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Abstract

A dendritic growth model is established by combining the physical properties of dendritic growth with the characteristics
of the cellular automaton (CA) method. The heat process and the molten pool model of the arc-shaped in the process of
welding solidification are coupled by using the interpolation method. On the basis of that, the growth of dendrites in the
molten pool for Ti-6%Al and Ti-45%Al alloys is simulated and the influence of aluminium content on the morphology
of dendrites in the welding solidification process is analysed. And also the microstructural evolution of the molten pool
during the solidification process is implemented under the condition of the non-uniform temperature field. The results
indicate that the temperature presents the gradual distribution in the non-uniform temperature field and the
microstructure grows competitively at the center of the molten pool. During the progress of solidification, the solute
atoms are enriched in between dendrite arms with the segregation of solute. Simultaneously, with the change of
temperature field, the morphology of dendrites has asymmetry. In addition, the columnar crystals are largely converted
to equiaxed crystals for Ti-6%Al alloy while the result is the opposite for Ti-45%Al alloy resulting from the change of
the aluminium content. The simulated results are in good agreement with the experimental ones. Copyright © 2018

VBRI Press.
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Introduction

The increasing demands for aircraft and aerospace
system performance have extremely called for the
development of improved structural materials. Ti-Al
alloy currently attracts people’s wide attention owing to
its low density, high strength, good corrosion resistance,
and heat resistance, which has been widely used in
aerospace and automotive field [1-3]. In addition, its
high aluminum content makes it highly resistant to
oxidation [4]. But it will produce a larger molten pool
under the condition of the incorrect welding parameters
is mainly due to its high melting point and poor thermal
conductivity. This can lead to the solidification time
after welding becoming longer and the grain becoming
relatively larger with resulting in brittle welded joints
[5]. Therefore, based on the experimental real-time
observation, it is difficult to detect the microstructure
evolution during solidification.

With the rapid development of computer
technology and computational materials science, the
calculation of macroscopic temperature field and stress
field has become increasingly mature [6-7], which
makes the simulation of microstructure evolution
possible. In the last 20 years, the simulation of dendritic

Copyright © 2018 VBRI Press

growth in solidification process was carried out by
various numerical computation models. The two-
dimensional dendritic growth model was firstly built
based on the CA method by Gandin and Rappaz [8],
combined with non-uniform nucleation and dendritic
growth theory, the dendritic growth in solidification
process was simulated. On the basis of the finite
element method and cellular automata technology, the
growth morphology of columnar crystals in the molten
pool was simulated [9-11]. Tan et. al. [12-13] combined
the CA method [14-15] with phase field (PF) method
[16-17], the growth morphology of dendrites in macro
and micro fields was predicted by means of the two-
dimensional CA-PF model. Compared with casting, the
volume of molten pool is smaller with non-uniform
temperature distribution, while the solidification speed
of liquid metals is very fast, and the metal of molten
pool is in the overheated state with large temperature
gradient. These characteristics mentioned above make
the numerical simulation for the process of the molten
pool solidification has irreplaceable particularity. The
solidification process of the welding molten pool was
investigated by using CA-FD coupled model [18].
However, the numerical simulation investigation for
columnar-to-equiaxed transition (CET) of Ti-Al alloys
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during solidification processes of the welding molten
pool is relatively less.

In view of the above problems, the CA model of
dendrite growth of thermal solidification is applied to
the welding thermal process model, the semi-arc and
arc-shaped pool model of dendritic growth were
obtained. Based on the models established, the
evolution of dendritic morphology on the CET in the
molten pool is theoretically and experimentally
investigated under the condition of the change of Al
initial composition for Ti-Al alloys. And the
distribution of solute concentration in the process of
dendritic growth is analyzed. The experiments are
presented and discussed.

Mathematical model and numerical algorithm
Model hypothesis

In order to better describe dendritic growth behavior,

the thermal diffusion, solute diffusion, interface energy

and the dynamic response of high-speed growth must

be comprehensively considered. Hence, there is a need

to make basic assumptions about the used model [19].

1) When the undercooling is not large, the dynamic
effect at high growth is not taken into account and
the diffusion of solute in the solid phase is
neglected.

2) The flow of the melt is neglected and the interface
is always in equilibrium, simultaneously, both
sides of the interface need to be met the
relationship as follows:

Cs = koG 1

where C; is the solid phase solute concentration at the
interface, while C, is the liquid phase solute
concentration at the interface, ko is the balanced
distribution coefficient.

Temperature field model

The establishment of the heat source model and the
simulation of the welding temperature field play an
important role on the welding numerical simulation.
According to the previous experience, the calculated
results of Gaussian heat source distribution are in good
agreement with the actual welding process. In the
welding process, the heat transfer from the arc heat
source to the weldment through a certain area which is
called heating spots. The heating spots have uneven
heat distribution, i.e., the edge is few while the center is
more. The Gaussian function is used to approximately
describe the heat flux distribution on the heated spot.
The heat flux at the distance from the center of the
heated spot can be expressed as [20]:

-3r?
Qr =0m €Xp I’2 (2)

h

Where gmis the maximum heat flux at the center of the
heated spot in J / (m2.s), r is the direct distance from the
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arc heating spot in mm, r,, is effective radius of arc in
mm . The effective radius of arc r, is related to thermal

concentration factor K , i.e., K =3/r2 and its value is

used to represent the degree of concentration of heat
flow. In the simulation process, the moving gauss heat
source model is derived as:

2 2
q_mexp{_(B(x—vAt) +y )] @)

r h rhz
where h is the thickness of the weldment inmm, v is
the moving speed of welding heat source in mis,
and At is the time step ins .

In order to accurately simulate the solidification
process of the molten pool, it is extremely necessary to
consider the convective heat transfer behavior of the
liquid metal in the molten pool and the thermal process
of the external solid region of the molten pool.
Therefore, the fluid flow process is more complex. In
order to simplify the calculation and facilitate the
practical application, the heat conduction problem of
arc welding is considered while the convective heat
transfer is neglected in the welding process. Then, the
two-dimensional transient thermal equation is obtained

as [21]:
aT o°T 0%

pcpazﬂ(a)(—z-i-y}‘i‘qr (4)
where £ is density in kg-m~3, Cp is volume specific
heat capacity in J.m3.kt , 4 is thermal
conductivity in w.m™?. k2.

The undercooled melt temperature can be derived
by explicit difference for the equation (4):

At
TG (T T 4T
i,j AXZ( i+1,] i-1,j i,j+1 i,j-1 I,]) (5)

+Ti,nj
where « is the thermal diffusivity in m2/s , At is the
time step in s, Ax is the grid size in mm.

Dendrite growth model

In the CA model, the undercooling of the liquid-solid
interface mainly includes temperature, concentration
and curvature [22]. The anisotropy of the interface
energy has great effect on the curvature undercooling,
so the model must consider the interface anisotropy. At
the time t, , the degree of undercooling in the solid-
liquid interface prerequisite is calculated as [23-25]:

AT(t,)=T'=T; ; +m_(Co—C[)+TK(t,)
{1-15G, cos[4(6—6,) |

where T’ is the temperature at the interface, T;; is the
temperature of the undercooled melt. C, is initial

(6)

solute concentration, C, is the solute concentration of
the liquid at the interface, and m_ is the slope of the
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liquidus. Besides, T is the Gibbs-Thompson coefficient,
K(t,) is the interface curvature which calculated from
Eq.(7), G, is anisotropy intensity of the liquid-solid
interface. g, is the angle between the growth direction
of the dendrites and the positive direction of the
coordinate axes which is calculated from Eq.(8), while
0 is the angle between the normal of the solid/liquid

interface and the positive direction of the coordinate
axis, which is calculated from Eq.(9).

2 2 2 2 2
TSI L S AT A
ox oy oxoy ox? \ oy oy? \ ox )
CARCAdN
53]
OX oy
Gy = cos* s ox 7 €))
2 2
(0t /2x)° + (et /oy)?)
H—arctan(afs/ax) 9

In order to ensure stability in the explicit
calculation of the composition field and the rate of
advance of the solid-liquid interface, the time-step is
determined by the following equation [26]:

2
Atslmin[Ai, AX J
5 | Vmax

(10)

where Ax is the grid size, Dy is solute diffusion
coefficient in the liquid, and Vmax represents the welding
speed.

Coupling of dendritic growth and welding thermal
processes

In the actual molten pool, the temperature in the same
time is unequal at different positions. For simulating the
process of dendrites growth in the molten pool, the
welding temperature field and the CA model of
dendritic growth are coupled during the solidification
process. Besides, the relationship of temperature
changes in the weld interface and the dendritic growth
process are discussed. Due to the temperature field is
macroscopic while dendritic growth is microscopic,
hence, it is required that the obtained macroscopic unit
temperature is converted into the microscopic unit
temperature. Then, the temperature of the microscopic
unit is obtained by using the interpolation formula. The
interpolation formula can be expressed as [27]:

T= i LT/ i Lt (11)
i=1 i=1

where T is the temperature of microscopic grid in °C,
T; is the macroscopic unit temperature around the
microscopic grid in °C, and L; is the distance from the

microscopic grid to the surrounding macro element in
mm.
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During the simulation process, it is very necessary
to firstly determine the location of the fusion line in the
molten pool. The fusion line contributes to decide the
calculated area for the simulated dendritic growth.
However, the actual shape of the molten pool is an
irregular circular boundary, which is controlled by
various factors such as the welding line energy, work-
piece thickness and thermal conductivity of the work-
piece etc. For the purpose of approximating the
simplified actual model, therefore, an ideal model is
established by setting the radius of molten pool and
assuming that the shape of molten pool remains the
same during solidification. The distance from any cell
to the nucleation core can be derived by the following
equation:

RG, 12 = - i0)? + (1~ (12)

where R is the distance from the welding arc to the
heat source center in mm; i, j are used to represent the
horizontal and vertical coordinates in the simulation
area, respectively.

The thermo-physical properties of Ti Al alloys
used in this research work are shown in the Table. 1
and Table 2.

Table 1. The thermo-physical properties of Ti-45%Al used in this
work.

Parameters value

Liquidus temperature , T, (K) 1830
Liquidus slope, m, (at.% ) -7.9
Equilibrium partition coefficient, k 0.78
Gibbs-Thompson coefficient, ' (K-m) 2.4E-7
Solute diffusion coefficient in the liquid,

D (m?/s) 3E9
Alloy initial composition, C, (at.%) 45
Welding thermal efficiency, 0.75
Energy concentration factor, K (1/m2 ) 5
Surrounding medium temperature, T; (K) 297

Table 2. The thermo-physical properties of Ti-6%Al used in this
work.

Parameters value
Liquidus temperature, T, (K) 1900
Liquidus slope, m_ (at.% ) -9.375
Equilibrium partition coefficient, k 0.55

Gibbs-Thompson coefficient, T' (K-m ) 1.5E-7
Solute diffusion coefficient in the liquid,

Dy (m?/s) o

Alloy initial composition, C, (at.%) 6

Welding thermal efficiency, 0.75

Energy concentration factor, K (1/ m? ) 5

Surrounding medium temperature, )

Te (K) 9
891
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Experimental

To verify the accuracy of the simulated results, the base
materials used in welding test are 5 mm thick Ti-6% Al
alloy and Ti-45%Al alloy plate. The specimens were
mechanically ground with 120-grit SiC paper. Then
pickled in a solution composed of
400mLH,0+40gKOH+40mLH,0, and removed oil in
500mL acetone, finally purged with an ultrasonic
cleaner in order to remove surface contaminants. TIG
welding is the most commonly used method for
titanium and its alloys, which is an excellent way to
connect the sheet and the bottom of the welding.
Therefore, gas tungsten-arc argon weld is produced
manually and the welding method is self-fluxing on
specimens of Ti-Al alloy plate. All welding are
performed inside a weld room that was purified with
carbon dioxide for 10 min prior to welding. The
welding parameters are described as:

e current is 90A,
e voltage is 13.8V,
e and travel rate is 2mm/s.

Metallographic sections orientated transverse to the
travel direction are cut from the welded samples. In
order to obtain the metallographic microstructure, the
inverted metallographic microscope GX671 is used.

Results and discussion

In order to better distinguish the shape of molten pool
between the Ti-6%Al alloy and the Ti-45%Al alloy, the
calculation area is divided into 10x20 rectangular
macroscopic grids composed of 20x20 uniform
microscopic grid for Ti-45%Al while it is divided into
20 x 20 rectangular macroscopic grids composed of
20x20 uniform microscopic grid for Ti-6%Al. In
addition, the grid size is Sum and the time step is 0.5ms,
the number of iterations is 3000CAS, respectively.

The micro-temperature field distribution of the
weldment

According to the Fig. 1, it can be seen that the welding
molten pool appeared likes arc-shaped. At the initial
stage of solidification, the entire pool is overheated and
the nucleation is not yet begun. The temperature of the
heat source is close to the melting point of the alloy.

And the temperature of molten pool center is the
highest, successively reduced from the center to the
edge. So when close to the edge of the molten pool, the
heat scattered is faster with the priority to reach the
nucleation conditions.

The dendritic growth of molten pool

In order to further study the dendrite evolution of the
weld pool under the non-uniform temperature field, the
dendritic morphology of Ti-6%Al alloy and Ti-45%Al
alloy in the molten pool is analyzed. When the
columnar crystals meet the equiaxed grains, as shown
in Fig. 2, the growth of the columnar crystals will be
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hindered by the growth of the central equiaxed grains. It
leads to prevent the vertical growth of the part
columnar crystals while the horizontal growth is
intensified and the secondary dendrite arm also is
intensified, which finally achieves the transformation
from the columnar crystals to the equiaxed crystals. The
growth of the dendrites in the molten pool after the
coupled welding temperature field also follows the
respective growth rules, but exhibits randomness and
symmetry. The number of columnar crystals is less than
equiaxed crystals in molten pool of Ti-6%Al alloy
while the number of equiaxed crystals is less than
columnar crystals of Ti-45%Al alloy after the CET is
over. Therefore, it can be seen that Al initial content in
Ti-Al alloys has a great influence on dendritic
morphology.
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Fig. 1. The micro-temperature field distribution of the weld,
() Ti-6%Al, (b) Ti-45%Al.
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Fig. 2. The morphology of grains in the weld pool, (a) Ti-6%Al,
(b) Ti-45%Al.
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Fig. 3. The distribution of liquid solute concentration in the weld pool,

(a) Ti-6%Al, (b) Ti-45%Al.

The Fig. 3 (a,b) show the liquid solute
concentration with Ti-Al alloys of different at.%Al after
the CET is over. From the Fig. 3 (a,b), it can be found
that the columnar crystals which are close to the
equiaxed crystals are due to absorbing the discharged
solutes during the growth process of equiaxed crystals,
thereby that leads to the rapidly rising of liquid solute
concentration and the decreasing of the grow speed at
the dendritic tip.

When the CET transformation is carried out in the
final stage, the equiaxed crystals grow well. The solid
solute concentration of Ti-6%Al reaches to 14%, while
the solid solute concentration of Ti-45%Al reaches to
70%. It should be noted that the growth of the columnar
crystals is completely impaired by equiaxed crystals. In
addition, the competitive growth is more and more
intense; the higher dendrite arm is gradually increased
and roughened with solute diffusion space getting
smaller and smaller and the solute concentration
increasing continuously.

The Fig. 4 (ab) show the solid solute
concentration with Ti-Al alloys of different at.%Al after
CET. On the basis of the Fig. 4 (a,b), it can be obtained
that the growth of dendrite is always followed by the
segregation phenomenon in solid phase during the
process of CET transformation. The solid phase solute
concentrations of the columnar crystals and equiaxed
crystals of Ti-6%Al and Ti-45%Al are the lowest
respectively and the distribution is about 3% and 5%,
which is lower than the initial solute concentration. It
can be found that the concentration of solid solute in the
equiaxed crystal and columnar crystal tip is the highest,
which is due to ingredient undercooling and curvature
undercooling. It is easy to form regional segregation
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after solidification. Hence, the evolution of columnar-
equiaxed crystals is not only the columnar crystals
being hindered by the equiaxed grains, but also the
interaction between the solid and liquid solute
concentrations.

5 O
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3

100 200 300 400 500 600
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grid number

100 200 300 400 500 600 700 800
grid number

Fig. 4. The distribution of solid solute concentration in the weld pool,
() Ti-6%Al, (b) Ti-45%Al.

The Fig. 5 (a,c) describe that the metallographic
experiments of Ti-6%Al and Ti-45%Al in the molten
pool, also the simulations of Ti-6%Al and Ti-45%Al in
the welding pool. The columnar crystals grow from the
vicinity of the fusion line and extend to the center of the
weld. Simultaneously, in the center of molten pool the
equiaxed organization also is formed. Moreover, the
quantity of the equiaxed dendrites is well above the
columnar dendrites for Ti-6%Al as well as the quantity
of the columnar dendrites is much more than the
equiaxed dendrites in the molten pool for Ti-45%Al.
Compared the simulated results with the experimental
ones, the rationality and accuracy of the model
established are verified. The g phase and « phase are

produced in solidification process. It can be concluded
that the above simulated results are in good agreement
with the experimental results about the directional
research of dendritic morphology.
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Fig. 5. Micrographs of Ti-6%Al and Ti-45%Al alloy in the welding
pool, (a, c) experimental results, (b, d) simulated results.

Discussion

Firstly, it should be pointed that the simulated results
are in good agreement with the experimental ones for
the directional study of dendritic morphology. However,
there is a certain error in the preferred orientation of the
dendrites between the simulated results and the
simulated results. Therefore, the model needs to be
further improved and the number of grains also needs to
be quantified in the future work.

Conclusion

The thermal process of welding and the dendritic

growth process of molten pool for Ti-6%Al and Ti-

45%Al in TIG welding are simulated by means of the
finite difference method and the CA method. The
following conclusions are obtained:

1) The solute atoms are enriched in between dendrite
arms with the segregation of solute.

2) The temperature at the center of the molten pool
presents the gradual distribution in the non-uniform
temperature field. With the change of temperature
field, the dendrites have inconsistent morphology.

3) The change of Al initial composition for Ti-Al
alloys has a great effect on dendritic morphologies
during the process of CET.

4) In the oriented research of dendritic morphology,
the simulation is in a good accordance with that of
the experimental results.
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