*®

%:Di.vzcﬁc,..(pk)% ................. 6)
ot ot
Table 1. Physical properties of the Fe—C alloy.?**”
Physical property Value
Density, p (kg/m®) 7200
Latent heat, L (J/kg) 2.47x107°
Liquidus temperature, 77, (K) 1763
Liquidus slope, m; (K/wt.%) —80
Equilibrium partition coefficient, & 0.34
Gibbs-Thomson coefficient, I' (K m) 1.9x10°7
Solute diffusion coefficient in the liquid, D;, (m?/s) 2x107°
Solute diffusion coefficient in the solid, Ds (m?/s) 5x10°1°
Alloy initial composition, Cy (Wt.%) 0.6
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where C is the solute concentration, D is the solute diffu-
sivity, the subscript 7 indicates liquid or solid, and f; is the
solid fraction. The local curvature of the S/L interface is
calculated by*®
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According to the results of the actual temperature and the
local interface curvature, the interface equilibrium composi-
tion C; can be obtained by26)
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where Cj is the initial composition, 7’ " is the actual tempera-
ture calculated by the FE model, 7% is the liquidus at the
initial solute composition, m; is the liquidus slope, and T is
the Gibbs-Thomson coefficient. The f(¢, 60) is the surface
tension anisotropy function and can be calculated by?®

[(@,0)=1-8cos[4(p—0)]

where ¢ is the angle between the x-axis and the normal
to S/L interface, 6 is the preferential orientation of the
nucleus, and 0 is the anisotropic coefficient. According to
the gradient of solid fraction at the S/L interface, ¢ can be

.26)

calculated by:
o5 {
@ =cos
The growth velocity of the solidification structure is con-
trolled by the increase of solid fraction in the interface cells
which can be obtained by*®
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In the calculation, a random fluctuation F; has been added
to the solid fraction increment for the interface cells to simu-
late the sidebranch formation, which can be calculated by

where Ay is the coefficient, and Ry is the random number
in the range of [—1, 1]. The description of the capturing
algorithm for the new interface cells is shown in refer-
ence.”” The nucleation of equiaxed grains is important for
the CET in the weld and determined as a function of the
undercooling. A continuous Gaussian nucleation distribu-
tion is adopted to relate the nuclear density increase to the
increased effective undercooling. The total number of the
nuclei for a given AT can be obtained by:**~?
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where ATy is the mean nucleation undercooling, AT is the
standard deviation of the distribution and N, is the maxi-
mum nucleation density. The above nucleation parameters
control the number and the location of the equiaxed grains
in the weld during solidification. To obtain the complete
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CET process in the weld under the welding parameters used
in the simulation, the Ny is 1x10'° m 3, the ATy is 11 K,
and the ATs is 1 K in the calculation. Since the FE mesh
is much larger than the CA mesh, the bilinear interpolation
method is adopted which is described in reference.'”)

3. Results and Discussions

3.1. Model Test

The tip velocity and the equilibrium composition of an
equiaxed dendrite of the Fe-0.6 wt.% C alloy in the under-
cooled melt are calculated to verify the accuracy of the
developed CA model. Figure 2(a) shows the variation of the
tip velocity with the solidification time. At the beginning, the
tip velocity is much larger than the steady value. With the
increase of the solidification time, the tip velocity decreases
owing to the solute accumulation in front of the S/L inter-
face. The dendrite growth comes to the steady stage when
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Fig. 2. (a) The variation of the tip velocity with the solidification
time at 7 K undercooling. (b) The steady tip velocities cal-
culated by the present CA model and other previous mod-
els®*3% for different undercoolings. (c) The equilibrium

compositions for different undercoolings.
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the rejected solute is equal to that which can be transferred
away.”® Figure 2(b) shows the steady tip velocity for differ-
ent undercoolings. It can be observed that the scaling of the
tip velocity calculated by the present CA model is consistent
with the results from the LGK analytical model*® and the
other published numerical model.*¥ The actual solidification
conditions in the weld pool is more complicated. In order to
guarantee the rationality of the model, a constant low weld-
ing speed is adopted in the following calculation to obtain the
steady welding process and the small solidification rate of the
grains. The solute accumulated in front of the S/L interface
during the crystal growth can affect the undercooling distribu-
tion in the liquid. Therefore, the equilibrium compositions for
various undercoolings calculated by the present CA model are
also compared with the results of the LGK model as shown in
Fig. 2(c). It can be seen that the agreement of the equilibrium
composition values appears to be good. The accurate simula-
tion for the dendrites with random preferential orientations
is important for the investigation of the competitive dendrite
growth in the molten pool. Figure 3 shows the simulated
results of equiaxed dendrites with various preferential orienta-
tions. It can be observed that the actual growth direction of
each dendrite agrees well with its defined direction.

3.2. Grain Structure Evolution in the Entire Weld
Figure 4 shows the simulated result of the temperature
field on the upper surface of the workpiece. It can be
observed that an elliptical-shaped molten pool forms dur-
ing welding owing to the moving heat source. The CET
process in the weld is controlled by the competitive growth
between the columnar grains from the fusion line and the
new equiaxed grains in the undercooled molten pool, which
is affected directly by the transient solidification conditions.
Figure 5(a) illustrates the temperature gradient G along
the trailing pool boundary. It can be observed that with the
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decrease of the distance to the weld center, the temperature
gradient at the trailing pool boundary decreases from 568.3
to 185.4 K/mm. The solidification rate along the normal to

trailing pool boundary is related with the weld pool shape

and can be expressed as follows:*

R= Vwelding . COS(a)

where R is the solidification rate, Vieuing 1S the welding
speed, and o is the angle between the welding direction
and the normal to trailing pool boundary. The angel o and
the solidification rate along the trailing pool boundary are
shown in Fig. 5(b). The cooling rate during solidification,
which is equivalent to the product, GXR, affects the micro-
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Fig. 4. Simulated results of temperature field on the upper surface
of the workpiece. The welding speed is 2 mm/s, the weld-
ing current is 110 A, and the voltage is 12 V.
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Fig.3. The morphologies of equiaxed dendrites of the Fe-0.6 wt.% C alloy with the preferential orientations of (a) 0, (b)
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structure scale in the weld. The ratio, G/R, largely deter-
mines the solidification structure morphology.’® Figure 6
shows the cooling rate and the ratio, G/R, along the trailing
pool boundary. It can be observed that with the decrease
of the distance to the weld center, the cooling rate dur-
ing solidification increases from 0 to 370.8 K/s, and G/R
decreases from 258107 to 9.27x10" K s m 2,

Figure 7 illustrates the grain structure evolution in the
entire molten pool during welding. The calculation domain
is the left half of the weld. It can be seen that the solidifica-
tion of weld pool begins from the epitaxial growth on the
partially melted substrate grains located at the fusion line.”)
Then the competitive growth of grains with random preferen-
tial orientations occurs during the solidification process. The
grains with the preferential orientations closer to the highest
temperature gradient direction will be more competitive and
block those less favorably oriented grains. It is difficult to
find the equiaxed grains near the fusion line. With the growth
of the columnar grains toward the weld center, the highest
temperature gradient direction moves closer to the welding
direction. It is worth noticing that the columnar grains will
not curve with the change of the highest temperature gradi-
ent direction owing to the anisotropic growth kinetics for the
dendritic structure. With the development of solidification,
a few equiaxed grains begin to form in the weld. However,
compared with the columnar grains, these equiaxed grains
are less competitive and surrounded by the columnar grains
after solidification. With the decrease of the distance to the
weld center, the equiaxed grains increase gradually and
finally block the columnar grains from the fusion line. The
above results indicate that the CET process is directly related
with the competition between the columnar and equiaxed
grains which is controlled by the solidification conditions.
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Fig. 6. The GXxR and G/R along the trailing pool boundary. The x
axis is the distance to the weld center.
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Fig. 7. The simulated results for the morphological evolution of
the grain structure within the entire weld.
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Owing to the limitation of the computational coefficient, the
coarser mesh with the length of 4 um is used in the calcu-
lation for the grain structure evolution shown in Fig. 7 to
qualitatively illustrate the complete CET process in the entire
weld. However, this result can not quantitatively reflect the
morphological evolutions of the columnar and equiaxed
dendrites which are important to understand the micro-
mechanism for the CET. In order to obtain more detailed
information and better understand the CET mechanism, the
micro-scale simulation for the competitive dendrite growth
under various solidification conditions should be performed.

3.3. Competitive Dendrite Growth During CET

The competitive dendrite growth at different locations
along the trailing pool boundary has been simulated in this
section. The calculation domain is 0.5 mmx0.5 mm, and
the cell size is 0.5 um. Figure 8 illustrates the schematic
diagram for the locations of the calculation domains A, B,
and C. To clearly show the complete competition process
between the columnar and equiaxed dendrites within the
micro-scale calculation domains along the trailing pool
boundary, the simulation for the competitive dendrite growth

© 2016 ISIJ
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is divided into two stages. Firstly, the columnar dendrites
begin to grow form the bottom of the calculation domain.
Owing to the small size of the calculation domain, the maxi-
mum temperature gradient direction does not change obvi-
ously within the calculation domain. In addition, according
to the previous reference,’” the orientations of the columnar
dendrites do not exert the important influence on the CET
result. As a result, to simplify the model, the preferential
orientation of the columnar dendrite is uniform and normal
to the trailing pool boundary in the present calculation. When
the columnar dendrites come to the steady growth stage, the
heterogeneous nucleation has been added in the model, and
the competitive growth between columnar and equiaxed den-
drites occurs. This method can illustrate the complete process
of the competitive dendrite growth under various solidifica-
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Fig. 8. The schematic diagram for the calculation domains of the
competitive dendrite growth.
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tion conditions along the trailing pool boundary and will not
change the completion result of dendrites.
Figure 9 shows the columnar dendrite morphology in
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Fig. 9. The columnar dendrite morphology in the (a) calculation domain A, (b) calculation domain B, and (c) calculation
domain C. The size of the calculation domain is 0.5 mmx0.5 mm, and the cell size is 0.5 um.
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the different calculation domains. The preferential orienta-
tion of the columnar dendrite is normal to the trailing pool
boundary. It can be observed that the dendrite arm spacing
decreases from the domain A to C. It is because that the
cooling rate during solidification dominates the dendrite
arm spacing and increases continuously from the fusion
line to the weld center. The undercooled melt is the neces-
sary condition for the nuclei to form and grow up. In the
weld pool, the heat flow direction is always opposite to the
solidification direction, and the temperature gradient in front

2 300
Xfamt

Fig. 12.

of the trailing pool boundary is always positive. Therefore,
the undercooled zone only distributes near the trailing pool
boundary. The undercooling AT can be calculated as fol-
lows:

AT =[T, +m(C, - Co)]-T"

According to the Eq. (15), the liquid metal is undercooled
if the undercooling AT is positive. Figure 10 illustrates
the distribution of the undercooling in different calcula-
tion domains. It can be seen that the area of the greatest

500

200
X (umh

300 400

The morphological evolution of solidification structures during the competitive dendrite growth in the calcula-

tion domain A. (a, c, e and g) show the evolution of the concentration field. (b, d, f and h) show the dendrite

morphology evolution.
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undercooling is clearly shown to be the columnar dendrite
groove region rather than the region in front of the columnar
tips. To accurately analyze the undercooling, the lines A-A
and B-B as shown in Fig. 10 are selected to represent the
columnar dendrite groove and the dendrite tip, respectively.
Figure 11(a) shows the undercooling along the lines A-A
and B-B in the calculation domain C. It can be observed
that the undercooling increases rapidly to the maximum
value and then decreases to 0 K again from the S/L interface
to the liquid. The width of the undercooled zone in front

710 ana
X (um

of the columnar tip is 70 um. Figure 11(b) illustrates the
undercooled zone width and the maximum undercooling
in different calculation domains. It can be seen that from
the calculation domain A to C, the undercooled zone width
increases from 33.65 to 70 um, the maximum undercooling
in the dendrite grooves increases from 9.5 to 13.5 K.
Figure 12 shows the morphological evolution for the
competitive dendrite growth in the calculation domain A.
Near the fusion line, both the undercooled zone width and
the maximum undercooling are small. The columnar den-

(b)

(d)

&)

(h)

—w
X (mm}

A
120

Fig. 13. The morphological evolution of solidification structures during the competitive dendrite growth in the calcula-
tion domain B. (a, ¢, e and g) show the evolution of the concentration field. (b, d, f and h) show the dendrite

morphology evolution.
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drite grooves have the maximum undercooling and hence
are the favored locations for the heterogeneous nucleation.
However, the equiaxed dendrite formed in the columnar
dendrite groove is less competitive than the existing colum-
nar dendrites around it in most cases. As a result, the inter-
dendritic equiaxed grains appear as small “islands” in the
final columnar region.*” With the decrease of the distance
to the weld center, both the undercooled zone width and the
maximum undercooling increase. Therefore, it can be seen
in Fig. 13 that the number of the equiaxed dendrite increases
correspondingly. Besides in the columnar dendrite grooves,
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¥ {pumi
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Y opmy

200
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] 100 a0 400

Fig. 14.

500

the equiaxed dendrites also form in front of the columnar
dendrite tips. However, since the distance to the columnar
dendrite tips is quite small, it is difficult for these equiaxed
dendrites to grow up before the arriving of the columnar
dendrites. Only a few favorably oriented equiaxed dendrites
can grow up and block the columnar dendrites. Owing to
the limited number of the surviving equiaxed grains, these
grains has been elongated in the final solidification struc-
ture. Figure 14 shows the simulated result in the calcula-
tion domain C. It can be observed that the number of the
equiaxed dendrites increases rapidly. Since the undercooled

(b)

X ()

00 300

X (umj

The morphological evolution of solidification structures during the competitive dendrite growth in the calcula-

tion domain C. (a, ¢, e and g) show the evolution of the concentration field. (b, d, f and h) show the dendrite

morphology evolution.
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Fig. 15.
during the CET process.

zone width in the weld center is relatively large, more
equiaxed dendrites are far away from the columnar dendrite
tips. There is enough space for these equiaxed dendrites
to grow up and occupy the growth path of the columnar
dendrites. As a result, the columnar dendrites will be fully
blocked and the CET occurs. The solute interactions has
an important influence on the competitive dendrite growth.
Figure 15(a) shows the enlarged view of concentration
field near the columnar front during the CET process. It
can be observed that the solute rejected by the growing
equiaxed dendrite diffuses to the liquid. The competitive
growth between the equiaxed and columnar dendrites occurs
after the overlapping of the concentration field. The growth
velocity of the columnar dendrites A, B and C which near
the equiaxed dendrite decrease obviously before the contact
of the dendrites. The accumulated solute near the equiaxed
dendrite also affects the undercooling distribution. It can be
found from the Fig. 15(b) that the undercooling around the
equiaxed dendrite becomes lower. As a result, it is difficult
to nucleate near the existing equiaxed dendrite. The results
shown in sections 3.2 and 3.3 indicate that the change of
the solidification conditions leads to the increase of both
the undercooled zone width and the maximum undercool-
ing from the fusion line to the weld center. The equiaxed
dendrites are more competitive during the competition.

4. Conclusions

With the decrease of the distance to the weld center,
the temperature gradient decreases and the solidification
rate increases. Both the undercooled zone width and the
maximum undercooling increase continuously owing to
the change of the solidification conditions. In this case,
more equiaxed dendrites form in the undercooled melt,
and the distance between the equiaxed dendrites and the
columnar front also becomes lager. There is more space for
the equiaxed dendrites to grow up and block the columnar
dendrites. As a result, the equiaxed dendrites become more
competitive during the competitive growth, and the CET
tendency increases form the fusion line to the weld center.
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