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INTRODUCTION

The phenomenon of evaporation of volatile metal 
bath components can be observed in numerous process 
of both extractive metallurgy and refi ning. In some of 
them, this phenomenon can be considered positive, in 
others, however, to the contrary. In order to intensify the 
evaporation process or to restrain it, one must necessar-
ily know the factors determining its rate. The most im-
portant of those factors include pressure inside the sys-
tem, the gaseous atmosphere type, temperature and hy-
drodynamic properties of the system in which the given 
metallurgical process is being analysed.

From a kinetic point of view, the process of volatile 
metal bath component evaporation can be divided into 
three main stages:

-  transfer of the evaporating component from the 
body of the liquid phase to the interface,

-  evaporation of the component from the interface,
-  transfer of the evaporating component vapours 

from the interface to the core of the liquid phase.
The mass fl ux of the evaporating component “i” 

transferred from the body of the liquid metal to the in-
terface is characterised by the following relation:

  (1)
where:

βl
l –  mass transfer coeffi cient for component “i” in 

the liquid metal,
Cl

l –  concentration of component “i” in the liquid 
phase core,

This paper provides a discussion on the impact of selected factors on the rate of the process of evaporation of vola-
tile metal bath components. The main determinants of the evaporation process are considered to be the pressure 
inside the metallurgical aggregate, type of the gaseous atmosphere, rate of the bath mixing as well as its composi-
tion.
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Faktori koji određuju stopu procesa isparavanja komponenata metalne kupke. U referatu se raspravlja o utjecaju 
odabranih faktora na proces isparavanja hlapljivih komponenata metalne kupke. Glavni faktori koji određuju proces 
isparavanja smatra se da su tlak unutar metalurškog agregata. vrsta plinovite atmosfere, stopa miješanja kupke, te 
njene komponente.

Ključne riječi: tekući metal, vakuum, isparavanje, prijenos mase

Cl
s –  concentration of component “i” in the inter-

face.
The mass fl ux of component “i” being evaporated 

from the liquid metal surface can be determined accord-
ing to the following relation:

  (2)
where:

ki
e –  constant evaporation rate (evaporation coeffi -

cient) for component “i”,
pi

eq –  equilibrium pressure of component “i” over the 
bath,

pi
s –  actual pressure of component “i” near the inter-

face.
For the gaseous phase, the fl ux of vapours of compo-

nent “i” transferred from the interface to the body of the 
phase is conditioned by the following relation:

  (3)
where:

βl
g – mass transfer coeffi cient for vapours of compo-

nent “i” in the gaseous phase
If one is to assume that, in the process being ana-

lysed, there is an equality of the fl uxes in both phases, 
i.e.:
  (4)

then the overall mass fl ux from the liquid metal body 
penetrating the core of the gaseous phase can be de-
scribed by the following relation:

  (5)

or
  (6)
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where:
ki – overall mass transfer coeffi cient
Mass transfer coeffi cient ki is described buy the fol-

lowing equation

  (7)

where:
  (8)

where:
γi–  activity coeffi cient for component “i” in the liq-

uid metal solution,
Mm–  molar mass of the main bath component.
ρm –  density of the main bath component
The slowest stage of the evaporation process is one 

that limits or controls – to put it differently – the overall 
rate of the process progress. The form of equation (8) 
implies that the evaporation process controlling stages 
may be the processes of mass transfer in the liquid or 
gaseous phase as well as the very act of evaporation 
when taking place on the interfacial surface.

PRESSURE IMPACT

It has been proved in the course of various studies 
that the system pressure exerts a signifi cant impact on 
the rate of the evaporation process. One may generally 
speak of four pressure ranges with separate impacts on 
the process in question. The fi rst one is the range of 
pressures under which the metal evaporation rate reach-
es the maximum value and does not change on their fur-
ther reduction. Under such conditions, one is to deal 
with a free evaporation process whose characteristic 
feature is that atoms or particles of the evaporating met-
al leaving the metal bath surface do not collide with gas 
particles, and hence they are moving with identical 
speed as when leaving this surface. Another pressure 
impact range is one in which the process rate is practi-
cally only controlled by the phenomena of the mass 

transfer in the liquid phase. Having analysed Figure 1 
depicting the kinetic curves obtained for the process of 
lead evaporation from copper [1] and copper evapora-
tion from iron [2], one can conclude that the range of 
pressures for which the process was indeed determined 
by the mass transfer in the liquid phase was similar in 
both cases and equalled less than 10 Pa. Increasing the 
pressure in the system to exceed this value causes al-
teration of the stage determining the process being ana-
lysed. This principles applies to pressures of even up to 
several hundreds Pa. Within this range of pressure val-
ues, the process rate is usually determined by the mass 
transfer phenomena taking place in both the liquid and 
the gaseous phase. Above this range of pressures, the 
process is in diffusion control, and its rate is only evi-
denced by the phenomena of the mass transfer in the 
gaseous phase. One will usually deal with such a proc-
ess for the pressures of more than 1 000 Pa.

IMPACT OF GASEOUS ATMOSPHERE

When discussing the impact of gaseous atmosphere 
on the evaporation process being analysed, one must 
separately consider inert gases as well as those reacting 
with the bath components. Let us start with inert gases. 
While analysing the relations describing the mass trans-
fer coeffi cient for the gaseous phase, one will easily no-
tice that it mainly depends on the diffusivity of the 
evaporating metal vapours in the gas above the bath. 
The values of overall mass transfer coeffi cient for lead 
evaporation from the Cu-Pb alloy in the atmosphere of 
argon , carbon monoxide and helium are in Table 1. The 
table also contains diffusivity values calculated based 
on Hirschfelder’s equation for lead vapours in the said 
gases.  The data provided in the table in question 
clearly imply that in the atmosphere of helium, the lead 
evaporation process proceeds much more quickly than 
in carbon monoxide and argon, and it is still faster in 
carbon monoxide than in argon. One should also notice 
that the lead vapour diffusion coeffi cients for the gase-
ous atmospheres being analysed fall into a similar series 
of values as the overall mass transfer coeffi cients. How-
ever, one must bear in mind that the process discussed 
proceeded under atmospheric pressure, i.e. under such 
conditions where it is determined by the mass transfer 
in the gaseous phase. When the pressure is being re-
duced below 1 000 Pa, the impact of the gaseous atmos-
phere type on the evaporation rate drops signifi cantly 
and ultimately fades out. What should be clearly em-
phasised at this point is that one speaks of using inert 
gas atmospheres only.

In the case of metal evaporation in a reactive (oxi-
dising) atmosphere, one must frequently deal with com-
plete inhibition of the process which is due to intense 
oxidation of the bath surface that blocks the volatile 
component of the liquid alloy from penetrating the bath. 
This phenomenon was observed by many researchers 
including Turkdogan [3] who was investigating the 

Figure 1  Variation of overall mass transfer coeffi  cient vs. 
pressure for lead and copper evaporation from the 
Fe-Cu and Cu-Pb alloy [1,2]
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evaporation of metals into a gas fl ux being a mixture of 
inert gas and oxygen

IMPACT OF THE METAL BATH 
STIRRING RATE

This factor is particularly important when the proc-
ess is conducted under the conditions of high vacuum, 
when the evaporation rate is conditioned by the mass 
transfer in the liquid phase. When the metal is heavily 
stirred, the mass penetration of the evaporation surface 
is enhanced. Yamamoto [4] was one of those who ob-
served this phenomenon while investigating the rate of 
evaporation of alloy components from liquid metal. 
This author proved that when the smelting was per-
formed in an induction furnace, the rate of copper evap-
oration was higher than with the process taking place in 
a resistance furnace. However, he did not observe the 
same phenomenon when tin was evaporated. It is quite 
understandable, since on such pressures, the tin evapo-
ration rate is not determined by the mass transfer in the 
liquid phase but in fact by the evaporation from the sur-
face. The results of the studies in question have been 
provided in Table 2.

devices are commonly used for smelting of numerous 
metal alloys as well as for their refi ning. The mass trans-
fer coeffi cient for induction stirred liquid metal is deter-
mined by the following relation [5,6]:

  (9)

where:
vm–  near surface velocity of induction stirred liquid 

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

the melting pot inner radius),
DA-B –  diffusion coeffi cient of the component trans-

ferred in the liquid phase.
This relation used many authors for description mass 

transport in molten metals [7-11].
The above relation implies that the value of coeffi -

cient βl is directly proportional to the value of the near 
surface liquid metal velocity. As evidenced by numer-
ous studies conducted [12,13], this velocity depends on 
such factors as current frequency or the melting pot ar-
rangement inside the furnace against the inductor. Table 
3 contains values of velocity vm established for the liq-
uid Cu-Pb alloy. Analysing the data provided, one may 
notice that as the distance between the bottom surface 
of the metal inside the melting pot and the inductor’s 
bottom edge increases, the metal velocity near the sur-
face decreases.

Table 1  Values of the overall mass transfer coeffi  cient for 
the lead evaporation process in various gaseous 
atmospheres

Temp.
/ K

Type of gaseous 
atmosphere

Overall mass 
transfer coef-

fi cient 
/ ms-1 · 106

Lead vapour dif-
fusion coeffi  cient 
for the given gas 

DPb-G,
/ m2s-1 · 104

1 523 He 1,20 5,12
1 523 CO 0,43 2,24
1 523 Ar 0,24 1,83

Table 2  Values of overall mass transfer coeffi  cient for 
copper and tin evaporation from liquid iron 
smelted using various aggregates

Temp.
/ K

Bath heating 
method

Component be-
ing evaporated

Overall mass 
transfer coef-

fi cient 
/ ms-1 · 105

1 570 induction Cu 4,44
1 572 induction Cu 4,52
1 574 induction Cu 4,54
1 560 resistance Cu 3,35
1 576 resistance Cu 3,71
1 589 resistance Cu 3,73
1 574 induction Sn 1,82
1 574 induction Sn 1,84
1 593 induction Sn 2,04
1 581 resistance Sn 1,82
1 579 resistance Sn 1,91
1 592 resistance Sn 2,04

Having analysed the impact of the metal bath stir-
ring rate on the evaporation rate, one should also dis-
cuss in a more detailed manner the process of metal 
smelting and processing in induction aggregates. These 

Table 3  Liquid Cu-Pb alloy velocity on various melting pot 
arrangements in the furnace against the inductor 
[12]

Melting pot’s posi-
tion

Distance between the liq-
uid metal’s lower surface 
and the inductor’s lower 

edge /mm

Mean velocity on 
the surface /m∙s-1

A
B
C

0
37
74

0,259
0,234
0,211

where:
A –  liquid’s bottom surface = inductor’s bottom 

edge,
B –  melting pot arranged in the centre of the induc-

tor,
C –  liquid’s upper surface = inductor’s upper edge.

Certain studies have also proved a considerable im-
pact of the current frequency on the mass transfer coef-
fi cient for the induction stirred liquid metallic phase. 
This is caused by the change of the stirring intensity 
along with the said parameter and thus the stirring ve-
locity as well. On the current frequency change from 1 
kHz to 5 kHz, the near surface velocity value drops 
(Figure 2) [13].

However, one must also bear in mind that this im-
pact is relevant when the process is conducted under the 
conditions of high vacuum, when the evaporation rate is 
conditioned by the mass transfer in the liquid phase.
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IMPACT OF THE METAL BATH COMPOSITION

The evaporation rate also depends on the phenome-
na occurring on the interface, such as adsorption, chem-
isorption and desorption. In this respect, the key factors 
are the metal bath components from a group of sur-
factants, namely oxygen, sulphur, selenium or telluri-
um. They tend to rapidly accumulate on the liquid metal 
/ gas interface, thus causing the surface tension to 
change. This may hinder penetration of the liquid metal 
component from the phase body to the surface. These 
phenomena were observed by Hayakawa investigating 
the impact of oxygen present in liquid metal on the cop-
per and iron evaporation rate with the pressure in the 
measurement system being fi xed below 13 Pa [14]. He 
proved that not only does an increase of the oxygen 

content in the liquid metal cause the surface tension of 
those metals to drop, but also the evaporation rate de-
creases (Figure 3). Also sulphur decreases the evapora-
tion rate of iron under the conditions of reduced pres-
sure (Figure 4).

It is also possible that a surface active bath compo-
nent causes the evaporation rate to increase. An exam-
ple of this phenomenon may be removal of antimony 
from liquid copper in the vacuum refi ning process. 
When copper does not contain oxygen, removing the 
antimony in the aforementioned process is impossible, 
since partial pressure of antimony is lower than that of 
copper. When the content of oxygen in copper was in-
creased above 0,3 %, one could observe the antimony 
content in the bath to drop by even as much as 30 % 
after the refi ning. The antimony removal was due to the 
formation of volatile SbO whose equilibrium pressure 
is much higher than that of antimony as well as copper. 
The impact of the oxygen content in liquid copper on 
the extent of antimony removal in the vacuum refi ning 
process has been depicted in Figure 5.

Figure 2 Impact of current frequency on the near surface 
velocity of a liquid Cu-Pb alloy [13]

Figure 3 Impact of dissolved oxygen in liquid copper on its 
evaporation rate [14]

Figure 4 Impact of dissolved sulphur in liquid iron on its 
evaporation rate [15]

Figure 5 Impact of oxygen in liquid copper on the antimony 
removal in the vacuum refi ning process [9]
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CONCLUSIONS

In numerous high-temperature metallurgical tech-
nologies related to metal smelting from both primary 
and secondary raw materials, the evaporation process is 
among the most important ones. Its rate depends on 
such factors as temperature, pressure in the system, 
metal bath composition as well as the bath stirring 
method. In the case of pressure, one may observe its 
considerable impact on the evaporation rate through al-
teration of the stages being the process determinants. 
The infl uence of the bath stirring method is mainly rel-
evant for the processes taking place in high vacuum, 
since mass transfer in the liquid phase determines the 
evaporation process. As regards the impact of the metal 
bath composition, it is clearly noticeable when it con-
tains surfactants.
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