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The purpose of this work is, based on CAFE method, to study the microstructure evolution and
optimize the quality of the large-scale titanium slab ingot during EBCHM. The nucleation
parameters of the microstructure simulation of titanium ingot are determined based on one of the
actual experimental results. For the determined parameters, our theoretical results are agreement
with other experimental results. The effects of pouring temperature and pulling speed on the
microstructure are presented based on CAFE method. The quantitative analyses of the simulated
results show that with the pulling speed increasing, the number of grains decreases, whereas the
mean grain radius increases under identical thermal condition; with the pouring temperature
increasing, the mean grain radius increases under the given pulling speed. Our results are very
important to obtain the optimal structure of the ingots by controlling pulling speed and pouring
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temperature.

. INTRODUCTION

The ability of the electron beam cold hearth melting
(EBCHM) method, removing the low- and high-density
inclusions and solving the problem of inhomogeneity of
structure and composition, is higher than vacuum arc
remelting (VAR)."™ The EBCHM process is used
extensively for the fining of titanium ingot.>® To make
high-quality titanium strip coil, a single EBCHM for the
large-scale rectangular titanium ingot, which can be
directly rolled applying the existing equipment of rolling
steel, has the potential for significant cost reductions, due
to leave out the operations of forging and stamping.”

One of important advantages of EBCHM is the im-
provement in ingot quality because of the fact that the long
residence time of the molten titanium in the melting/
refining cold-hearths also greatly reduces the incidence of
high-density inclusions, which submerge into the bottom
face of the cold-hearth and are thus incorporated into the
solid skull.® Furthermore, a wider range of feedstock like
scraps can be used while a compacted electrode need be
fabricated in VAR. There is also a greater flexibility in the
ingot form (cylinder or slab) in terms of the cross-section
geometry of the water-cooled crystallizer and the ingot
length depending on the adequate continuously withdraw-
ing operations.” Because of the energy of the heating
source which can be controlled independently and the
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casting conditions (the speed of melting and the pouring
temperature of molten in the crystallizer) which are
feasible to change, the EBCHM offers considerable
potential with regard to the control of metallurgical
microstructure of titanium.

The microstructure of castings is of great importance
due to its role on mechanical properties. Though the
potential of the EB process, the microstructure of large-
scale titanium slab ingot produced from this technology
method have not been established to any great extent.'”
Hence, the task of this work is to study the microstructure
evolution and obtain the corresponding prediction results
at different casting conditions in the crystallizing process
during the EBCHM for large-scale titanium slab ingot.
However, the nucleation and grain growth processes are
not easily observed in the real solidification and it will
lead to very much cost to obtain the effect of processing
conditions on the microstructure of the large-scale
titanium slab ingot. In comparison with experimental
method, the numerical simulation can make contribution
to saving costs and reducing experiment cycles for
investigating the microstructure evolution because it’s
beneficial to observe the formation of microstructure
visually and give a better understanding of the coupled
heat transfer involved in the crystallization."'

For the prediction of microstructure evolution, de-
terministic models have been first proposed for the
description of the nucleation and growth of equiaxed
grains during solidification.'> However, they suffer from
the limitations that they don’t consider preferential
growth directions of dendrites and the microstructure
features such as grain morphology and size cannot be
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depicted graphically.13 Many these drawbacks have been
removed with the use of stochastic models. Although by
the Monte Carlo (MC) method, one of the stochastic, first
initiated by Brown and Spittle can predict the grain
growth, it lacks the physical mechanisms associated with
dendritic growth, especially does not account for the
growth kinetics of dendritic tips or the preferential
growth directions of dendrites."* For this reason, the
simulation of microstructure evolution in solidification
processes has been approached using cellular automaton
(CA) models coupled with finite element (FE) heat flux
calculations. Based on the solidification thermodynamics
and grain nucleation and growth kinetics, the growth of
grains, the locations of the nucleation and the crystalli-
zation orientation can be simulated.'>'®

The simulation of microstructure evolution based on
CAFE model has been successfully applied to various
solidification process by Rappaz et al., and the simulated
results were compared in a qualitative with experimental
findings.'” The simulated results of the microstructure
evolution for TC4 alloy during laser deposition shaping
(LDS) based on cellular automation were compared with
the experiments by Tian et al.'® Burbelko et al.'’
modeled the grain structure formation in the steel
continuous ingot by using the software ProCAST, which
was compared with a structure of a real ingot. For the
large-scale titanium slab ingot during EBCHM, the
CAFE model provides an effective tool in predicting
the influence of casting conditions upon the changes in
microstructure, but not the exact values of grain size.

Although great efforts and progress have been made to
model microstructure evolution with so-called CAFE
models over the past couple of decades, there has no
systematic investigation of microstructure evolution dur-
ing EBCHM for large-scale titanium slab ingot based on
CAFE method. Therefore, the microstructure simulation
of large-scale titanium slab ingot (1250 x 210 x 8000 mm)
is determined based on the actual experimental results.
Moreover, the effects of nucleation parameter, pouring
temperature, and pulling speed on the formation of
microstructure are presented in this work.

Il. MATHEMATICAL MODEL

Temperature distribution of the solidification of large-
scale titanium slab ingot during EBCHM is considered in
a three-dimensional model of the nonsteady heat transfer,
which can be depicted by the partial differential equation®’:

(1) J =¥ (WT)VT) o

where H, p, and A are the heat enthalpy, the density and
the thermal conductivity of the material as the function of
temperature 7, respectively. 7 is the heat transfer time and

V= %?Jr a%f+ d%E 7],k are the unit vector of x, y, z
coordinate, respectively.

The heat transfer in the crystallizer can be also
formulated using the partial differential equation of non-
steady heat transfer as follows:

0T
Cpmpmw =V. O‘diTm) ) (2)

where the subscript m is corresponding to the crystallizer.
Cpm 1s the specific heat capacity at constant pressure of
the crystallizer as the function of temperature.

Besides the above heat transfer equations, to predict
the microstructure formation of large-scale titanium slab
ingot, we need to consider nucleation sites of grains and
the growth kinetics of dendrite tips. During a time-step,
ot, with the temperature of the specimen decreasing by an
amount, 87, the undercooling increases by an amount
S(AD[S(AT) > 0]. Accordingly, the density of new
nucleated grains, dn, in the bulk (or surface) is given by:

dn
d(AT)

d(AT)
(3)

where dn/d(AT) is corresponding Gaussian nucleation
site distribution in the following equation:

dn s 1 (AT - ATmaX> 2 @
d(AT) ~ VamAT, P72\ AT,

where n is the total density of grains, ATy, is the mean
undercooling, ATy is the standard deviation, and 7,y is
the maximum density of nuclei obtained by a continuous
nucleation distribution.'> Two functions describing het-
erogeneous nucleation both at the mold surface and in the
bulk of the liquid are shown in Fig. 1. The subscripts s
and v represent the nucleation at the mold surface and in
the bulk of the liquid, respectively.

The dendrite growth is dominated by the total under-
cooling of the dendrite tip. Kurz, Giovanola, and Trivedi
studied the solute equilibrium of the dendrite tip and then
presented the KGT model to calculate the growth kinetics
of both columnar and equiaxed morphologies.”' The
relationship between the growth rate of dendrites v(AT)
and the undercooling AT is simplified as:

AT+8(AT)
8n = n[AT + 3(AT)] — n(AT) — /
0

W(AT) = 9AT? + BAT® (5)

_ 2kT(1—k)—pD?
=
2kmc0nDr(1 k) (6)

)

B= AL (mCo)2 (1)
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FIG. 1. Distribution of the heterogeneous nucleation site at the mold
wall and in the bulk of the liquid.

where o and P are the dynamic coefficient of dendrites tip
growth, m is the slope of the liquidus, Cy is the initial
solute concentration, k is the partition coefficient, and D
is the diffusion coefficient. By the calculation, for the
industrial pure titanium TA1, o = 1.64 x 10 % and p =
1.03 x 1077

lll. GEOMETRY MODEL AND BOUNDARIES
CONDITIONS

The temperature distribution has a significant effect on
the grain microstructure during the continuous solidifica-
tion. To obtain the temperature distribution before cou-
pling the CA method, the solution must be carried out on
the specific conditions including geometric conditions,
initial conditions, and boundary conditions.

(1) Figure 2 shows the model of geometry and finite
element enmeshment. In consideration of symmetry
reasons, only half of the geometry (625 x 210 X
8000 mm) is represented. To reduce the computation
time and improve the calculation precision, the size of the
surface mesh is 10 mm on the titanium slab ingot and the
size of the surface mesh on the crystallizer is 15 mm. And
then the volume mesh can be generated by dragging the
surface mesh. The total number of elements is 1,315,867.
Since the Lagrangian representation could have been
used for both the FE and CA calculations, the cooling
conditions associated with the crystallizer would have
been translated along the lateral surface of the non-
moving slab ingot.'” With the boundary movement
method calculating the temperature distribution, the
initial position of the crystallizer, which moves up in
the pulling speed assumed to be constant in this
simulation, is in the bottom of the ingot shown in
Fig. 2. The calculation zone, which is 800 mm distant

Titanium slab' mgot

210mm

& alculation Zone

625mm

Crystallizer

b
2
‘g
wr
—
©
Q
=
=
L%
5
=
>
v

FIG. 2. Model of geometry and finite element.

from the bottom face of the ingot, generates automati-
cally a regular network of square cells with 200 pum
spacing. The calculation zone we choose is to simulate
the microstructure evolution using CAFE method and
compare with the experimental results of cross-section
of the selection zone.

(ii) The titanium molten pool surface in the crystallizer
heated by the electron beam gun keeps the constant
pouring temperature we assumed, which can be con-
trolled by adjusting the power of the electron beam gun.
The initial temperature of the crystallizer and dummy bar
is defined as 293 K.

(iii) The continuous solidification process mainly refers
to three kinds of heat transfer patterns: the thermal
conduction between different materials that contact each
other, the radiation, and the convection heat transfer.??> To
simplify theoretical treatment, it is assumed that the
radiation is equivalent to the thermal conduction between
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the ambient and the solidification titanium ingot that is at
the outer of the crystallizer.

(a) Heat exchange between crystallizer and cooling
water, Q.

0. = hC<Tm - Tw) ’ (7>

where h. is the heat convection exchange coefficient
between the titanium ingot and crystallizer [(h. = 5000
W/(m? K)|, T, and T, represent the temperature of
crystallizer and cooling water, respectively. During the
simulation the cooling water, T, keeps constant temper-
ature (T,, = 288 K).

(b) Heat exchange between crystallizer and titanium
ingot, O,

O =m(T —Tn) , (8)

where 7, is the heat transfer coefficient between titanium ingot
both crystallizer and dummy bar [, = 1000 W/m? K)], T
represents the temperature of titanium ingot.

(c) Heat exchange between the ambient and the
solidification titanium ingot that is at the outer crystal-
lizer, Q,

O = hr(T - Ta) ) (9)

where h, is the heat transfer coefficient between solidi-
fication titanium ingot which is at the outer of the
crystallizer and the ambient [h, = 10 W/(m* K)], T,
represents the ambient temperature (7, = 293 K).

IV. RESULTS AND DISCUSSION

A. Effect of the mean bulk undercooling on the
microstructure

The above CAFE model, which accounts for the
heterogeneous nucleation in the bulk and at the surface
of the ingot, is applied to continuous casting of the
titanium ingot. In this work, the simulation is carried on
the cross-section that is 800 mm distant from the bottom
face of the ingot. The mean undercooling and the
maximum nucleation density can be gained by the testing
of practical castings, but the errors of the parameters
available are always inevitable in experiments.”® Thus, it
is completely necessary to study the effects of Gaussian
distribution parameters on simulation so as to make the
microstructure simulation quicker and more accurate and
provide practical value to industrial production. As can
be seen from Fig. 1, the value of AT, ; only determines

other in this CAFE model. The other values of Gaussian
distribution parameters are assigned constant by refer-
encing the literature''"'>**** and only the parameter for
the mean nucleation undercooling in the bulk of the
liquid, AT, max, is varied in Table I, which lists different
nucleation parameters in this simulation. To determine
the Gaussian distribution parameters, the effect of mean
bulk undercooling on the microstructure simulation of the
large-scale titanium slab ingot will be presented in this
work. Figure 3 shows the simulation of microstructure
evolution with the solidification times (¢t = 1160, 1380,
1580 s) using the different nucleation parameters, while
the pouring temperature and the pulling speed for this
calculation are defined as 2123 K and 2.35 x 10~* m/s,
respectively. The grains which appear in Fig. 3 have
different colors which represent different crystallographic
orientations.

From Fig. 3, we can observe the grain morphologies
and the columnar grain growth direction, where the gray
region is for the liquid phase. At the beginning of
solidification, numerous grains are clearly nucleated on
the periphery of the ingot presented in Fig. 3. Since they
are in contact with the external water-cooled crystallizer
and have the bigger undercooling, resulting in the large
density of grains at the mold surface, these equiaxed
grains are fine and have random orientations, as can be
seen from the different colors on the micrographs. In
Fig. 3(a), the columnar grains which originate from
nuclei of the chill zone can develop up to the center of
the titanium slab ingot. This means that the average under-
cooling of the columnar dendrite tips is smaller 15 K when
they reach the center of the ingot since the nucleation of
equiaxed grains in the bulk of the liquid can only start at
about 15 K (see Table I).

In Fig. 3(b), three different crystalline zones, including
a chill zone made of fine equiaxed grains, columnar grain
zone and central equiaxed grain zone, can be observed in
the micrographic cross-sections of the titanium ingot.
Once the undercooling in the remaining liquid becomes
small, equiaxed grains can nucleate and grow at the
expense of columnar grains, thus leading to the so-called
“columnar-to-equiaxed” transition (CET), which is
clearly visible in Fig. 3(b). Exquiaxed grains can be
formed in the volume of the liquid ahead of the columnar
dendrites reaching the center of the ingot, because of the

TABLE I. Nucleation parameters varied in the simulation.

Nucleation at the mold wall Nucleation in the bulk of the liquid

h b kl h h 1 . h h ATS,H]'AX AT‘S,(Y nS.l"I]ZlX ATV.H]ZIX ATV,U er.l"l]ZlX
ow quickly the heterogeneous nucleation reaches the (K] (K] (m-2] (K] (K] (m~]
maximum density of grains given by the corresponding - -
values of n, .. Therefore, these two distributions can be a 05 0.1 2 x 106 15 ! 2 x 108
h to be very narrow (small AT values). Besides, it b 05 0l 210 10 ! 210
chosen to Ty / c - be ’ c 05 01 2% 10° 5 1 2 % 10°
is difficult to adjust the six parameters for matching each
3178 J. Mater. Res., Vol. 32, No. 16, Aug 28, 2017


https://doi.org/10.1557/jmr.2017.174

https://doi.org/10.1557/jmr.2017.174 Published online by Cambridge University Press

Q-L. Liu et al.: Microstructure evolution of large-scale titanium slab ingot based on CAFE method during EBCHM

— =1380s
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FIG. 3. Simulation of microstructure evolution with the solidification times using the different mean nucleation undercooling in the bulk of the

liquid: 15 K (a); 10 K (b) and 5 K (c), respectively.

lower undercooling in the bulk of the liquid which is
closer to the mean undercooling (AT, n.x = 10 K, see
Table I). This trend is more pronounced when the mean
undercooling is only 5 K, as can be seen in Fig. 3(c).
Large equiaxed grains are nucleated in the bulk of the
liquid in Fig. 3(c), as might be expected. Therefore, the
nucleation parameters have great influence on the differ-
ent crystalline zones. Obviously, the higher the mean
undercooling, the larger the columnar dendrite zone. In
these simulation conditions, if the mean undercooling in
the bulk of the liquid is lower than 5 K, the type of the
grains would be exquiaxed.

B. Comparisons of simulation results with
experimental results

According to the above effect of the mean bulk under-
cooling on the microstructure, the aim of the present work
is to determine the mean bulk undercooling. The compar-
ison of the simulated result with the one of the experi-
mental results is showed in Fig. 4(a), as simulated used the
nucleation parameters of the type b in Table I. It can be
seen that the simulated result is consistent with the
practical experimental result and crystallization processes
conform to the actual situation, especially, the transition
from columnar grains to equiaxed grains is preferably
consistent with that of the experiment. In the micrographic
of Fig. 4(a), those grains, which are usually located in the
columnar grains, are not directly connected with the
surface of the casting in the cross-section but those shapes
are smaller or more elongated than the equiaxed grains.
These grains, unlike the equiaxed grains, have nucleated at
the mold wall but not in the plane of the metallographic
section. These grains nucleating above or below the cross-
section then grown in such a way that they are intersected
by the plane of the cross-section.

To validate theoretical results further, we compare the
simulation results along the different cross-sections using

the determined nucleation parameters with the experi-
ment results. As can be seen from Figs. 4(b) and 4(c), the
simulation results and the experimental results are basi-
cally consistent. In Fig. 4(b), among the many grains
formed at the periphery of the slab ingot only a few short
columnar grains generate. It can be seen from Fig. 4(c)
that almost all the grains are equiaxed. Since the cross-
section is closer to the bottom face of the ingot that is in
contact with the water-cooled dummy bar, the local
undercooling of this section is bigger than the mean
undercooling predetermined so that the density of the
grains nucleated in the bulk of the liquid rapidly in-
creased. Furthermore, it can be concluded from Fig. 4
that, the columnar dendrite zones expand with the
distance from the bottom face of the ingot increasing.

A reasonable qualitative agreement can be seen
between the experimental results and the simulated
results for both grain morphology and grain growth
pattern as shown in Figs. 4(a)-4(c). Hence, we choose
the mean bulk undercooling, ATy ,.x = 10 K, as the
nucleation parameters to simulate the microstructure
evolution during EBCHM for large-scale titanium slab
ingot. In the sections below, the calculation using the
determined nucleation parameters (see Table I, b) can be
useful to predict and analyze the microstructure of
evolution under different casting conditions, which
extends the ability to control the grain structure by
controlling pulling speed and pouring temperature.

C. Effect of different casting conditions on
microstructure

To study the influence of the main casting conditions
including pouring temperature and pulling speed on the
microstructure evolution of the steady-state zone of
titanium slab ingot,>* the simulation is implemented
along the cross-section that is 3000 mm distant from
the bottom face of the ingot varying the casting
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ol

FIG. 4. Comparison of the simulation results with experimental results
along the different cross-sections: 800 mm (a); 400 mm (b) and 200 mm
(c) distance from the bottom face of the ingot.

conditions. The effects of pulling speed on the grain
structures of large-scale titanium slab ingots are shown in
Fig. 5. In this case, 8000-mm-length large-scale titanium
slab ingots are continuously casted at four pulling speeds:
@1 x 107" m/s; (b) 2 x 10~ m/s; (c) 2.35 x 10~ my/s;
(d) 3 x 10~* m/s, respectively, for the same pouring
temperature 2123 K. With increasing of the pulling
speed, the columnar dendrite zones expand. By analyzing
the statistics of simulation results, Fig. 6 shows the
relationship of the mean grain radius and the number of
grains with the pulling speed. The general trend is that the
mean grain radius is found to increase with increasing of
the pulling speed under identical thermal condition.

FIG. 5. Grain structures within the identical cross-section at different
pulling speeds: 1 x 10™* m/s (a); 2 x 107* m/s (b); 2.35 x 10~* m/s
(c) and 3 x 10~* m/s (d), respectively.

2.6 — 24000
—u— Mean grain radius
25l —a— Number of grains
T 24} 22000
£ 2
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£ z
= [
‘g 22} 20000 2
5 :
g z
S 21t
=
20F 18000
1 i 1 1 4 1

1.0 15 20 25 30

Pulling speed (1x10 *m/s)
FIG. 6. Relationship of the mean radius and number of grains with the
pulling speed.

When the pulling speed increases from 1 X 107 to
3 x 10~* m/s, the mean radius of grains increases from
1.97 to 2.55 cm. It is easy to understand that the cooling
rate is lower at higher pulling speed for the fixed cooling
capacity of the crystallizer. Accordingly, with the pulling
speed decreasing, the increasing of the liquid
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FIG. 7. Grain structures within the identical cross-section at different
pouring temperatures: 2023 K (a); 2073 K (b), 2123 K (¢), and 2173 K
(d), respectively.

undercooling will induce much more grains, which
confines the growth of columnar dendrites and results
in the finer grains [see Fig. 5(a)]. As a result, for
achieving the finer grains, under the productivity im-
provement, the pulling speed should be properly reduced
in the real production of the large-scale titanium ingot.
Figure 7 shows the simulated results of grain structures
along the identical cross-section which is 3000 mm
distant from the bottom face of the ingot at four different
pouring temperatures (2023, 2073, 2113, 2173 K) under
the pulling speed of 2.35 x 10~* m/s. The finer grains
zone at the periphery of the ingot is larger at lower
pouring temperature [see Fig. 7(a)]. It can be found from
Fig. 8 that with the pouring temperature increasing from
2023 to 2173 K, the number of the grains linearly
decreases from 22,397 to 16,941 and the mean grain
radius linearly increases from 2.15 to 2.58 cm. As we
know, the increase of the titanium superheat results in the
decrease of the nucleation rate and the increase of
the thermal gradient, which promotes the growth of the
columnar dendrites. Moreover, the grains nucleated in the
bulk of the liquid are elongated in the upstream heat flux
direction and their elongation is an increasing function of

28
—=— Mean grain radius 4 22000
—e— Number of grains
25
E 2
E ‘=
C— =
g 241 4 20000 2!
= =)
8 5
o L
E 23 F g
eh 4
g - 18000
s 22f
21 1 " 1 1 L 1

1 "
2010 2040 2070 2100 2130 2160 2190
Pouring temperature (K)

FIG. 8. Relationship of the mean radius and number of grains with the
pouring temperature.

(G-vy ), where v, is the local solidification rate.?
Whereas the thermal gradient, G, is higher at high
pouring temperature, the grains are more elongated in
Fig. 7(d). So reducing the superheat of the titanium is the
most effective way to improve the equiaxed grains
amount and refine the grain size during the continuous
casting large-scale titanium slab ingot.

V. CONCLUSIONS

Microstructure evolution during EBCHM for large-
scale titanium slab ingot is simulated based on coupled
CAFE method. In the modeling of microstructure evolu-
tion of the titanium ingot, the nucleation parameters have
great influence on the three types of crystalline zones.
The higher the mean undercooling, the larger the
columnar dendrite zone. If the mean undercooling in
the bulk of the liquid is lower than 5 K, the type of the
grains would be exquiaxed in this simulation conditions.
The nucleation parameters of the microstructure simula-
tion of titanium ingot are determined based on one of the
experimental results. For the determined parameters, our
theoretical results are agreement with other experimental
results. Effects of the pulling speed and the pouring
temperature on the microstructure of titanium slab ingot
under the steady-state solidification are obtained. Results
show that with the pulling speed increasing, the columnar
dendrite zones expand and the number of grains decreases,
whereas the mean radius of grains increases under
identical thermal condition. Accordingly, the pulling speed
should be properly reduced in the actual production of the
large-scale titanium slab ingot, meanwhile improving
the productivity. With the pouring temperature increasing,
the mean grain radius increases under identical pulling
speed. So reducing the pouring temperature is the most
effective way to improve the equiaxed grain amount and
refine the grain size during the continuous casting of large-
scale titanium slab ingot.
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NOMENCLATURE

1 Electron beam cold hearth melting (EBCHM)

2 Vacuum arc remelting (VAR)

3 Monte Carlo method (MC)

4 Finite element coupling the cellular automaton method (CAFE)
5 Kurz, Giovanola, and Trivediand model (KGT)

ACKNOWLEDGMENTS

This work is supported By Applied Basic Research

Program of Yunnan Province (No. 2013FC001), Science
and Technology Project of Yunnan Province (No.
2016FB089), and Startup Foundation for Advanced
Talents of Kunming University of Science and Technol-
ogy (No. KKSY201551034).

REFERENCES

1.

2.

10.

3182

R.R. Boyer: An overview on the use of titanium in the aerospace
industry. Mater. Sci. Eng., A 213, 103-114 (1996).

S. Seok, C.D. Onal, K.J. Cho, and R.J. Wood: A peristaltic soft
robot with antagonistic nickel titanium coil actuators. I[EEE ASME
Trans. Mechatron. 18, 1485-1497 (2013).

. A. Mitchell: The electron beam melting and refining of titanium

alloys. Mater. Sci. Eng., A 263, 217-223 (1999).

. K. Vutova and V. Donchev: Electron beam melting and refining of

metals: Computational modeling and optimization. Materials 6,
4626-4640 (2013).

. T. Tatsuhiko, H. Kanayama, and T. Onoye: Temperature mea-

surement of molten metal surface in electron beam melting of
titanium alloys. ISIJ Int. 32, 593-599 (1992).

. Q.L. Liu, X.M. Li, and Y.H. Jiang: Research progress of electron

beam clod hearth melting for titanium and titanium alloys. Hot
Work. Technol. 45, 9-14 (2016).

. J.R. Wood: Producing Ti-6Al-4V plate from single-melt EBCHM

ingot. JOM 54, 56-58 (2002).

. K. Vutova, E. Koleva, and G. Mladenov: Simulation of thermal

transfer process in cast ingot at electron beam melting and refining.
Int. Rev. Mech. Eng. 5, 257-265 (2009).

. E. Koleva, K. Vutova, and G. Mladenov: The role of ingot crucible

thermal contact in mathematical modelling of the heat transfer
during electron beam melting. Vacuum 62, 189-196 (2001).
AN. Kalinyuka, N.P. Triguba, V.N. Zamkova, and
O.M. Ivasishin: Microstructure, texture, and mechanical properties
of electron-beam melted Ti-6Al-4V. Mater. Sci. Eng., A 346,
178-188 (2003).

11.

12.

13.

14.

18.

20.

21.

22.

23.

24.

25.

R.C. Atwood, P.D. Lee, and R.S. Minisandram: Multiscale
modelling of microstructure formation during vacuum arc remelt-
ing of titanium 6-4. J. Mater. Sci. 39, 7193-7197 (2004).

M. Rappaz and Ch.A. Gandin: Probabilistic modelling of micro-
structure formation in solidification processes. Acta Metall. Mater.
41, 345-360 (1993).

S.P. Wu, D.R. Liu, J.J. Guo, C.Y. Li, and Y.Q. Su: Numerical
simulation of microstructure evolution of Ti—6Al-4V alloy in
vertical centrifugal casting. Mater. Sci. Eng., A 426, 240-249
(2006).

Ch.A. Gandin and M. Rappaz: A coupled finite element-cellular
automaton model for the prediction of dendritic grain structures in
solidification processes. Acta Metall. Mater. 42, 2233-2246 (1994).

. Ch.A. Gandin, M. Rappaz, and R. Tintillier: Three-dimensional

probabilistic simulation of solidification grain structures: Applica-
tion to superalloy precision castings. Metall. Mater. Trans. A 24,
467479 (1993).

. T. Carozzani, H. Digonnet, and C. Gandin: 3D CAFE modeling of

grain structures: Application to primary dendritic and secondary
eutectic solidification. Modell. Simul. Mater. Sci. Eng. 20, 15010-
15028 (2012).

. M. Rappaz, C.A. Gandin, J.L. Desbiolles, and P. Thévoz: Pre-

diction of grain structures in various solidification processes.
Metall. Mater. Trans. A 27, 695-705 (1996).

F.J. Tian, Z.G. Li, and J.X. Song: Solidification of laser deposition
shaping for TC4 alloy based on cellular automation. J. Alloys
Compd. 676, 542-550 (2016).

. A. Burbelko, J. Falkus, W. Kapturkiewicz, K. Sotek, P. Drozdz,

and M. WrébeL: Modeling of the grain structure formation in the
steel continuous ingot by cafe method. Arch. Metall. Mater. 57,
379-384 (2012).

Q.L. Liu, XM. Li, X.F. Chen, N.T. Geng, and Y.H. Jiang:
Numerical simulation of electron beam cold hearth melting for the
large scale titanium slab ingot during solidification process. Spec.
Cast. Nonferrous Alloys 3, 244-249 (2017).

W. Kurz, B. Giovanola, and R. Trivedi: Theory of microstructural
development during rapid solidification. Acta Metall. Mater. 34,
823-830 (1986).

H.C. Kou, Y.J. Zhang, P.F. Li, R. Hu, J.S. Li, and L. Zhou:
Numerical simulation of titanium alloy ingot solidification struc-
ture during VAR process based on three-dimensional CAFE
method. Rare Met. Mater. Eng. 43, 1537-1542 (2014).

J.L. Wang, FM. Wang, Y.Y. Zhao, J.M. Zhang, and W. Ren:
Numerical simulation of 3D-microstructures in solidification pro-
cesses based on the CAFE method. Int. J. Miner., Metall. Mater.
16, 640-645 (2009).

Q.L. Liu, X.M. Li, and Y.H. Jiang: Numerical simulation of
EBCHM for the large-scale TC4 alloy slab ingot during the
solidification process. Vacuum 141, 1-9 (2017).

M. Rappaz, Ch. Charbon, and R. Sasikumar: About the shape of
eutectic grains solidifying in a thermal gradient. Acta Metall.
Mater. 42, 2365-2374 (1994).

J. Mater. Res., Vol. 32, No. 16, Aug 28, 2017


https://doi.org/10.1557/jmr.2017.174

