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EFFECTS OF PRESSURE ON THE KINETICS OF MANGANESE EVAPORATION FROM THE OT4 ALLOY

WPŁYW CIŚNIENIA NA KINETYKĘ PROCESU ODPAROWANIA MANGANU ZE STOPU OT4

In the paper, results of the study on manganese evaporation from the OT4 alloy are presented. In the experiments, the
effects of pressure on the manganese evaporation kinetics and the stages that limit the evaporation rate were investigated.
It was demonstrated that the rate of manganese evaporation from the alloy increased with pressure reduction in the system.
When the pressure decreases from 1000 Pa to 10 Pa, the value of overall mass transfer kMn increases from 3.9·10−6 ms−1 to
208.4·10−6 ms−1. At the same time, the manganese fraction in the alloy decreased from 1.49% mass to 0.045% mass. Within
the whole pressure range, the analysed evaporation process is diffusion-controlled. For pressures above 50 Pa, the determining
stage is transfer in the gaseous phase, while for pressures below 50 Pa, it is transfer in the liquid phase.

Keywords: vacuum induction melting, Ti-Al-Mn alloy, evaporation, mass transfer coefficient

W prezentowanym opracowaniu przedstawiono wyniki badań odparowania manganu ze stopu OT4. W ramach prowa-
dzonych eksperymentów badano wpływ ciśnienia na kinetykę procesu odparowania manganu i jednocześnie określono etapy
limitujące jego szybkość. Wykazano, że szybkość procesu odparowania manganu ze stopu rośnie wraz z obniżaniem ciśnienia
w układzie. Przy obniżeniu ciśnienia od 1000 Pa do 10 Pa wartość ogólnego współczynnika transportu masy kMn rośnie od
3.9· 10−6 ms−1 do 208.4·10−6 ms−1. Jednocześnie następowało obniżenie zawartości manganu w stopie od 1.49% mas. do
0.045% mas.. W całym zakresie ciśnień analizowany proces parowania ma kontrolę dyfuzyjną. Dla ciśnień powyżej 50 Pa
etapem determinującym jest transport w fazie gazowej, a dla ciśnień poniżej 50 Pa transport masy w fazie ciekłej.

1. Introduction

At present, each industrial branch focuses on innovations.
The subjects of innovative activities may be products, techno-
logical processes, company organisation and management sys-
tems. Innovative activities are mostly forced by the market and
regarding their beneficial results, they add to a better quality of
products, enhanced production as well as often cost reduction
and a less negative impact of a specific technological process
on the environment [1-3].

Also, innovations hold a clear position in the area of new
material manufacturing. Improvements in this field are cur-
rently far more frequently observed than in the past. This is
due to new design technologies, new research methods and ad-
vanced production technologies [4]. Examples of such material
development are light titanium-based alloys – in recent years,
a marked increase in their application has been observed. At
present, the materials are utilized in the civil aviation and
military aircraft, energy, chemical and automotive industries
as well as medicine.

For melting processes of titanium and its alloys, the
state-of-art arc, plasma, electron-beam and induction furnaces
are used. The major problems with smelting of these materi-
als are related to their strong reactivity in the liquid phase
with virtually all melting pot materials, including particu-
larly resistant thorium and calcium oxides. For this reason
[5, 6], the smelting process should be performed in chilled
copper melting pots and a cold melting pot (so-called “skull
crucible”), obtained from molten material with highly in-
tensive heat evacuation, is particularly convenient. Another
problem regarding titanium alloy smelting is an unfavourable
process of alloy component evaporation due to a high melt-
ing temperature of the alloys and significant differences in
vapour pressures of their individual components. It is clear-
ly seen during Ti-Al-X alloy smelting and casting process-
es when the aluminium and other volatile element contents
are reduced. In the literature, study results mostly concern-
ing aluminium losses during titanium-aluminium-vanadium
and titanium-aluminium-niobium alloy smelting are available
[7–10]. In the present paper, results of a study on manganese
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evaporation from the OT4 alloy are presented. The alloy is
utilized in i.a. aerospace and energy industries as well as for
production of chemical equipment. The material is also in-
creasingly often used for implant production [11, 12].

In the experiments, the effects of pressure on the evapo-
ration kinetics of this alloy and the stages that limit the evap-
oration rate were investigated.

2. Authors’ own study

For the experiments, the OT4 alloy was used (see Table 1
for the alloy composition).

TABLE 1
Chemical composition of the OT4 alloy used in the study

Alloy labelling
Basic alloy component fractions, %mass

Ti Al Mn Fe Si Zr

Ti-4Al-2Mn 94.20 3.50 1.49 0.30 0.12 0.30

All experiments were performed in a vacuum induction
furnace. The device, manufactured by Seco Warwick S.A., is
designed for metal smelting at high vacuum. Additionally, it
is equipped with an in-smelting sampling system.

TABLE 2
Final alloy compositions after smelting in the vacuum induction

furnace

No.
Temperature,

K
Pressure,

Pa

Final metal fractions in the alloy,
% mass

Ti Al Mn

1 1973 1000 95.433 2.633 1.330

2 1973 1000 95.400 2.680 1.370

3 2023 1000 95.367 2.643 1.34

4 2023 1000 95.400 2.650 1.360

5 1973 100 96.000 2.667 0.693

6 1973 100 96.000 2.690 0.690

7 2023 100 95.967 2.743 0.584

8 2023 100 96.200 2.600 0.597

9 1973 50 96.067 2.767 0.494

10 1973 50 96.100 2.710 0.464

11 2023 50 96.367 2.770 0.349

12 2023 50 96.401 2.740 0.349

13 1973 10 96.333 2.910 0.079

14 1973 10 96.300 2.920 0.082

15 2023 10 96.467 2.803 0.048

16 2023 10 96.500 2.770 0.045

Each experiment began with introducing an alloy sample
(about 1000 g) to the graphite melting pot placed in the induc-
tion coil of the furnace. After closing the furnace, pre-specified
vacuum was generated with the use of a pump system, i.e. the
mechanical, diffusion and Roots pumps. When the pressure

level was stabilized, the melting pot was heated up to the
required temperature and the metal bath was held for 600 sec.
During each smelting experiment, metal samples were col-
lected and analysed for titanium, aluminium and manganese
fractions. The experiments were performed at 5 Pa to 1000 Pa
for 1973 K and 2023 K. In Table 2, sample final alloy com-
positions are presented.

3. Kinetic analysis

Kinetically, the process of manganese evaporation from
the analysed OT4 alloy consists of three essential stages:
• transfer of manganese in the liquid phase to the interface

(liquid metal surface),
• evaporation reaction on liquid Mnl – Mng surface,
• transfer of gaseous manganese mass from the evaporation

surface to the core of gaseous phase.
The overall mass transfer coefficient (k) in the analysed

evaporation process is determined by the following equation:

1
k

=
1
βl +

1
φke

+
RT
φβg (1)

where:

φ =
po

i · γi · Mm

ρm
(2)

and: βl – the mass transfer coefficient in the liquid phase,
βg – the mass transfer coefficient in the gaseous phase,
ke – the evaporation rate constant,
R – the gas constant,
T – the temperature,
Mm; ρm – the molar mass and density of the basic alloy

component, respectively.
The value of overall mass transfer coefficient k can also

be determined based on the experimental results, as follows:

2, 303 log
Ct

Mn

Co
Mn

= −k · F
V

(t − to) (3)

where: F – the evaporation areas (interface),
V – the liquid metal volume,
(t − to) – the process duration,
Ct

Mn – the manganese concentration in the alloy after
time t,

C0
Mn – the initial manganese concentration in the alloy.

In Table 2, the values of manganese overall transfer coeffi-
cient, determined with the use of equation (3) for the analysed
evaporation process, are presented.

For proper identification of the stage that determines the
evaporation rate, the values of β1, βg and ke coefficients must
be known.

In order to estimate the βl coefficient during induction
stirring of the metal bath, the following equation is mostly
used:

βl =

(
8DAB · νm

π · rm

)0,5
(4)

where: DAB – the interdiffusion coefficient in the liquid phase,
νm – the near surface velocity of induction-stirred liquid

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

melting pot inner radius).
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The value of near surface velocity νm is necessary for
determination of the βl coefficient value. As demonstrated in
many studies, it depends on the temperature, alloy composition
as well as the melting pot’s position in the furnace coil and
the working frequency of the device [13, 14].

The value of near surface velocity νm was determined as
follows:

νm = ν1 + (ν2 − ν1)(T − T1)/(T2 − T1) (5)

where, respectively, ν1 = 0.06 m·s−1 and ν2 = 0.21 m·s−1 and
(T2 – T1) = 300 K [15].

Due to the lack of literature data concerning manganese
diffusion in liquid titanium, its value was estimated with the
use of Darken’s equation. The values of titanium and man-
ganese self-diffusion were, respectively: DTi =5.3·10−9 m2·s−1
and DMn =7.8·10−9 m2·s−1 [16, 17].

In Table 3, the values of manganese transfer coefficient
in the liquid phase, determined with the use of equation (4),
are presented.

TABLE 3
Values of overall mass transfer coefficient k as well as β1 and k′e

coefficients

No.
Temperature,

K
Pressure,

Pa
β1 106

m s−1
ke · 106

m s−1
k Mn· 106

m s−1

1 1973 1000 198 2340 5.3

2 1973 1000 198 2340 3.9

3 2023 1000 223 3300 5.4

4 2023 1000 223 3300 4.0

5 1973 100 198 2340 45.0

6 1973 100 198 2340 52.8

7 2023 100 223 3300 61.2

8 2023 100 223 3300 53.0

9 1973 50 198 2340 66.1

10 1973 50 198 2340 70.4

11 2023 50 223 3300 89.3

12 2023 50 223 3300 88.3

13 1973 10 198 2340 153.3

14 1973 10 198 2340 176.0

15 2023 10 223 3300 205.1

16 2023 10 223 3300 208.4

The evaporation rate constant k′e can be determined based
on the following equation [18, 19]:

k′e = ke · φ =
α

(2πRTMi)0.5
· φ (6)

In Table 3, the values of evaporation rate constant k′e, deter-
mined with the use of the equation (6), are also presented.

In order to estimate the ϕ coefficient in the equation (2),
the manganese activity coefficient value was assumed as γMn =

1.53. It was determined based on the data obtained by Kostova
and Zivkovic [12].

The liquid titanium density was determined as follows
[20]:

ρTi = 4.208 − 5.08 · 10−4(T − 1941) (7)

The equilibrium pressures over pure Ti, Al and Mn com-
ponents were determined based on known standard free en-
thalpies of the evaporation reactions, ∆pGo

i (T ). The val-
ues were obtained from the HSC Chemistry 6 thermodynamic
database. The equilibrium pressure values were: 0.53 Pa for
T=1973 K and 1.04 Pa for T=2023 K.

4. Discussion of results

While analysing the effects of pressure on the rate of
manganese evaporation from the OT4 alloy, it was observed
that with reduction of pressure in the measuring system from
1000 Pa to 10 Pa, the overall mass transfer kMn values in-
creased from 3.9·10−6 ms−1 to 208.4·10−6 ms−1. At the same
time, the manganese fraction in the alloy decreased from
1.49% mass to 0.045% mass.

Within the pressure range above 100 Pa, a weaker impact
of pressure on the analysed process rate compared to the range
of 10 Pa to 100 Pa was observed (Fig. 1).

Fig. 1. Effects of pressure on the manganese overall mass transfer
coefficient kMn

The resistance values regarding individual process stages
were determined with the use of the equation (1), based on
the estimated β1 and ke, values. It was seen that with pressure
reduction in the system, the fraction of resistance related to
mass transfer in the liquid phase in the overall manganese
evaporation resistance significantly increased. It is illustrated
by the data presented in Fig. 2. For 1000 Pa, the fraction is
5% and for 10 Pa, it is about 85%.

The fraction of resistance related to evaporation in the
overall process resistance within the analysed pressure range
did not exceed 8% (Fig. 3), mainly due to high values of man-
ganese vapour pressure over the analysed liquid OT4 alloy.
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Fig. 2. Fraction of mass transfer resistance in the liquid phase with
regard to the manganese overall evaporation resistance

Fig. 3. Fraction of the evaporation reaction resistance on the liquid
alloy surface in the manganese overall evaporation resistance

The analysis of obtained data also showed that with re-
duced pressure in the system, the fraction of resistance related
to mass transfer in the gaseous phase in the overall manganese
evaporation resistance decreased. It is illustrated by the data
presented in Fig. 4. For 1000 Pa, the fraction was above 95%
and for 10 Pa, it was about 5%.

Fig. 4. Fraction of mass transfer resistance in the gaseous phase with
regard to the manganese overall evaporation resistance

5. Conclusions

Based on the results of OT4 alloy remelting at 1973 K
and 2023 K as well as at 10-1000 Pa in the vacuum induction
furnace, the following was demonstrated:
• The smelting process at reduced pressure is accompanied

by an unfavourable phenomenon of manganese evapora-
tion due to high manganese vapour pressures over liquid
alloy compared to the titanium and aluminium pressures.

• The rate of manganese evaporation from the alloy increas-
es with pressure reduction in the system. When the pres-
sure decreases from 1000 Pa to 10 Pa, the value of over-
all mass transfer coefficient kMn increases from 3.9·10−6

ms−1 to 208.4·10−6 ms−1. At the same time, the man-
ganese fraction in the alloy decreased from 1.49% mass
to 0.045% mass.

• Within the pressure range above 100 Pa, a weaker impact
of pressure on the analysed process rate compared to the
range of 10 Pa to 100 Pa was observed.

• Within the whole pressure range, the analysed evapora-
tion process is diffusion-controlled. For pressures above
50 Pa, the determining stage is transfer in the gaseous
phase, while for pressures below 50 Pa, it is transfer in
the liquid phase.

• The fraction of resistance related to evaporation in the
overall process resistance within the analysed pressure
range is small and did not exceed 8%.
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