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THE KINETICS OF ALUMINIUM EVAPORATION FROM THE Ti-6Al-4V ALLOY

KINETYKA PAROWANIA ALUMINIUM ZE STOPU Ti-6Al-4V

In the paper, results of a kinetic analysis of aluminium evaporation from the Ti-6Al-4V alloy are presented. The analysis
was performed based on the findings obtained during the alloy smelting in the vacuum induction furnace at 5 Pa to 1000 Pa
and at 1973 K, 1998 K and 2023 K.
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W prezentowanej pracy przedstawiono wyniki analizy kinetycznej procesu parowania aluminium ze stopu Ti-6Al-4V.
Przeprowadzono ją w oparciu o wyniki badań uzyskane w trakcie topienia stopu w indukcyjnym piecu próżniowym w zakresie
ciśnień 5-1000 Pa w temperaturach 1973 K, 1998 K i 2023 K.

1. Introduction

•
•

One of the main conditions of successful metallurgical industry growth is constant development of new metal products
with a potential for their implementation until 2030 as well as
improvement of the existing product properties. Examples of
new, modern materials are light titanium-based alloys. Their
properties make them extremely interesting for aerospace, automotive and building industries as well as for broadly-taken
biomedical engineering. Currently, a lot of research centres
are still working on production technologies regarding new
alloys from this group as well as on modernisation of their
processing technology aimed at creating new potentials for
their application. One of the basic components of titanium alloys is aluminium. With respect to titanium, this metal shows
higher vapour pressures, which frequently results in serious
problems during smelting of these alloys. This is related to
possible disadvantageous Al evaporation during smelting and
casting, which may lead to an alloy whose composition differs from the initially assumed composition. To prevent this
process, it is necessary to understand the kinetics of aluminium evaporation from these alloys in terms of the stages that
determine the process rate. In the paper, results of a kinetic
analysis of aluminium evaporation from the Ti-6Al-4V alloy
are presented. Based on the review of literature regarding aluminium evaporation from the Ti-Al-X alloys, the following
may be concluded:
• The literature lacks a kinetic analysis of the process based
on results of experimental studies conducted for a wide
range of working pressures in smelting systems.
∗

•

The existing experimental data are rare and mainly relate
to smelting with the use of ISM or EBM method [1 -13].
No results of experiments conducted in conventional, vacuum induction furnaces (the VIM methodology) [14-16]
are available.
In the literature, various mathematical models can be
found that allow for estimating the rates of aluminium
evaporation from titanium alloys, but they have been verified with the use of a small number of experimental
findings which, importantly, referred to very high vacuum
conditions, i.e. 6 1Pa [2-4, 6].

2. Research methodology
The subject of investigations was the Ti-6Al-4V alloy (Grade 5 titanium) which, in addition to titanium, contained 5.50%mass aluminium, 3.77%mass vanadium and trace
amounts of other elements.
The smelting experiments were performed with the use
of a VIM 20-50 vacuum induction furnace manufactured by
SECO-WARWICK. The furnace is presented in Fig. 1.
During the experiment, a 1000 g alloy sample was placed
in the graphite melting pot (inner diameter: 90 mm; operating
height: 220 mm) which was mounted inside the furnace induction coil. After closing the furnace chamber, the required
pressure was generated by cooperating vacuum pumps (mechanical, Roots and diffusion pumps). When the assumed level
of vacuum was reached, the charge material was heated up to
the set temperature. The liquid metal was held at the set temperature for 600 sec. The temperature was measured with the
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use of a pyrometer and a PtRh-Pt thermocouple. During the
experiment, liquid metal samples were collected and subjected
to a chemical analysis. When the test was completed, the liquid
metal was poured into the ingot mould. When it solidified and
the furnace cooled down, the vacuum chamber was opened.
The metal cast was also subjected to the chemical analysis.

3. The kinetic analysis of aluminium evaporation process
In the process of liquid metal alloy component evaporation, there are three essential stages [17, 18]:
• transfer of the evaporating component mass from the body
of the liquid metal phase to the interface
• a surface reaction, i.e. the evaporation process on the liquid metal-gaseous phase interface – the gaseous phase
• transfer of the evaporating component mass from the interface to the core of gaseous phase
The overall flow of aluminium that is transferred from the
liquid alloy body to the gaseous phase core can be described
by the following equation:

−1
 1
1
1 
N Al =  l + g + e  · C Al
(1)
β Al β Al k Al
or
N Al = k Al · C Al

(2)

where:
k Al – overall aluminium mass transfer coefficient,
ßlAl – aluminium mass transfer coefficient in the liquid
phase (titanium bath),
keAl – aluminium evaporation rate constant,
ß gAl – aluminium mass transfer coefficient in the gaseous
phase,
C Al – concentration.
The k Al is described by the following equation [15]:
1
1
1
RT
= l + e + g
k Al
β Al φk Al ϕβ Al
where:
φ=
Fig. 1. The vacuum induction furnace used for the experiments

The experiments were performed at 5 Pa to 1000 Pa and
at 1973 K, 1998 K, 2023 K. Examples of aluminium concentration changes in the Ti-6Al-4V alloy during the smelting
process are presented in Fig. 2.

(4)

and:
T – temperature,
R – gas constant,
γ Al – coefficient of Al activity in the alloy,
MT i – titanium molar mass,
ρT i – liquid titanium density.
In order to determine the overall aluminium mass transfer coefficient based on the experimental data, the process rate
was described by the following equation:
2.303 log

Fig. 2. Aluminium concentration changes during the Ti-6Al-4V alloy
melting at 1998 K and 1000 Pa, 50 Pa and 5 Pa

poAl · γ Al · MT i
ρT i

(3)

C tAl
F
= −k Al · (t − to )
C oAl
V

(5)

where:
F – evaporation areas (the interface)
V – liquid metal volume
(t – to ) – process duration.
With the use of equation (5), values of the overall aluminium mass transfer coefficient, k Al , in the analysed evaporation process, were determined. The evaporation area (the area
of liquid alloy), used for the calculations, was 63.59·10−4 m2 .
The determined k Al values are presented in Table 1.
To determine the contribution of resistance related to
mass transfer in the liquid Ti-6Al-4V alloy to the overall resistance of the process, the value of mass transfer coefficient,
ßlAl , is necessary. It is determined with the use of Machlin’s
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equation [19] which describes mass transfer in the liquid, inductively stirred metal phase:
β lAl

8D Al · Vm
=
π · rm

The values of liquid metal density were calculated with the
use of the following equation [22]:

! 12
(6)

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),
D Al – Al diffusion coefficient in the liquid alloy.
Based on equation (6), it is seen that for the βlAl estimation, the near-surface velocity of liquid metal must be known.
Many studies have shown that the vm 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. Another important factor is a position of the melting pot
in relation to the inductor [20, 21].
For the investigated Ti-6Al-4V alloy, the following equation [10] was used to determine the values of near-surface
velocity, vm :

ρT i = 4.208 − 5.08 · 10−4 · (T − 1941)

(12)

TABLE 1
The values of overall mass transfer coefficient, coefficient of the
mass transfer in the liquid phase and substitutional evaporation rate
constant for the process of aluminium evaporation from the
Ti-6Al-4V alloy
Mass
transfer
coefficient
in the
liquid
phase,
βlAl m·s−1

Substitutional
evaporation
rate constant
keAl’ m·s−1

Experiment
no.

Experiment
conditions

Overall
mass
transfer
coefficient,
k Al m·s−1

1

Al-1973-1000

1.07·10−5

2.57·10−4

1.90·10−5

2

Al -1973-1000

0.97·10−5

2.57·10−4

1.90·10−5

3

Al -1973-1000

0.94·10−5

2.57·10−4

1.90·10−5

4

Al -1998-1000

1.25·10−5

3.04·10−4

2.37·10−5

5

Al -1998-1000

1.15·10−5

3.04·10−4

2.37·10−5

6

Al -1998-1000

1.20·10−5

3.04·10−4

2.37·10−5

7

Al -2023-1000

1.51·10−5

3.56·10−4

2.97·10−5

8

Al -2023-1000

−5

1.59·10

−4

3.56·10

2.97·10−5

9

Al -2023-1000

1.54·10−5

3.56·10−4

2.97·10−5

10

Al -1973-100

1.48·10−5

2.57·10−4

1.90·10−5

11

Al -1973-100

1.48·10−5

2.57·10−4

1.90·10−5

12

Al -1973-100

1.43·10−5

2.57·10−4

1.90·10−5

13

Al -1998-100

1.57·10−5

3.04·10−4

2.37·10−5

14

Al -1998-100

1.57·10−5

3.04·10−4

2.37·10−5

15

Al -1998-100

1.57·10−5

3.04·10−4

2.37·10−5

16

Al -2023-100

1.64·10−5

3.56·10−4

2.97·10−5

17

Al -2023-100

1.62·10−5

3.56·10−4

2.97·10−5

18

Al -2023-100

1.62·10−5

3.56·10−4

2.97·10−5

19

Al -1973-50

1.52·10−5

2.57·10−4

1.90·10−5

20

Al -1973-50

1.52·10−5

2.57·10−4

1.90·10−5

21

Al -1973-50

1.50·10−5

2.57·10−4

1.90·10−5

22

Al -1998-50

1.62·10−5

3.04·10−4

2.37·10−5

Based on this equation, the evaporation rate constant can be
determined:
α
(10)
ke =
(2πRT Mi )0.5

23

Al -1998-50

1.74·10−5

3.04·10−4

2.37·10−5

24

Al -1998-50

−5

1.71·10

−4

3.04·10

2.37·10−5

25

Al -2023-50

1.65·10−5

3.56·10−4

2.97·10−5

However, the equation is only true in the case of so-called
“absolute vacuum”. In Table 1, the estimated values of sub0
stitutional evaporation rate constant, k eAl , determined by the
following equation, are presented:

26

Al -2023-50

1.75·10−5

3.56·10−4

2.97·10−5

27

Al -2023-50

1.72·10−5

3.56·10−4

2.97·10−5

28

Al -1973-10

1.52·10−5

2.57·10−4

1.90·10−5

29

Al -1973-10

1.52·10−5

2.57·10−4

1.90·10−5

30

Al -1973-10

1.51·10−5

2.57·10−4

1.90·10−5

(T − T 1 )
vm = v1 + (v2 − v1 ) ·
300

(7)

assuming that, respectively, v1 = 0.06 m·s−1 , v2 = 0.21 m·s−1
and T1 = 1933 K (the alloy melting temperature).
The near-surface velocities of liquid Ti-6Al-4V alloy, determined with the use of equation (7), were 0.080 m·s−1 at
1973 K, 0.093 m·s−1 at 1998 K and 0.105 m·s−1 at 2023 K.
In order to determine the coefficient of aluminium diffusion in the liquid phase, the following equation [3] was used:
"
D Al = 10−8 exp

250000
1
1
−
R
1925 T

!#
(8)

In Table 2, values of the coefficient of mass transfer in the
liquid phase, determined with the use of equation (6), are
presented.
For the analysis of the rate of liquid phase-gaseous phase
transition, which occurs on the interface, it should be taken
into account that the maximum mass flow of the component
that evaporates from the liquid metal surface to the gaseous
phase is determined by the Langmuir-Knudsen equation:
α(pieq − pis )
(2πRT Mi )0.5

Nie =

0

k eAl = k eAl · φ

(9)

(11)
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31

Al -1998-10 1.86·10−5

3.04·10−4

2.37·10−5

32

Al -1998-10 1.95·10−5

3.04·10−4

2.37·10−5

33

Al -1998-10 1.90·10−5

3.04·10−4

2.37·10−5

34

Al -2023-10 1.94·10−5

3.56·10−4

2.97·10−5

35

Al -2023-10 1.93·10−5

3.56·10−4

2.97·10−5

36

Al -2023-10 1.93·10−5

3.56·10−4

2.97·10−5

37

Al -1973-5

1.61·10−5

2.57·10−4

1.90·10−5

38

Al -1973-5

1.62·10−5

2.57·10−4

1.90·10−5

39

Al -1973-5

1.62·10−5

2.57·10−4

1.90·10−5

40

Al -1998-5

1.93·10−5

3.04·10−4

2.37·10−5

41

Al -1998-5

1.98·10−5

3.04·10−4

2.37·10−5

42

Al -1998-5

1.99·10−5

3.04·10−4

2.37·10−5

43

Al -2023-5

1.95·10−5

3.56·10−4

2.97·10−5

44

Al -2023-5

2.03·10−5

3.56·10−4

2.97·10−5

45

Al -2023-5

2.03·10−5

3.56·10−4

2.97·10−5

Fig. 4. Values of k Al , βlAl and keAl’ versus temperature, determined
based on the own investigations (p = 1000 Pa)

4. Discussion of results
As demonstrated by the results of experimental
Ti-6Al-4V alloy smelting in the vacuum induction furnace,
the temperature rise from 1973 K to 2023 K and the working
pressure reduction from 1000 Pa to 5 Pa are accompanied
by higher aluminium loss from 14% to 28% compared to its
initial content in the alloy. At the same time, the value of
overall mass transfer coefficient, k Al , increases from 0.94·10−5
m·s−1 to 2.03·10−5 m·s−1 .
Based on the analysis of pressure effects on the investigated evaporation process, it can be demonstrated that the
vacuum rise in the device leads to markedly higher aluminium elimination rate, which is illustrated by the data presented
in Fig. 3.

Fig. 5. Values of k Al , ßlAl and keAl’ versus temperature, determined
based on the own investigations (p = 5 Pa)

The presented relations are consistent with findings obtained by the authors of [7] for the process of aluminium
evaporation from the Ti-Al alloy (34%mass) that is smelted
with the use of ISM technology. They are presented in Fig. 6.

Fig. 3. Value changes of the overall mass transport coefficient, k Al ,
depending on the furnace working pressure

The determined values of k Al , mass transfer coefficient in
the liquid phase (β lAl ) and the substitutional evaporation rate
0
constant (k eAl ) are clearly positioned in the following rank:
0

k Al < k eAl < βlAl
It is illustrated by the data presented in Figs. 4-5.

(13)

Fig. 6. Values of k Al , β lAl and keAl’ versus temperature for aluminium
evaporation from the Ti-Al alloy (34%mass Al); p= 13.3 [7]
0

The determined k Al , β lAl and k eAl values allowed for defining the stages that determined the investigated process. The
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contribution of resistance related to mass transfer in the liquid
phase was determined with the use of following equation:

Ul =

1
β lAl
1
k Al

· 100%

(14)

Analogically, resistance related to the evaporation itself was
determined:
Ue =

1
0
k eAl
1
k Al

· 100%

(15)

The contribution of resistance related to mass transfer in the
liquid phase did not exceed 7% for the whole pressure range.
At the same time, the contribution of resistance related to the
evaporation process, Ue , to the overall process resistance for
the whole pressure range exceeded 50%, which means that the
investigated process was kinetically controlled. The summary

Fig. 9. Comparison of the contributions of resistance in the liquid
phase to the overall process resistance determined based on the own
study and based on the studies conducted by Su et al. [7]

resistance k1e0 + β1l accounted for 54% to 91% of the overAl
Al
all process resistance. It is illustrated by the data presented in
Figs. 7-8. Figures 9-10 present a comparison of the resistances
calculated based on the own study and based on the studies
conducted by Su, Guo, Jia, Liu and Liu [7].

Fig. 10. Comparison of the contributions of resistance related to
evaporation to the overall process resistance determined based on the
own study and based on the studies conducted by Su et al. [7]

Fig. 7. Value changes of the contribution of resistance in the liquid
phase to the overall process resistance depending on the pressure

To confirm that the investigated process is kinetically controlled, the value of its activation energy was determined by
means of the Arrhenius equation:

ln k Al =

Fig. 8. Value changes of the contribution of resistance related to evaporation to the overall process resistance depending on the pressure

−E A
R·T

(16)

where:
E A – activation energy of the process.
For all working pressures, the estimated activation energies are far above 100 kJ/mol, which is typical of kinetically controlled processes. For instance, the activation energies
for 100 Pa, 10 Pa and 5 P are 200 kJ/mol, 161 kJ/mol and
143 kJ/mol, respectively.
In the case of diffusion control in the liquid phase, these
values are much smaller and comparable to the diffusion activation energies in liquids. For example, the diffusion activation
energy value for cobalt and iron in liquid copper is 11 kJ/mol,
while for chromium, nickel, manganese and vanadium in liquid
iron, it ranges from 15 to 25 kJ/mol.
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5. Conclusions
Based on the experimental results of Ti-6Al-4V smelting in the vacuum induction furnace at 5–1000 Pa and
1973–2023 K as well as on the kinetic analysis findings, it
was demonstrated that:
• During smelting, aluminium is eliminated through its
evaporation.
• The furnace working pressure reduction from 1000 Pa to
5 Pa and temperature rise from 1973 K to 2023 K are
accompanied by aluminium loss from the alloy from 14%
to 28% compared to the initial concentration (5.5%mass).
At the same time, the value of overall mass transfer coefficient, k Al , increases from 0.94·10−5 m· s−1 to 2.03·10−5
m·s−1 .
• Kinetically, it was shown that for the whole pressure range,
the contribution of resistance related to mass transfer in
the liquid phase to the overall process resistance did not
exceed 7%.
• The stage that determines the investigated process within
the analysed pressure and temperature ranges is a reaction
on the liquid metal surface (evaporation), which means
that the process is kinetically controlled. It is confirmed by
the determined values of activation energy of the process
which are over 140 kJ/mol.
• The summary resistance related to both mass transfer in
the liquid phase and the evaporation process is higher than
54% of the overall process resistance.
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