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Abstract: Solid-liquid interface morphology of the titanium ingot has a great influence on the microstructure during the 

solidification process. The effect of crucible’s 3D dimension for the ultra-long and ultra-thin TC4 slab ingot on the solid-liquid 

interface morphology was investigated. The results show that when the cross-sectional length of TC4 slab ingot exceeds 450 

mm, the cooling capacity of the crucible does not increase. When the length exceeds the effective distance, the depth of molten 

pool and the width of mushy zone will not change with the increase of the crucible length. Moreover, increasing the aspect 

ratio of the crucible is helpful for improving the production quality. The simulation results show that it is better to choose an 

aspect ratio between 4:1 and 6:1. When the height of the crucible is higher than 300 mm, the depth of the molten pool and the 

width of mushy zone will not change. Therefore, a certain range of theoretical basis can be obtained for designing the crucible’s 

three-dimension during electron beam cold hearth melting (EBCHM) for the ultra-long and ultra-thin TC4 slab ingot. 
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Titanium alloy has excellent properties such as low den-

sity, high strength and good corrosion resisting. Hence, it is 

used as important structural and anti-corrosion materials in 

the field of aviation, aerospace, shipbuilding, etc

[1-4]

. In the 

field of titanium processing, titanium ingot is the basis for 

all subsequent titanium processing. Only high quality tita-

nium ingot and titanium alloy ingot with uniform internal 

structure, no composition segregation, and low density in-

clusions can be processed into high quality titanium and ti-

tanium alloy product. Therefore, production of high quality 

titanium ingot is particularly important. 

Electron beam cold hearth melting (EBCHM) in solving 

the composition segregation, microstructure distribution 

and reducing large and low density inclusion is much better 

than vacuum arc remelting (VAR), so the EBCHM has be-

come a widespread melting technique

[5,6]

. The specific 

morphology of liquid-solid interface during the solidifica-

tion is determined by the specific parameters. And the pro-

ducing of liquid-solid interface and morphology have deep 

influences on the titanium microstructure. The key to 

eliminating or reducing macro segregation or other defects 

of titanium ingot is that we should keep the liquid-solid in-

terface morphology with small curvature and thin mushy 

zone

[7,8]

. The high-quality TA1 slab ingot has a batch pro-

duction by EBCHM with existing crucible and process 

conditions in the actual production

[9,10]

. 

However, it is difficult to produce high-quality TC4 slab 

ingot, not only because of the volatile elements, but also the 

liquid-solid interface morphology in the solidification

[11-14]

. 

During the process of electron beam cold hearth melting, 

optimizing the production condition and changing the cru-

cible’s three-dimension are the most important methods to 

get the liquid-solid interface morphology with small curva-

ture and narrow mushy zone. In this study, the effect of 

crucible’s three-dimension on the solid-liquid interface 

morphology was studied by calculating the temperature 

distribution during EBCHM for the ultra-long and ultra-thin 

TC4 slab-ingot solidification. The quantitative relationships 
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among the inner length, ratio of inner length to inner width, 

height and wall thickness of the crucible and the depth of 

molten pool were obtained, which gives a certain range of 

theoretical basis for designing the crucible’s 

three-dimension during EBCHM for the ultra-long and ul-

tra-thin TC4 slab ingot. 

1  Mathematical Model 

In consideration of the TC4 alloy solidification inside the 

crucible of EBCHM, the continuous process schematic of 

the titanium is shown in Fig.1. The molten titanium will 

move downward under the pulling velocity when it solidi-

fies in the crucible. The heat transmission in the ingot fol-

lows the Fourier-Kirchhoff equation: 

( )

( ) / ( )T H H T Tρ λ∂ ∂ = ∇ ⋅ ∇

                   (1) 

where H, ρ and λ are the heat enthalpy, the density and the 

thermal conductivity of the materials as the function of 

temperature T, respectively; t is the heat transfer time and 
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coordinate, respectively). 

Besides, the heat transfer in the crystallizer can also be 

formulated using the partial differential equation of 

non-steady heat transfer as follows: 

( )

pm m m m m

/c T t Tρ λ∂ ∂ = ∇ ⋅ ∇

                   (2) 

where the subscript m corresponds to the crystallizer. c

pm

 is 

the specific heat capacity of the crystallizer at a constant 

pressure as a function of temperature. 

During the actual producing, the continuous casting process 

is under the vacuum environment. In order to maintain the 

temperature of the surface of the liquid titanium, there is an 

electron gun above the liquid level with a definite move 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Schematic diagram of TC4 ingot continuous casting 

process: (a) cross section in width direction and (b) cross 

section in thickness direction 

frequency and heating power. It is assumed that temperature 

on the titanium liquid level is a homogeneous determined 

value (the electronic gun power corresponds to the liquid 

level temperature one-to-one). Other boundary conditions of 

the titanium ingot are set as follows. 

1) Water cooling on the crucible’s broadside, which is 

H

2 

− H

1

< y < H

2

, x=± (L

1

/2+H) or z=± (L

2

/2+H):  

m m 0 m 0

( )n T h T Tλ− ⋅ ∇ = −

�

                    (3) 

where 

n

�

is the normal unit vector of crucible’s broadside, 

h

0

=5000 W·m

-2

·K

-1 

is the heat transfer coefficient, T

0

=15 °C 

is the water temperature. 

2) Heat exchange at the interface of crucible and ingot, 

which is H

2

− H

1

≤ y ≤ H

2

, x=± L

1

/2 or z=± L

2

/2: 

( )

m m m

( )n T T h T Tλ λ− ⋅ ∇ − ∇ = −

�

             (4) 

where h=1000 W·m

-2

·K

-1 

is the coefficient of heat transfer at 

the interface of crucible and ingot. 

3) Air cooling on the ingot’s broadside, which is y < 

H

2

− H

1

, x=± L

1

/2 or z=± L

2

/2: 

1 m 1

( )n T h T Tλ− ⋅ ∇ = −

�

                      (5) 

where h

1

=10 W·m

-2

·K

-1

, temperature T

1

=20 °C. 

4) Set adiabatic condition for other surfaces of the ingot 

and crucible, 

0n T⋅∇ =

�

. 

What should pay attention to in this study is the con-

tinuous casting process of industry pure titanium. This 

process contains the heat transition control, so diffusing ef-

fect of the impurity element is ignored

[15,16]

. 

2  Physical Parameters 

From the function, it should use heat enthalpy instead of 

two physical quantity-latent heat and constant pressure 

specific heat. The physical parameters of TC4 alloy, in-

cluding density, heat enthalpy and thermal conductivity 

varying with temperature, are shown in Fig.2. The thermal 

conductivity and the specific heat of the copper are shown 

in Fig.3, which are calculated by ProCAST software.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Relationship between thermal physical parameters and 

temperature of copper 
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Fig.3  Relationship between thermal physical parameters and 

temperature of TC4: (a) density and heat enthalpy; (b) heat 

conductivity 

 

3  Analysis of Results 

Fig.4 shows the schematic diagram of the crucible’s 

structure. In the actual production of ultra-long and ul-

tra-thin TA1ingot using EBCHM, the three-dimensional 

dimensions of the crucible were measured: length (L), 

width (W), height (H) and wall thickness (T) are 1250, 210, 

660 and 75 mm, respectively. To optimize the crucible’s 

structure during EBCHM for TC4 alloy ingot solidification, 

the solid-liquid interface morphology was analyzed by 

changing the dimensions of crucible’s cross-section. Based 

on the actual three-dimensions of the crucible for the pro-

duction of ultra-long and ultra-thin TA1 ingot, the tem-

perature field simulation was carried out during EBCHM 

for TC4 alloy ingot solidification process by changing the 

length, width, height and wall thickness of the crucible. 

(1) Keep the height (660 mm), thickness (75 mm) and the 

width (210 mm) constant, and the length was set as 300, 

400, 450, 650, 850, 1050, 1250 and 1450 mm. The effect of 

crucible’s length on the solidification interface of ultra-long 

and ultra-thin TC4 slab ingot was analyzed by the tempera-

ture distribution. 

(2) Keep the area of crucible’s cross-section 

(L×W=1.6×10

5

 mm

2

) constant, and the effect of the ratio of 

crucible’s length to width on the solidification interface of 

ultra-long and ultra-thin TC4 slab ingot was analyzed by 

the temperature distribution. Therefore, L×W was set as 400 

mm×400 mm, 500 mm×320 mm, 640 mm×250 mm, 800 

mm×200 mm, 1000 mm×160 mm and 1600 mm×100 mm. 

The different setting modes are shown in Fig.5. The 

cross-section area of TC4 slab-ingot is kept constant at 

1.6×10

5

 mm

2

. 

(3) Keep the width (210 mm), thickness (75 mm) and 

length (1250 mm) constant, and the height was set as 150, 

175, 200, 300, 400, 600 and 800 mm. The effect of cruci-

ble’s height on the solidification interface of ultra-long and 

ultra-thin TC4 slab ingot was analyzed by the temperature 

distribution. 

(4) Keep the width (210 mm), height (660 mm) and 

length (1250 mm) constant, and the thickness was set as 50, 

60, 70, 75, 80 and 90 mm. The effect of crucible’s thickness 

on the solidification interface of ultra-long and ultra-thin 

TC4 slab ingot was analyzed by the temperature distribu-

tion calculation. 

3.1  Effect of crucible’s length on the solid-liquid in-

terface morphology 

In consideration of symmetry, half of the crucible’s ge-

ometry is represented in Fig.6. H

1

 represents the depth of 

liquidus and H

2

 represents the depth of solidus. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Schematic diagram of structure of crucible 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Different setting modes of the internal length and width of 

crucible with the same area of TC4 slab ingot 

cross-section 
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The central sections of TC4 flat ingot with different 

lengths are compared and shown in Fig.7. It can be seen 

from Fig.7 that with the increase of the length, the curva-

ture of the solid-liquid interface morphology of the TC4 

slab ingot tends to stabilize and the bottom of the molten 

pool finally reaches a flat and straight face. When the 

length increases to 450 mm, the shape of the solid-liquid 

interface morphology of TC4 slab ingot will not change 

(left part of the dashed line in Fig.7). While the length of 

the solid-liquid interface morphology only increases in the 

cross-section with increasing the length. From the qualita-

tive analysis of the macroscopic morphology, the 

solid-liquid interface morphology of TC4 slab ingot is the 

same, all of which are funnel-shaped. What’s more, the flat 

surface at the bottom of solid-liquid interface no longer 

changes when the length exceeds 450 mm. From the quan-

titative analysis of the measurement results, the relationship 

between the depth of TC4 liquidus, solidus and the internal 

length of crucible is shown in Fig.8. When the length in-

creases from 300 mm to 450 mm, the depth of solidus in-

creases from 5.34 cm to 10.41 cm and the depth of liquidus 

increases from 4.24 cm to 8.17 cm. Besides, no matter how 

long the length increases, the depth of the molten pool and 

the width of the mushy zone will not change. 

Because the heat dissipation of the TC4 flat ingot de-

pends on the cooling capacity of the crucible, the cooling 

ability of the water-cooled crucible determines the 

solid-liquid interface morphology when the molten pool of 

the TC4 slab ingot reaches the steady state. When the cool-

ing water maintains a certain initial temperature and water 

flow, the cooling capacity on the unit cross-section of the 

crucible is certain. Under the constant width, the effective 

cooling distance of the crucible is determined. For the so-

lidification process of TC4 slab ingot, the effective cooling 

distance of crucible is 450 mm. When the length of the 

cross-section of TC4 slab ingot is lower than this distance, 

the solid-liquid interface morphology of TC4 slab ingot is 

determined by the width and length of crucible.  

When the length of the cross-section of TC4 slab ingot 

exceeds this distance, the solid-liquid interface morphology 

of TC4 slab ingot is determined only by the width of mold. 

With the increase of crucible’s length, only the horizontal 

length at the solid-liquid interface of TC4 slab ingot will be 

increased. While the depth of the molten pool and the width 

of the mush zone no longer change. Therefore, the effective 

cooling distance of the crucible is the key to distinguish 

whether the cross-section length of the slab ingot affects the 

morphology of the solid-liquid interface. 

Compared to the existing crucible used for producing ul-

tra-long and ultra-thin TA1 slab ingot, the influence of dif-

ferent crucible’s lengths on the morphology of the molten 

pool of ultra-long and ultra-thin TA1 flat ingot was also 

calculated. Fig.9 shows the comparison of the molten pool 

morphology of TA1 slab ingot with different internal 

lengths of crucible. As can be seen from Fig.9, the mor-

phology and depth of molten pool of the TA1 slab ingot do 

not change obviously when the inner length of crucible in-

creases to 600 mm (Fig.9a, left part of the dashed line). 

Under the simulated conditions, the effective cooling dis-

tance of the crucible is 600 mm for the solidification proc-

ess of TA1 slab ingot. Therefore, as long as the length of 

cross-section of slab ingot is larger than 600 mm, the same 

length of the water-cooling crucible can be used whether it 

is a TA1 or TC4 titanium alloy slab ingot. Therefore, the 

length of the crucible can be designed according to the 

width of the required roll strip and the requirements of the 

rolling mill specifications in actual production, then 

changing the length of the cross-section of titanium and ti-

tanium alloy slab ingots. 

3.2  Effect of aspect ratio of the crucible on the 

solid-liquid interface morphology 

When the cross-section area of titanium and titanium al-

loy slab ingot increases, the actual production efficiency 

will improve in the actual production conditions. Therefore, 

the product of crucible’s length and width depends on the  

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Simulation calculation diagram of crucible 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Molten pool morphologies of TC4 slab ingot with different 

internal lengths of crucible (sliced on the central 

cross-section along the length direction of slab ingot 

cross-section) 
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Fig.8  Relationship between depth of TC4 liquidus, solidus and 

the internal length of crucible 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Molten pool morphologies of TA1 slab ingot with differ-

ent internal lengths of crucible: (a) length direction of 

TA1 slab ingot cross-section and (b) width direction of 

TA1 slab ingot cross-section 

 

cross-section area of TC4 slab ingot. Under a certain electron 

gun power (corresponding to pouring temperature of molten 

pool surface) and melting speed (corresponding to pulling 

speed of solidification process), the production efficiency 

keeps constant, that is to say, the cross-section area of TC4 

slab ingot is constant. Based on the same cross-section area, 

the effect of the ratio of the crucible’s length to width on the 

solid-liquid interface morphology was studied by calculating 

the temperature during EBCHM for the ultra-length and ul-

tra-thin TC4 slab-ingot solidification. 

The temperature field of ultra-long and ultra-thin TC4 

slab ingot is calculated by setting six different aspect ratio 

modes (crucible’s length to width). Fig.10 shows the rela-

tionship of the depth of TC4 liquidus, solidus and mushy 

zone under different modes with the identical area of the 

TC4 slab ingot cross-section. The results show that with 

decreasing the ratio of the crucible’s length to width, the 

depth of the middle position of molten and the width of 

mushy zone between the liquidus and the solidus increase 

gradually. From mode 1 to mode 6, the width of mushy 

zone increases from 0.81 cm to 2.85 cm. When the ratio is 

1:1, the depth of the liquidus is 17.86 cm, and that of the 

solidus is 20.71 cm. In this case, the depth of the molten 

pool is nearly half of the height of the crucible (660 mm). 

In order to prevent the occurrence of unsafety accidents 

such as leakage and break in the process of drawing the in-

got, the proportion of the crucible (1:1) is not selected when 

designing crucible used for producing the ultra-long and ul-

tra-thin TC4 slab ingot. In addition, when the ratio of the 

crucible’s inner length to inner width is 16:1, the depth of 

liquidus and solidus is only 2.15 and 2.96 cm, respectively. 

In order to eliminate or to reduce the metallurgical defects 

in the casting process, it can be predicted from the calcu-

lated results by controlling the small curvature solid-liquid 

interface and the narrow mushy zone. So the larger the ratio 

of length to width in the mold, the better the quality of slab 

ingot. Results show that the quality of slab ingot is better 

than that of the square ingot, as can be seen from Fig.10. 

However, considering the fluidity of the melt, the larger 

ratio of crucible’s length to width is not designed in the ac-

tual production. Because when the depth of the molten pool 

decreases to a certain extent, the viscosity of the fluid in-

creases, which stops the flow of the TC4 titanium alloy melt, 

reaching the overflow outlet opposite, so more casting de-

fects form. Considering synthetically, it is helpful to im-

prove the production quality of TC4 slab ingot by properly 

increasing the ratio of crucible’s inner length to inner width. 

In this work, the ratio of crucible’s inner length to inner 

width is generally chosen to be 4~6, when designing the 

crucible’s three-dimension during EBCHM for the ul-

tra-long and ultra-thin TC4 slab ingot. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Relationship of the depth of TC4 liquidus, solidus and 

mushy zone under different modes with identical area of 

the TC4 slab ingot cross-section 
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3.3  Effect of the crucible’s height on the solid-liquid 

interface morphology 

Keep the width (210 mm), thickness (75 mm) and length 

(1250 mm) constant, and the height was set as 150, 175, 

200, 300, 400, 600 and 800 mm. The effect of crucible’s 

height on the solidification interface of ultra-long and ul-

tra-thin TC4 slab ingot was analyzed by the temperature 

distribution. Fig.11 shows comparison of the molten pool 

morphology of TC4 slab ingots with different heights of 

crucible, which are sliced on the central cross-section along 

the length direction of TC4 slab ingot cross-section.  

Analyzing from the perspective of macro morphology, the 

solid-liquid interface morphology, the depth of the center 

molten pool and the width of the mushy zone of the TC4 

slab ingot no longer significantly change when the height of 

the crucible increases to 300 mm. According to the results 

of the measurement data shown in Fig.12, when the cruci-

ble’s height increases from 150 mm to 300 mm, the depth of 

the liquidus of TC4 slab ingot decreases from 11.94 cm to 

8.21 cm, and the depth of solidus decreases from 26.73 cm 

to 10.47 cm. As the height of the crucible increases, the 

depth of the molten pool and the width of the mushy zone 

remain unchanged. Therefore, under the simulated condi-

tions, the effective cooling height of the crucible is 300 mm. 

The solid-liquid interface morphology of TC4 slab ingot 

molten pool will not be affected by the height of the cruci-

ble when the height of crucible designed is higher than 300 

mm. Moreover, the depth of molten pool and the width of 

the mushy zone will not change any more. 

3.4  Effect of the crucible’s thickness on the solid- 

liquid interface morphology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11  Molten pool morphologies of TC4 slab ingot with dif-

ferent heights of crucible (sliced on the central 

cross-section along the length direction of TC4 slab in-

got cross-section) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12  Relationship between the depth of TC4 liquidus, solidus 

and the height of crucible  

 

In addition to length, width and height in the 

three-dimensional size of the crucible above, the thickness 

of the crucible also needs to be defined when designing the 

crucible. Keep the width (210 mm), height (660 mm) and 

length (1250 mm) constant, and the thickness was set as 50, 

60, 70, 75, 80 and 90 mm, respectively. The effect of cruci-

ble’s thickness on the solidification interface of ultra-long 

and ultra-thin TC4 slab ingot was analyzed by the tempera-

ture distribution. Fig.13 shows the relationship between the 

depth of TC4 liquidus, solidus and the thickness of crucible. 

It can be found that depth of liquidus and solidus does not 

change significantly with the increase of the crucible’s wall 

thickness, which demonstrates the little effect of crucible’s 

wall thickness on the solid-liquid interface morphology. 

Therefore, in the actual design of the water-cooling crucible 

for TC4 slab ingot production, the internal water-cooling 

pipe design should be given priority consideration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.13  Relationship between the depth of TC4 liquidus, solidus 

and the thickness of crucible 
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solid-liquid interface morphology can be studied by calcu-

lating the temperature distribution during EBCHM for the 

ultra-long and ultra-thin TC4 slab-ingot solidification. The 

quantitative relationships of the length, ratio of length to 

width, height and wall thickness of the crucible and the 

depth of molten pool are obtained. 

2) When the length of the cross-section of TC4 slab ingot 

is lower than 450 mm, the solid-liquid interface morphol-

ogy of TC4 slab ingot is determined by the width and length 

of crucible.  

3) The quality of slab ingot is better than that of the 

square ingot. 

4) The solid-liquid interface morphology of TC4 slab 

ingot molten pool cannot be affected by the height of the 

crucible when the height of crucible designed is higher than 

300 mm. 
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