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Abstract

VAR process is required to control its various operating parameters. Heat transfer simulation has been zc-

complished to understand development of solidification micro and macro-~structures during VAR process in Tt alloys.
Optimum VAR process parameters could be also estimated in this study. It was found that macro-structures were
closely related to the shape and depth of liquid pool, and solidification parameters, such as temperature gradient, heat

flux, solid fraction. The cooling rates were higher at bottom, top and center part respectively. As cooling rates in-

creased, the @ phase decreased in length, width and fraction. In order to evaluate which parameter affects the result of

heat transfer calculation most sensitively, the sensitivities of input parameters to the simulation result were examined.

The pool depth and cooling rate showed more sensitive to the temperature of the molten metal, heat transfer coeffi-

cient, and liquidus respectively. Also, these thermal properties became more sensitive at higher temperatures.

Key words - Ti alloy, ingot, macro- structure, cooling rate, sensitivity, heat transfer coefficient, thermal physical proper-

ties
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Fig. 1. Schematic illustration of the VAR furnace.
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Table 1. Thermal properties of pure Ti and Ti-6Al-4V
alloy.

Physical Property Pure Ti Ti-6Al-4V
Solidus 1660°C 1604°C
Liquidus 1670°C 1660°C

Latent heat 3.92x 10* k]/kg

Viscosity 5.2x107°N.s/m?
Conductivity Fig. 2(a).
Specific heat Fig. 2(b).

Aersted 714 24 (macro-structure) & F&EsHch.
AARAbel A8 4k BeES T3 Tigk Ti-
B6A1-4V 29 EXXE Table 1o vehilz, T2 4
EA4A dAEE Y IS 25 TR Fig. 20 B
F3 Qo el Red Ao A= A &
gi 230 A& W, A&k F AR FF, 21 ¢
2 5 oz 25 s W3l A byt gle
o|t}. Table 2049} 7o} & Aol &% AA#UE
= 24d¢ gxsignt ' 2y g Hhe dz
Ao = Balel] 93k dxido] LAYt oluf 2T
o] Ay 2EE 30CE FHh"Y J2E SR
A A 259 g o= Folon, 2
o]l A& 800W /m¥/K & dAstA Fivh. & Ao
a4z s4x Pude FEM (Finite Element Method) ol
|28tz deom 4L A% J1E PHY a4
(mesh) &= %4 Elekedt Ti-6A1-4V Tol st 42
2 2702 Erlt 10mm, FE& 5mm Z7|E
A% A4 (auto mesh) stk 27) VAR £38] FHe] A
z+5)o] ol 7 wrAdo] QA E7I7FA] ARAFE olF £
= A Abefoll 4 oL E R melx|ut, AA] FAA
Zrol| WIF) ghe A7ke] 2R FHER ojF& T FTA B

W77 AAsteha s Rk

ot

2 oo M orlo wx

3.1 &%= ElEFsT} Ti-6Al1-4V &Z0l|M Pool2| 215}
VAR Al 3lo] &% poold] ¥437 ol Alx%
e EAL AASE £43 2v]E spalch 4§ poold

022 .
_ !
e
~ 020 N
’_E‘O ‘I
= ,
2 o184 "
= " )
= A -
O 016 . I .
jan] » ’
) - an-n-n
& 0144 .
&)) »
= .
©«2 0424
T T T

T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000

Temperature {C)

Fig. 2. Thermal properties used in calculation.
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(a)
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Fig. 3. Evolution of the liquid pool profiles with VAR process. (a) Pure Ti (b) Ti-6Al-4V alloy

Table 2. Boundary and processing conditions.

Surface Boundary conditions Value
Liquid to mold 800W/m*K
Side surface HTC -
Solid to mold 450W/m¥/K
Bottom surface HTC 800W/m?*/K
o Liquid 0.2
Emissivity
Solid 04
Ambient temperature 30C
Initial temperature 2000C
Operating conditions Value
Steady state voltage 25-35V
Steady state ampere 3.0-3.5kA
Cooling water temperature 24C
Melting metal quantity 20.99g/sec
Geometry Value
Ingot diameter 204mm
Pure Ti 417mm
Ingot height
Ti-6Al-4V 450mm
Consumable electrode diameter 150mm
Crucible diameter 224mm
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Fig. 4. Pool depths with VAR process in the pure Ti and Ti-
6A1-4V alloy.
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Fig. 5. Macro-structures of VAR casted ingots. (a) Pure Ti (b) Ti-6Al-4V alloy

Table 3. Percentage changes in pool depth with percentage changes in heat transfer coefficient, melting temperature and

material properties.

. Cooling rate at th h
processing parameters Value Change (%) oolng rate 4 ,e mushy Rate Change(%)
zone temp. (*C/s)
Latent Heat -25 1.52 0
. . Specific heat -25 1.52 0
Material Properties
Conductivity -25 1.54 1.3
Lig-temperature -25 1.66 9.2
+10 22 1.57 33
Heat Transfer Coefficient
+40 8.9 1.67 9.9
(W/m*/K)
+80 17.8 191 25.7
2050 25 1.44 53
Melting Temperature(C) 2100 5 1.39 8.6
2200 10 1.35 11.2
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Fig. 6. Columnar/equiaxed transitions with cooling rates in
VAR ingots.
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Fig. 8. Micro-structure variations with positions of the Ti-6Al-4V ingot. (a)-(f) are at the positions

of the ingot in Fig. 7.
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Fig. 10. Temperature profiles ifn (a) 1min 53sec, (b) 2min
42sec, (c) 8min 19sec, (d) 44min 34sec(end of melting) during
V AR process.
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4.0E+04W/rA
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Fig. 11. Heat flux profiles in (a) 3min 4sec, (b) 7min 15sec, (c)
8min 51sec, (d) 50min 34sec{end of melting) during VAR proc-
ess.
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Fig. 12. Solid fraction profiles in (a) 2min 20sec, (b) 6min 38sec,
(c) 8min 19sec, (d) 44min 28sec, 46min 43sec(end of melting)
during VAR process.
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Fig. 13. Pool depth variations with VAR processing parameters
at the 200mm height of the center of the ingot.
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Fig. 14. The liquid pool shapes at (a) standard state, (b) 80W/m?/K higher heat transfer coefficient,
(¢) 200°C highter melting temperature, (d) 1632°C liquidus temperature.

Table 4. Percentage changes in the pool depth with thermal properties at various ingot heights.

Pool depth change(%)
Processing parameters at various ingot heights
h=72 h=150 h=327
Material Property liquidus(-50%) -3.2 -3.6 -75
Heat Transfer Coefficient +80W/m*/K 0 -16.1 -17.2
Melting Temperature +200°C 105 10.7 322
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