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[ Abstract] A new model was established to calculate the real vapor pressure of the Al element in the molten Tt x Al ( x

= 25~ 50, mole fraction, %) alloy. The effects of the holding time, chamber pressure, mole fraction of Al and melting

temperature on the real vapor pressure of Al element in the vacuum chamber were analyzed. Because of the impeding effect

of the real vapor pressure on the evaporation loss rate, within a short time (less than 10s), the real vapor pressure tends

to a constant value. When the chamber pressure is less than the saturated vapor pressure of the Al component, the real va-

por pressure of Al is equal to the chamber pressure. While when the chamber pressure is larger than the saturated vapor

pressure, the real vapor pressure is equal to the saturated vapor pressure of the Al element of the same condition.
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1 INTRODUCTION

Titanium alloy have been widely studied in re-
cent years for its high thermal stability and good

[1~41 " In vacuum melting process of

creeprresistance
TiAl alloys, because of the high temperature of the
melt and the high vacuum degree in the vacuum
chamber, the evaporation loss of the volatile element
is very serious. For instance, the evaporation loss of
Al element in the TiAl melt can arrive up to 10% ~

15% ( mole fraction)
(EBM) process[s].

of evaporation loss will cause serious influence on the

by electron beam melting
Undoubtedly, the large quantity

strength and ductility of the gamma TiAl alloy that is
very sensitive to its composition. The notable effect
of the real vapor pressure of the volatile element in a
molten alloy on its evaporation loss has been noticed

by some metallurgists'®™ ® as follows:

N = KL8pi= peiy) IMi/ T (1)
1
; Kt

is the Langmiure constant and equal to 4. 37 x 10™ *;

; ; =)
where N is the evaporation rate, g*cm™ “*s

€is 1; pi is the saturated vapor pressure of the com-
ponent ¢ in a melt, Pa; p,¢;) is the real vapor pres-
sure of the component i, Pa; M, is the atomic weight
of i; T s is the melt temperature on the melt sur
face. However, they did not give any way to calculate
Pe(i)- In our practice of melting some reactive alloy
via vacuum Induction Skull Melting (ISM) !~ "2 we
find that the effect of p,i) on the evaporation loss
rate is obvious. In this paper, a new model was es
tablished to theoretically calculate the real pressures of

the volatile elements.
2 THEORY MODEL

The schematic diagram of ISM furnace is shown
in Fig. 1.

Fig.1 Schematic diagram of ISM furnace
1 —Induction coil; 2 —Water cooling copper crucible;
3 —Melt; 4 —Skull; 5 —Tundish; 6 —Permanent mold;
7 —Centrifugal pouring dish; 8 —Tilting facility;
9 —Optical pyrometer; 10 —Pick-up camera;
11 —Inlet of iner; 12 —Inlet of air; 13 —Vacuometer interface;
14 —Attach to vacuum pump system

Fig. 2 shows the schematic of this theoretic mod-
el based on the ISM melting process. In Fig. 1, An;
and An!* %' are the mole numbers of the component i
entering the vacuum chamber via evaporating within
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Fig. 2 Schematic diagram of mole number of gases in vacuum chamber

dt from time ¢ to t+ dt and from time t+ dt to t+

|
% gre the mole numbers

2dt respectively; n; and nj
of the component ¢ in the vacuum chamber at time ¢
and time ¢+ di. nie and n'n" represent the mole
numbers of residual gas in the vacuum chamber at
time ¢ and time ¢+ dt. nby and iy are the mole
numbers of gas pumped out off the vacuum chamber
and condensed on the surface of the wall of the vacu-
um chamber within d¢ from time ¢ to ¢+ d¢ and
from time ¢+ d¢ to t+ 2dt respectively. r is the
number of evaporation components in the molten al-
loy.

To the calculation model, there are three hy-
potheses:

1) The gas in the vacuum chamber follows the
ideal gas law.

2) The whole pressure, p, in the vacaum cham-

ber always keeps as a constant value, namely ZAnﬁ

i=1
= nby and Z:An’+ do— piede
i=1

3) Within a very short time step ( ¢ T+ dt),
Alou(i) ®niy Alou(res) * Mres.

Just as mentioned in hypothesis 1) and 2), the
whole pressure (p) in the vacuum chamber ( here
inafter is called as chamber pressure) is always kept as
a constant value, then

N

S+ ne= Sprie ant o 2L (o)

i=1 i=1

where V is the effective volume of the vacuum
chamber (occupied by gases), T’ is the temperature
of the gas in the vacuum chamber, generally 310K,
R is the gas constant. According to hypothesis 3),
the mole number of the component i pumped out off
the vacuum chamber within d¢ (from time ¢ to ¢+

dt) can be given by

1
nt
t t —_—
Nout(i) = Nout r (3)
t t
it Tyes
i=1

Then, the mole number of the component ¢ in

the vacuum chamber at time t+ d¢ is
1+ dt

n; = (nf+ Anf)— n[om(i) (4)
Substitute Eqn. (3) into Eqn (4), then

t

< _ m
H“—(nl+ An)—(ZAn ;

i=1 t 1
it Tres

(5)

And the real pressure ( p'i}') of the component

i=1

i in the vacuum chamber at time ¢+ dt is
1+ dt

d L
PEi) = "p (6)

E 1+ dt 1+ di
i + Nyes

i= 1
Substitute Eqn. (5) and Eqn. (2) into Eqn. (6),
then

b dt _ RT (n'+ An!) _
Peg(i) = 174
R’T ?n} ZAn
i=1
7
pV (7)
If the evaporation loss rate of the component ¢,

that is N!(g*cm™ %*s™ '), can be given out, then An!

can be given as the follow ing:
NS - de
anf = B (8

where S is the area of the evaporation surface
(cm2). Substitute Eqn. (8) into Eqn. (7), we get
war_ RT(niM;+ NiS <+ dt)
Pg(i) = VM,
’ N S d¢
R T 2 ( Z__

i=1

5 (9

Ref. [ 12] gives the method to calculate the evap-
oration loss rate.

From Eqn. (9), it can be seen that p'y Elf depends
on the chamber pressure p, evaporation loss rate N;
and holding time. The evaporation loss rate N; is
mainly controlled by the melting temperature T,
chamber pressure and the mole fraction of the volatile
component in the molten alloy! . The detailed dis-
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cussion of the evaporation loss rate N; has been car
ried out in Ref. [ 12].

In this paper, the calculating time is 300s; e
vaporation surface is 113 em’; volume of vacuum
chamber is 3m’; charge mass is Skg. All the calcula
tion results are based on the hypothesis that the calcu-
lation begins when the solid alloy is completely melt-
ed, and during the holding time the composition of
the melt is homogeneous.

3 RESULTS AND DISCUSSION

Fig. 3 shows the relationship between the real
vapor pressure of Al in the Tr50Al1 (mole fraction,
%) melt (this pressure is hereinafter called pg(a)
and the holding time.

14 (8)
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Fig. 3 Relationship between p 4 ;) and holding time

From Fig. 3, it can be seen that within a short
time (less than 10s), p4a) tends to a constant val-
ve. In Fig.3(a), when holding time is larger than
10s, pg(an is equal to the chamber pressure. This is
the reason that when the melt temperature is equal to
or larger than 1900K, the saturated vapor pressure
of the Al element (which will be called as p%)) in the
Tr50Al1 (mole fraction, %) is larger than the cham-
ber pressure ( 13.33Pa). From Eqn. (1) and hypoth-
esis 2 ( chamber pressure is a constant), pgan is €
qual to the chamber pressure and the evaporation of
Al will continue with the increase of the holding
time. However, in Fig.3(b), pf is less than the

chamber pressure (13.33Pa). With increasing the
holding time, p g a) increases until equal to p ‘i of the
same temperature. From Eqn. (1), the evaporation
rate of Al element is zero and p 4(a) is equal to a con-
stant.

Fig. 4 shows the relationship between p a1 and
p at different melting temperatures and the mole
fraction of Al element.
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Fig. 4 Relationship between p 4y and p at
different melting temperatures and mole
fraction of Al

From Fig. 4, it can be seen that p,a) increases
and tends to a constant with increasing p . In fact, it
is obvious that this constant is p of the same melt
temperature. Before pa) is equal to the constant,
pean/p = 1. Undoubtedly, after pgya) is equal to
the constant, p,ay/p < 1 and decreases with in-
creasing p. In Fig. 4, if p is less than pai, pgay is
equal to p. Otherwise, if p is larger than pi, p gay
is equal to p%.

Fig. 5 gives the relationship between p,a) and
the mole fraction of Al in the molten alloy. When p
is larger (for example 1333 Pa), p,(a) increases with
the increase of the mole fraction of Al, which is
shown in Fig.5(b). In Fig.5(a), when the melt
temperature is 2100K, pQi of the Al element in
molten Trx Al (x = 25% ~ 50%, mole fraction) is
always beyond 13.33Pa and pf is equal to p
(13.33Pa). However, if the melt temperature is
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1900K, when mole fraction of Al element is less
than 0.44, p‘u< p and pgay is equal to pyi If the
mole fraction of Al element is bigger than 0.44, p‘
is larger than p and p,a) is equal to the chamber
pressure p. From Fig. 5, it can be seen that p 4y is
more liable to tending to its constant value at the high
melting temperature and the bigger mole fraction of
Al component.
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Fig. 5 Relationship between p 41 and
mole fraction of Al in melt

The relationship between p 4a1 and the melting
temperature is shown in Fig.6. When p is larger,
that is 1333 Pa, p4a) increases with increasing the
melting temperature, which is shown in Fig. 6(b).
However, when p is smaller, such as 13.33Pa, the
effect of the melting temperature on p 4y is complex
with different contents of Al component in the melt,
as shown in Fig. 6(a). In molten Tr50A1 ( mole frac
tion, %), within the temperature range of 1900K to
2200K, pfiis always larger than p, so that p ,ay is
equal to p. In Tr25Al1 ( mole fraction, %) melt,
P «(Al) increases with increasing the melting tempera
ture when the temperature is below 2075K. But
when the melt temperature is larger than 2075K,
Pe(a) tends to 13.33 Pa as that of the Tr50A1 (mole
fraction, %) melt.

A melting practices for the Tr34% Al ( mass
fraction) alloy has been developed with the process
conditions: melting power of 300kW, charge mass of
3kg, vacuum pressure of p= 1.33Pa, the melt tem-
perature is about 1950K. The initial Al content of

3kg charges is 1020g. After the melting process,
the evaporation loss of Al is 39. 61 g as listed in Table
1. Utilizing Eqn. (1), the theoretical calculation val-
ues of Al evaporation at the condition of the real vapor
pressure is equal to zero and not equal to zero are all
listed in Table 1. From Table 1, it can be seen that
the effect of p4a1 on the evaporation loss is obvious.
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Fig. 6 Relationship between p 4 a1 and

melting temperature at different p

Table 1 Theoretical and experimental
evaporation loss of Al (g)

Experimental loss T heoretical evaporation loss of Al

of Al P oAy Z0
39. 61

Paan=0
55.13

43.03

4 CONCLUSIONS

1) Based on three hypotheses, a model to calcu-
late the real vapor pressure of the volatile elements in
a molten alloy is established and the equation repre-
sented the real vapor pressure is deduced.

2) Within a short time step (less than 10s),
p oAl of the Al element in the melt arrives at a con-
stant. This constant is the chamber pressure when
the chamber pressure is 13. 33 Pa. When the chamber
pressure is 1333 Pa, the constant is equal to p‘ of
the same condition.

3) If p is larger than p };, with the increment of
the mole fraction of the Al element or the melt tem-

perature, p,a) increases and is equal to p‘; of the
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same condition. If p is less than pi, pgay is a con-

stant and equal to p.
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