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In the present paper, the rate of aluminium evaporation from the Ti-6Al-7Nb alloy during smelting with the use of 
VIM method at 5 to 1 000 Pa and 1 973 to 2 023 K has been discussed. It has been observed that pressure reduction 
and temperature rise aff ect aluminium elimination from the alloy. Based on the determined values of overall mass 
transfer coeffi  cients and mass transfer coeffi  cients in the liquid phase, it has been found that the resistance related 
to aluminium mass transfer in the liquid phase is about 8 % of the overall process resistance.
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INTRODUCTION

Titanium alloys belong to the group of metallic ma-
terials whose applications markedly increase, primarily 
due to their small densities and high strength levels. A 
critical property of these materials is also their corro-
sion resistance. Titanium alloy products are mainly ap-
plied in the aerospace, shipbuilding and automotive in-
dustries as well as in medicine. They are also frequently 
used for construction purposes – basically due to the 
corrosion resistance mentioned.

In developed and currently utilised technologies of 
titanium alloy production, melting devices that work at 
lower pressures are mostly used, i.e. induction furnaces 
(VIM technology), arc furnaces (VAR technology) and 
electron beam furnaces (EBM technology). Smelting 
and casting of such metallic materials may pose various 
problems due to large differences in the melting points 
of alloy components and high reactivity of the matrix 
component, titanium, with gases or ceramic materials of 
melting pots or the furnace lining [1, 2]. Another disad-
vantageous process that may occur during the discussed 
alloy smelting is evaporation of its components. For in-
stance, during Ti-Al-V alloy smelting intense alumini-
um evaporation is observed with losses reaching even 
40 % of the metal [3-7]. Similarly, during Ti-Al-Mn al-
loy smelting, intense evaporation of manganese is ob-
served [8, 9]. It should be noted that alloy overheating 
and too high vacuum levels in the smelting system may 
signifi cantly intensify the disadvantageous evaporation 

process. To prevent this, knowledge on the process ki-
netics is necessary as for various vacuum ranges, the 
stage that controls its rate may change. Regarding re-
sults of the studies on aluminium evaporation from Ti-
Al-Nb alloys, available in the literature, the only fi nd-
ings are related to the alloy containing 25 % mol Al and 
25 % Nb, smelted in the induction furnace with the use 
of skullmelting technology [10]. Based on a thermody-
namic analysis and own investigations, the authors of 
the paper demonstrated that individual components of 
the alloy show a tendency for evaporation in the 
Al>>Ti>>Nb order. 

However, the authors did not perform a complete ki-
netic analysis of the process based on their own fi nd-
ings. In the present paper, the rate of aluminium evapo-
ration from the Ti-6Al-7Nb alloy during smelting with 
the use of VIM method, at 5 to 1 000 Pa, has been dis-
cussed.

RESEARCH METHODOLOGY

For the investigations, the Ti-6Al-7Nb alloy was 
used (see Table 1 for the chemical composition). The 
alloy is an important biomaterial utilised for implant 
and biomedical engineering.

Table 1 Chemical composition of the investigated alloy 

Basic alloy component fractions / %mass
Al Nb Fe Ta Ti

5,5 – 6,5 6,5 – 7,5 ≤0,25 ≤0,5 The other fraction

All smelting experiments were performed in a sin-
gle-chamber vacuum induction furnace VIM-20 manu-
factured by SECO-WARWICK. Each experiment began 
with introducing an alloy sample (about 1 000 g) into 
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the melting pot placed in the induction coil. After clos-
ing the furnace chamber, the precisely determined vac-
uum was generated by the diffusion and Root’s pump 
system. When the required vacuum level was reached, 
the melting pot was heated up to the assumed tempera-
ture and the liquid alloy sample was held under the set 
conditions for 600 sec. Next, the furnace was cooled. 
During the experiment, alloy samples were collected 
and their chemical analysis was performed. All experi-
ments were performed at 5 – 1 000 Pa and 1 972 – 2 023 
K. In Table 2, basic process parameters and fi nal alu-
minium fractions in the alloy are presented.

RESULTS

While analysing the kinetics of aluminium evapora-
tion, its three essential stages were considered: 

–  transfer of aluminium in the liquid phase to the 
interface (liquid metal surface),

–  evaporation reaction on the liquid Al.(l) – Al(g) 
surface,

–  transfer of gaseous aluminium mass from the 
evaporation surface to the core of gaseous phase.

The overall mass transfer coeffi cient (kAl) in the ana-
lysed evaporation process was determined by the fol-
lowing equation:
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where: 
βl – mass transfer coeffi cient in the liquid phase,
βg – mass transfer coeffi cient in the gaseous phase,
ke – evaporation rate constant,
R – gas constant,
T – temperature,
Mm , ρm –  respectively: the molar mass and density of 

the basic alloy component, titanium,
p0

i, γi –  respectively: aluminium vapour pressure over 
pure bath and its reactivity coeffi cient in liquid 
alloy.

In order to determine the overall mass transfer coef-
fi cient for aluminium from the experimental data, the 
following equation was applied:
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where:
F – evaporation areas (the interface),
V – liquid metal volume,
(t – to) – process duration,
Ct

Al –  aluminium concentration in the alloy after time t 
(Table 2),

C0
Al – initial aluminium concentration in the alloy.

In Table 3, values of the experimental coeffi cient kAl, 
determined from equation (3), are presented.

Table 2  Basic experiment parameters and fi nal Al fractions 
in the alloy

Test 
no.

Temp.
/ K

Pressure
/ Pa

Final Al concentration in 
the alloy, / %mass

1 1 973 1 000 3,94
2 1 973 100 3,77
3 1 973 50 3,67
4 1 973 10 3,66
5 1 973 5 3,34
6 1 998 1 000 3,88
7 1 998 100 3,69
8 1 998 50 3,63
9 1 998 10 3,56

10 1 998 5 3,30
11 2 023 1 000 3,86
12 2 023 100 3,62
13 2 023 50 3,57
14 2 023 10 3,48
15 2 023 5 3,19

In order to determine the contribution of resistance 
related to mass transfer in the liquid Ti-Al-Nb alloy to 
the overall evaporation process resistance, values of the 
mass transfer coeffi cient, ßl, were determined with the 
use of Machlin’s equation which describes mass trans-
fer in the liquid metal phase, inductively stirred. The 
equation is as follows:
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where:
vm–  near surface velocity of inductively stirred liquid 

metal,
rm –  radius of the liquid metal surface (assumed to be 

the melting pot inner radius),
DAl –  Al diffusion coeffi cient in the liquid alloy.

According to this Author, the vm value does not de-
pend on the type of inductively stirred alloy or the elec-
trical parameters of the furnace operation and equals 
0,1 m·s-1 for devices where up to 1 Mg of metal is smelt-
ed. However, many studies have shown that this value 
depends on a lot of factors, i.e. density and viscosity of 
the metal as well as the electrical parameters of furnace 
operation, including current frequency, device power 
and current intensity in the induction coil [11]. For the 
investigated alloy, the following vm values were as-
sumed: 0,080 m·s-1 for T=1 973, 0,093 m·s-1 for 1 998 K 
and 0,105 m·s-1 for T=2 023 K. The values were deter-
mined based on the data presented in the paper [10]. In 
order to determine the aluminium diffusion coeffi cient 
in the liquid phase, the equation [12] was used:
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In Table 3, the values of aluminium mass transfer 
coeffi cient in the liquid phase, determined with the use 
of equation (3), are presented.
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DISCUSSION 

As demonstrated by the results of experimental Ti-
6Al-7Nb alloy smelting in the vacuum induction fur-
nace, the temperature rise from 1 973 K to 2 023 K and 
working pressure reduction from1 000 Pa to 5 Pa are 
accompanied by signifi cantly higher aluminium loss 
from the alloy. At the same time, increased overall mass 
transfer coeffi cient (kAl) values from 0,0000220 to 
0,0000374 m·s-1 are observed. It is illustrated by the 
data presented in Figure 1.

The determined kAl and βl values allowed for defi ning 
the contribution of mass transfer resistance in the liquid 
phase to the overall resistance of the process. The contri-
bution of mass transfer resistance in the liquid phase was 
determined with the use of the following equation:
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The contribution of resistance related to mass trans-
fer in the liquid phase did not exceed 8 % for the whole 
pressure range. It is illustrated by the data presented in 
Figure 2.

CONCLUSION

Based on the investigations, the following was dem-
onstrated:
�  Final aluminium concentrations in the alloy, fol-

lowing the process, range from 3,19 to 3,94 % 
mass depending on the process conditions (the ini-
tial Al fraction was 5,5–6,5 % mass). The most 
marked reduction in Al content in the alloy was 
observed for the process conducted at 2023 K and 
5 Pa.
�  The aluminium mass transfer coeffi cient increases 

with the temperature rise and pressure reduction in 
the smelting device; its values range from 
0,0000220 to 0,000034 m·s-1.
�  The resistance related to aluminium mass transfer 

in the liquid phase is about 8 % of the overall proc-
ess resistance, which means that this stage does 
not determine the rate of the whole process
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Figure 1  Changes of the overall mass transport coeffi  cient, kAl, 
depending on the furnace working pressure

Figure 2  The contribution of resistance in the liquid phase to 
the overall process resistance depending on the 
pressure
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