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Abstract
The study is devoted to the processes accompanying introduction of bismuth to molten steel. Two variants of such
introduction were used, viz. bismuth granules and bismuth contained in a steel tube. The time of tube melting, the
behaviour of granules and droplets of bismuth and of the gas bubbles formed at their surfaces in the steel melt are
discussed. Experiments were carried out with the 0.4 C – 1 %Cr steel melt at 1550–1580 ºС by means of the X-ray
– TV observation. Based on image analysis the volumes of droplets and bubbles were estimated as a function of
time. Arguments are provided to support the supposition that the bubbles of bismuth vapour in steel melt are
enveloped by liquid metal. Estimates of the horizontal constituent of velocity of bismuth droplets in
inhomogeneously heated steel presumably permitted to observe the thermocapillary effect previously found in
some other systems. Simultaneous evaluation of the volume of bismuth droplets and forming bubbles and of the
contact area of the phases permitted to estimate the specific rate of evaporation of bismuth to the bubble of its own
vapour at 1580 °C. It was found to be several orders of magnitude lower than that of evaporation of bismuth into
vacuum.
Keywords: bismuth, molten steel, x-ray-TV investigation
1. Introduction
Bismuth is coming into use to replace lead in free-cutting steels for environmental reasons (Ryabov and
Chumanov, 2012). Like lead, bismuth has very low solubility in the iron-carbon melt and is present in solid steel in
the form of disperse inclusions contributing to good machinability of parts. However, bismuth is more difficult to
introduce into steel than lead due to its lower boiling temperature (only 28 degrees above the melting temperature
of pure iron). So special investigation is required to develop a technology of alloying steels with bismuth.
1.1 Literature Review
There are few works concerning bismuth behaviour in a steel melt, since the interest to this element as a
machinability enhancer has arisen not long ago.
Free-machining steels are utilized in machine building to increase the performance of cutting machines, save
cutting tools, achieve high quality of machined surface, increase cutting speed and mechanize the removal of chips.
These steels contain alloying elements like sulfur, phosphorus, lead, selenium, tellurium, boron, bismuth, calcium,
or untraditional elements like indium, tin or uranium, or combinations of those (Cai et al., 2011, Han et al., 2013,
Li et al., 2013, Shinozuka et al., 2012, Zhang T., 2013, Zhang et al., 2012, Zhuang et al., 2012).
Alloy additions used to increase machinability are divided into four groups (Zaslavskii, 2005). The first one
includes elements affecting the properties of α or γ solid solution matrix (phosphorus and nitrogen). Elements of
the second group affect metal properties through formation of non-metallic inclusions (sulfur, selenium, tellurium)
(Xu J., An Q., Chen M., 2012). Third group elements (calcium and barium) transform non-metallic inclusions
already formed before. And the influence of the elements of the fourth group consists in creating metallic
inclusions of their own – lead, bismuth. Different additives have different effect on machinability, and each of
them has an optimal area of application as well as some advantages and shortcomings (Zaslavskii, 2005, Maekawa
et al., 2001).
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Sulfur- and phosphorus-containing steels have been used for increasing machinability since the second decade of
the XX century. Sulfur is used in corrosion-resistant and structural carbon and alloy steels (Wu and Li, 2012). But
high-sulfur and high-phosphorus free-machining steels could not find a wide use due to low level of mechanical
properties (Shu et al., 2014.). In 1930s a need for increasing productivity of machine building attracted the
metallurgists’ attention to steels containing lead. Lead, unlike sulfur and phosphorus, does not impair mechanical
properties of steel, and at the same time raises machining productivity by 20–50 % and tool life 2–3 times, and
improves surface quality. In 1950–60s selenium and tellurium also came into use to improve machinability. But the
production of steels containing lead, selenium or tellurium has one key disadvantage, namely extreme toxicity of
these elements. In addition, selenium and tellurium are very expensive.
Attempts to replace lead-bearing steels have lead to development of lead-free free-machining steels containing
boron. Boron is a non-toxic environmentally friendly element, but machinability of boron steels achieves that of
leaded steels only at outer cutting (Reh et al., 1979, Reh et al., 1982). Another element applied to increase steel
machinability is bismuth. Maximum permissible concentration of bismuth in the working area is 0.50 mg/m3
compared to 0.01 mg/m3 for lead (Filov, 1989, Filov, 1988). Replacing of lead with bismuth thus gives a chance to
abandon the use of high-cost devices necessary to accumulate lead vapour and oxides.
Free-machining steels with bismuth are mainly produced in the countries with well-developed automobile industry:
Japan, USA, China, Korea, UK, European Union (Germany, Italy, France etc.).
Bismuth-bearing steels are used to produce critical high-strength parts, especially those for which the production
performance is limited by machining operations like drilling, milling or gear-cutting and high accuracy of
machining operations is required. In this case the addition of bismuth is beyond comparison with other ways of
increasing steel machinability.
According to the current literature, the interest towards environmentally friendly free-cutting steels without lead,
including the bismuth-bearing steels, is steadily increasing. Beside structural steels, bismuth is added as a
machinability enhancer to ferritic and austenitic corrosion-resistant, heat-resistant, wear-resistant, tool and bearing
steels (Li et al., 2013, Li et al., 2012). Such steels contain from 0.01 to 0.40, and sometimes up to 0.60 wt. pct
bismuth.
At present, low-melting point alloying elements like bismuth are usually added to steel during pouring. But high
vapour pressure and low solubility of bismuth result in its unstable recovery, and thus more detailed investigation
of the behaviour of bismuth in steel melt is required. This can be done, for example, by means of X-ray – TV
observation (Panfilov et al., 2002).
2. Materials and Methods
Experiments were carried out with a controlled-atmosphere high-temperature device with an X-ray – TV
observation system installed at the Theory of Metallurgical Processes Department of the Ural Federal University.
A detailed description of this device is given in (Panfilov et al. 2002). To carry out this investigation some thermal
insulation materials were replaced and the distance between the object (corundum crucible containing the melt)
and the X-ray tube was reduced in order to increase the radiation intensity. Of course, this reduced the image
definition because of increase of penumbra. The focus spot diameter of the available device was about 2 mm. But
increased intensity and some methodical enhancements like screening the bright parts of the image with lead plates
located outside the furnace permitted to observe bismuth samples above 1 mm in diameter in the volume of steel
melt with the thickness of 15 mm. Software used to draw information from an X-ray – TV image has also been
significantly upgraded.
Spherical bismuth samples with a mass of 0.5–1.0 g and steel tubes with an outer diameter of 5 mm filled with
bismuth were used in the experiments. The tubes had been filled with liquid bismuth at about 320 °C and their ends
had been caulked. The samples were initially located in the cold area of the furnace. When the steel melt reached a
temperature of about 1550 °C the samples were dropped in it from a distance. At the same time X-ray – TV images
were continuously recorded at a frame rate of 25 frames/sec. Closed ends of steel tubes were half immersed in the
melt and were held by the other part with a nickel thread to maintain vertical position. Molten steel of about 100 g
covered with a 5 mm layer of slag consisting of CaO, SiO2 and Al2O3 was contained in a crucible of a special shape.
Horizontal section of the crucible was a 15×40 mm rectangle, and X-rays were directed along its smallest size. The
bottom part of the crucible had a shape of a truncated pyramid, and a thermocouple was placed at its base. The
furnace was evacuated to forevacuum when heating to about 600 °C and then filled up with helium so that the
pressure at the working temperature would be close to 1 atm.
Each experiment yielded a series of X-ray – TV image files and a file containing the values of thermocouple
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readings and regulating parameter of the thermal regulator. Typical values of these parameters for one of the
experiments are presented in Fig. 1.
Approximately two minutes after the dropping of the sample, when the recorded parameters ceased changing, the
experiment was interrupted and the melt started to cool at a rate of about 150 deg/min.
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Figure 1. Time dependence of the steel melt temperature ( - - - line) and the power at the heater (- - line) at the end
of an experiment. The frame indicates the time interval when the X-ray – TV recording was carried out during the
dropping of the sample
The objects interesting for quantitative evaluation were analyzed on each X-ray – TV image frame. Such objects
were the drops of metal, gas bubbles, some parts of interphase interfaces. By means of a special program the
coordinates of the points on the object surface were evaluated from the image coordinates taking account of
geometric magnification coefficient and all kinds of distortions arising from several transformations of the image.
Some of correction coefficients were obtained from analytical investigation of the transformations, and the others
from measuring reference images.
The authors believe that this technique permitted to exclude significant systematic errors, but the random error of
our experiments was rather great due to objective reasons. So the drops and the bubbles were approximately
considered ellipsoids when evaluating their volume, since it was impossible to establish their true shape. The
standard error of measurement of linear sizes with the present device is estimated to about 0.2 mm.
3. Results
3.1 Experiments with Bismuth Leaking from Steel Tubes
Melting of the caulked end of a steel tube and the start of bismuth leaking from it took about 4 sec after immersing
it into the melt. This time was sufficient for heating through of the sample and for melting of bismuth and some
amount of steel at the end of the sample. After that bismuth started to leak from the tube forming drops 2–3 mm in
diameter. An image of the tube and a bismuth drop approaching the bottom of the crucible is shown in Fig. 2.
Gas bubbles were not observed visually on the surface of these drops, but measurement results yielded some
interesting conclusions. It was found that all drops moved along an inclined trajectory shifting from the formation
point to the centre of the crucible with an average velocity of 1 cm/sec. A vertical component was not much greater
and had a maximum value of 5 cm/sec. Velocities of sinking of two drops of a significantly different size as a
function of their position in the crucible (i.e. depth of submersion) are shown in Fig. 3. The velocity of sinking
changes nonmonotonically, i.e. the drop accelerates right after its formation and slows down near the bottom of the
crucible.
It is interesting to note that the velocity of sinking does not depend on the drop diameter, though according to the
Stokes formula it must differ almost fourfold.
After melting of the steel tube the source of a temperature gradient disappears and the bubbles are observed to form,
grow and tear off from bismuth particles submerged in the steel melt. Because of this a bismuth particle is able not
to sink for a long time moving in a regular manner as shown in Fig. 4.
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Figure 2. An image showing a bismuth drop in the steel
melt and the tube from which it was formed

Figure 3. Velocities of sinking of two drops with
different diameters (5.1 and 2.3 mm, see legend) as a
function of the depth of submersion in the melt. The
bottom of the crucible is at the depth of approximately
3.2 cm
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It is easy to see from X-ray – TV images that the size of the drop decreases during this process. Fig. 5 shows the
time dependence of the volume of bubbles and the drop from which they had formed. The volume of the drop was
estimated in the absence of bubbles until the drop became too small for correct measurements.
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Figure 4. Periodic changes of the velocity of movement
of a bismuth drop during boiling in molten steel

Figure 5. Changes in the volume of bubbles (open
circles) and the bismuth drop during boiling

Approximately 5 sec after the introduction of the sample a pool of liquid bismuth starts to form under the steel
layer. Assimilation of bismuth by the steel melt and the gas phase above it finishes about 20 sec after the sample
submersion. By the same time oscillating hydrodynamic processes in the liquid caused by the sample dropping are
also almost completed.
3.2 Experiments with Single Bismuth Samples
In this type of experiments the cold bismuth granule reached the bottom of the crucible in the time of shooting of a
single frame. A drop having the volume much greater than in previous experiments formed then at the bottom of
the crucible. Already 100 ms later a gas bubble started to form at its surface. This means that the surface layer of
the sample reached the boiling temperature of bismuth. The increased bubble passed a significantly greater
distance in the melt after tearing off from the sample, so it was possible to track the change of its size. Fig. 6 shows
a sequence of X-ray – TV frames illustrating this process.
It is very well seen that the volume of a gas bubble is continuously increasing even after a loss of contact with the
bismuth sample. This effect can be explained neither by a change of metallostatic pressure, since the melt depth is
too small, nor by a change of the radius of curvature of the bubble surface, since it is too great. A change of the
bubble volume may be caused only by a change of gas moles, i.e. by evaporation. This is possible if the bubble has
an envelope of liquid bismuth.
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Figure 6. A series of frames showing a bismuth drop in the steel melt and a bismuth vapour bubble nucleating,
growing, tearing off and leaving the melt. The figures indicate time in seconds. Steel melt temperature is 1580 °C
We managed to observe two bubbles successively. The time dependence of the position of the centre of masses of
the drop and the bubbles illustrating the development of the process is shown in Fig. 7.
Like in the previous case, the volume of the bismuth sample decreased with time (Fig. 8), but the volumes of the
drop and the bubble can be estimated separately on each frame.
Results of measurement of the bismuth drop volume witness a great velocity of the decrease of its mass.
Assimilation of the bismuth sample by the melt and accompanying processes finished in 4–5 sec in these
experiments.
4. Discussion
Small velocity of sinking of bismuth drops leaked from the steel container means that most likely they are
enveloped by a semi-liquid slurry of steel cooled by some tens of degrees. It is possible that the drops were simply
moving with the top-down convective stream of steel since the sample was introduced cold and was continuing to
heat up.
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Figure 7. Change of the position of the centre of mass of the bismuth drop and the bubbles with time (× - 1st bubble,
• - 2nd bubble, ○ - drop)
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Figure 8. Dependence of the volume of a bismuth drop evaporating in steel melt on time
At the same time the drops are moving horizontally at a velocity of approximately 1 cm/sec, as if the descending
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convective stream pushed them sideways. Interphase tension at the bismuth/steel interface decreases with
increasing the temperature, like in most systems. A decrease of interphase tension at the side of the drop facing the
heated part of the melt results in circulating streams inside the drop and around it. These streams tend to push the
drop towards a hotter area. This effect called a thermocapillary effect, is well known (Young et al., 1959, Assael et
al., 2012.) and is described in many works, e.g. (Grashchenkov S.I., 1996), but it is probably its first observation in
a system of immiscible liquid metals. Of course, it is to be taken into account when analyzing the processes of
alloying steel with bismuth.
In spite of a small number of points it was possible to estimate an average rate of a decrease in the number of moles
of bismuth in the drop based on measurements of the volume of the drop and the forming bubbles in experiments
with tubular samples. This average rate was equal to 500 μmole/sec. To estimate bismuth density an empirical
equation from (Alchagirov and Mozgovoi, 2003) was used, extrapolated by approximately 300 degrees above the
recommended interval. During the measurement of the drop volume it decreased by 190 μmole, and two bubbles
with an overall volume of 0.16 cm3 tore off from it. Considering the gas ideal, the amount of bismuth passed to the
vapour can be estimated as 1 μmole.
Thus the decrease in the amount of bismuth in the drop is not caused by evaporation. It is also evident that bismuth
cannot dissolve in the melt so fast since its solubility in steel is extremely low. It remains to suppose that each
bubble captures some amount of liquid bismuth. The liquid is most likely distributed on the surface of a bubble as
a thin envelope. It is known that surface tension of liquid bismuth is very small. Direct measurements in the inert
gas atmosphere give 374 mJ/m2 near the melting point and 350 mJ/m2 at a temperature 200 degrees higher (Ceotto,
2013). If this tendency holds, then a value of about 250 mJ/m2 can be expected at the temperature of our
experiment. No data is available on the interphase tension at the bismuth/steel interface, but it cannot be much
greater than surface tension. A meniscus shape of the bismuth/steel interface, which we observed when a pool of
bismuth formed at the bottom of the crucible, is an evidence of it. Then it may be supposed that a sum of surface
tension of bismuth at the interface with its own vapour (σBi) and interphase tension at the bismuth/steel interface
(σBi-steel) is smaller than the surface tension of steel (σsteel) (Eq. 1):
σBi + σBi-steel < σsteel

(1)

If this condition of complete wetting is fulfilled, the formation of a liquid bismuth envelope on the surface of a gas
bubble is favourable.
The conclusion of the presence of a liquid bismuth envelope on the surface of bubbles was also confirmed by
experiments with bismuth balls dropped in the melt. In this case the amount of moles of bismuth in the drop
decreased by 1700 μmoles in 0.4 sec. During this time two bubbles tore off from it, with a total volume of 0.07 cm3
(0.5 μmoles of an ideal gas).
Let us write the condition of mechanical equilibrium of a spherical bubble with the radius r filled with n moles of
an ideal gas under the pressure P having an envelope with the tension σ = σBi + σBi-steel placed in the liquid with the
density ρ at the depth h (Eq. 2):
P = P0 + ρgh +

2σ 3RT
=
r
4 πr 2

(2)

Here P0 is the pressure of the furnace atmosphere. Differentiating Eq. (2) with respect to time τ and taking into
account a change of r, h and n with time, one obtains the following equation for the specific rate of bismuth
evaporation to the volume of the bubble per unit surface of the interface (Eq. 3):
4σ  dr ρg dh

r
 P0 + ρgh +
 +
3r  d τ 3 dr
v=
.
RT

(3)

The values of derivatives appearing in this formula were found by numerically differentiating the results of
measurement of objects in the image with three-point smoothing. To estimate the density of the steel melt a
formula from (Ceotto, 2013) was used; σ was accepted equal to 0.7 J/m2. By averaging values for three bubbles it
was found that the observed dependences could be described quantitatively if a specific rate of bismuth
evaporation into the volume of its own gas at a pressure close to 1 atm and a temperature of 1580 °C is 0.3
mg/(cm2·sec). One may mention for comparison that according to (Kazenas et al. 1998) the rate of evaporation of
pure bismuth into vacuum at its boiling temperature (1564 °C) is 21.15 g/(cm2·sec).
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5. Conclusions
1. Very low velocity of sinking of bismuth bubbles in liquid steel is detected. It is explained by the cooling of the
steel melt.
2. The effect of thermocapillary movement of liquid bismuth in steel melt was conceivably observed.
3. Evidence of the existence of foam bubbles on the surface of bismuth droplets settling in the steel melt has been
shown.
4. The rate of evaporation of bismuth in liquid steel has been determined.
5. According to the study, bismuth during bottom casting of steel is to be in a gaseous state and may contribute to
the formation of “subsurface bubbles” defect in the bottom part of the ingot. Therefore it is recommended that
bismuth should be supplied into the centerline only after filling the molds to a height of 100–200 mm, which would
increase the metal yield by 10–20 %.
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