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Abstract: With the continuous improvement of the quality of steel for social development, high-quality
iron ore resources have been gradually depleted. Meanwhile, the scrap steel reserve and recycling
volume are gradually increasing, which will result in the continuous increase of the residual tin content
in steel, which seriously restricts the improvement of steel quality and the circulation-utilization of
scrap. Therefore, it is necessary to remove as much tin as possible in the ferrous metallurgy process.
However, tin in steel cannot be effectively removed in the conventional smelting process. In this
paper, the origination, the existing forms, and the content control levels of the residual tin in steel are
presented, as well as the current processes of tin removal in the ferrous metallurgy process.
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1. Introduction

According to the statistical data reported by world steel association [1], the global crude steel
production has been annually increasing, reaching up to 1808.6 million tonnes in 2018. As the
requirements of steel production and quality continue to rise, the increasing demand for iron ore has
led to the gradual depletion of high-quality iron ore resources and the consequent use of various
low-grade iron ore resources containing associated residual elements. Additionally, the total reserve
amount and recycling volume of scrap steel have been gradually increasing.

In the steel smelting process, some of the impurity elements can be removed. However, there is
still some amount of residual elements that are difficult or impossible to remove using conventional
treatment processes, as their affinity for oxygen is less than that for iron—that is, their oxygen potential
is lower than iron—and, as a result, these residual elements accumulate in the steel gradually [2].

The problems caused by residual elements in steel have become important issues in the iron and
steel industry. In the United States, the development of processes for removing residual elements
(e.g., copper and tin) during the steelmaking process has been listed in the 21st century “Steel Industry
Technology Roadmap” [3].

Table 1 shows the control standards for residual elements in low-carbon steel plates for compact
strip production (CSP) plants, both in China and abroad [4]. It can be seen that the standard for individual
or total content of the residual elements Sn, Cu, and As for low-carbon plain steel plates in China is
significantly higher than those in other countries. In particular, the allowable tin content in domestic
steel is about one order of magnitude higher than that in other countries. This could be because the
amount of tin-bearing iron ore, ferroalloy, and scrap steel used in China is higher than abroad.

Metals 2019, 9, 834; doi:10.3390/met9080834 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0001-9096-6201
https://orcid.org/0000-0002-7838-5620
http://dx.doi.org/10.3390/met9080834
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/9/8/834?type=check_update&version=3


Metals 2019, 9, 834 2 of 15

Table 1. Control standard for residual element content in low carbon steel plates for CSP plants in
China and abroad, wt% [4].

Low Carbon Plain Steel Plate Sn Cu As Cu + 8Sn + 5As

American Riverdale 0.003 0.04 0.018 0.154
Japanese Kawasaki 0.002 0.03 0.015 0.125

Lianyuan Steel 0.012 0.07 0.043 0.381
Vf Zhujiang Steel 0.014 0.10 0.040 0.412

Some current standards, both in China and the United States, are not perfect enough to limit the
content of residual elements in different steel grades. For example, in the “GB/T 700-2006 Carbon
Structural Steel” standard [5], the As content in steel should be ≤0.08% and the Cu content in Grade A
steel should be ≤0.35%; meanwhile, a specific restriction of residual tin was not made in the above
standard, as well as in the “ASTM A36/A36M-14 Standard Specification for Carbon Structural Steel” [6].
Nonetheless, at present, some Chinese steel enterprises have formulated their own control standards
for residual element contents in steel, according to their own raw material characteristics, smelting
process, equipment level, and product performance requirements.

Baosteel, Wuhan Iron and Steel, Anshan Iron and Steel, and so on, have strict internal requirements
for the content of residual elements in their cold-rolled deep-drawn steel sheets. Baosteel requires
wt(As, Sn) ≤ 0.01% and wt(Cu, Cr, Ni) ≤ 0.04%; Anshan Iron and Steel requires wt (Sn) ≤ 0.015%,
wt(Cu) ≤ 0.08%, wt(Mo) ≤ 0.01%, and wt(Ni) ≤ 0.06%; Wuhan Iron and Steel requires deep-drawing
plate wt(Cu + Sn + Mo + Cr + Ni) ≤ 0.14% and tin plate wt(Cu + Sn + Mo + Cr + Ni) ≤ 0.12% [7].
For cord steel, Panzhihua Steel requires that the content of residual elements in 72A must meet the
standard wt(Cu + Cr + Ni) ≤ 0.05%, wt(Sn + As + Pb + Bi + Sb) ≤ 0.04%, wt(Sn) ≤ 0.01%, wt(As) ≤
0.02%, and wt(Mo) ≤ 0.02% [8].

As one of the most common impurity elements in steel, tin is brought into the steel through
the furnace burden and ferroalloys used during the smelting process. As it is difficult to oxidize
during the steelmaking process, it remains as an impurity in the steel. Although some studies have
shown that tin can replace Pb in order to improve the machinability of steel [9–11], for most steel
grades, high tin content can seriously deteriorate the performance characteristics of steel, such as the
thermoplasticity [7,12–14], temper brittleness [15–18], and secondary hot working properties [19–21].

With the further development of electric arc furnace (EAF) steelmaking processes and an increase
in scrap recycling, the tin content in the steel must be strictly controlled and reducing tin content has a
significant effect on developing high quality and high purity steel.

This paper is aimed at introducing the sources of the residual tin in steel during the ferrous
metallurgy process. The existing forms of residual tin in steel, including solidification segregation,
grain boundary segregation, and surface segregation, are also discussed. Moreover, the merits and
defects of tin removal processes in the ferrous metallurgy process are individually analyzed. Finally,
the existing problems of tin removal in the ferrous metallurgy process are summarized.

2. The Sources of Residual Tin in Steel

The three main sources of residual tin in steel during the ferrous metallurgy process are tin-bearing
iron ores, ferroalloys, and scrap steel, respectively.

2.1. Tin-Bearing Iron Ore

Tin-bearing iron ore is a complex iron ore resource, which generally has an iron content of 30–55%
and a tin content of 0.2–1.2% [22]. Iron in tin-bearing iron ore mainly exists in the form of magnetite,
and tin mainly exists in the form of cassiterite (SnO2) [22]. The cassiterite is mainly embedded in
the gangue and magnetite with fine particles, and it is brittle. In addition, some tin exists within the
magnetite, in the form of a lattice substitution, which is almost impossible to separate. Therefore, even
with the combined beneficiation process of grinding, re-election, magnetic separation, and flotation, it
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is difficult to obtain a good separation of the tin and iron resources, and the tin recovery rate is usually
less than 30%. In the ironmaking process, SnO2 in the tin-bearing iron ore can be directly reduced to
metallic tin under a strong reducing atmosphere and, thereby, tin enters into the molten iron.

2.2. Ferroalloys

Statistically, about 20–45 kg of ferroalloy is consumed to produce 1 ton of crude steel [23].
Ferroalloy is an important source of tin in the smelting process. In some developed countries, such as
the United States and Sweden, the contents of residual elements are already used as one of the standards
for quality control of ferromanganese alloy; for instance, the allowable tin contents of low-carbon
ferromanganese, mid-carbon ferromanganese, and high-carbon ferromanganese in Sweden are <

0.01%, <0.01%, and <0.02%, respectively [24]. In China, although the contents of residual elements in
ferronickel and ferrotungsten are limited, standards have not yet been introduced for ferromanganese
and ferrosilicon.

When alloying is applied in the steelmaking process, the residual tin contained in the ferroalloy
will enter into the liquid steel, which will result in an increase of tin content. Therefore, it is necessary
to strictly control the content of residual elements in ferroalloys.

2.3. Scrap Steel

In the ferrous metallurgy process, the largest source of residual tin is scrap steel. At present, a
large amount of scrap steel needs to be consumed in both the converter and EAF steelmaking processes.
Owing to the advantages of the EAF steelmaking process in terms of economy, energy consumption,
environmental friendliness, and resource recovery, EAF steelmaking processes will inevitably become
the direction of future development. Scrap steel comprises the vast majority of the iron-bearing charge
used in EAF steelmaking, while basic oxygen furnaces can process only up to 10–30% of scrap steel.

The scrap steel used by iron and steel enterprises is generally divided into three categories [25]: (1)
home scrap, from steelmaking and rolling mills, is always used as furnace charge and directly returned
to the smelting workshop; (2) process scrap steel, produced by steel processing lines to manufacture
automobiles, large-scale instruments and equipment, which has a low content of residual elements; and
(3) obsolete scrap steel, mainly from consumer goods, which has the largest proportion (worldwide
share 60%) and is of mixed origin, from scrapped vehicles, household appliances, steel cans, electrical
appliances, and other items, and typically contains high levels of residual elements.

Noro et al. [26] estimated the content level of residual elements in scrap steel in 2020 and indicated
that it will be at least 1.2 to 1.5 times of the current content level of residual elements; furthermore,
they estimated that the content of residual tin in scrap steel will reach 0.02% by then.

3. The Existing Forms of Residual Tin in Steel

From the iron-tin binary alloy phase diagram (as shown in Figure 1 [27]), it can be found that
the main forms of tin in steel are intermetallic compounds, such as FeSn, FeSn2, Fe3Sn2, and Fe5Sn3.
In general, the solid solubility of tin in iron primarily increases with a decrease in temperature. After the
solid solubility reaches a maximum, it gradually decreases with a continued decrease in temperature
until it reaches a minimum. At room temperature, the solid solubility of tin is close to zero. As tin has
a small solidification redistribution coefficient, it is prone to segregation during the solidification of
molten steel.

Residual tin can cause solidification segregation during the solidification of the molten steel
and can also cause grain boundary segregation in subsequent hot working treatments or solid
phase transformations.

(1) Solidification segregation: As tin is a low melting point metal element (with melting point
232 ◦C), its distribution is not uniform during the solidification process. At the same time, the
solidification segregation coefficient of the residual tin in iron is 0.5 [28] and, so, tin generally
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does not cause severe macro-segregation under normal solidification conditions. Due to the
difference in solubility between solid and liquid phases and selective crystallization, the content
of residual tin in the latter dendrites is higher than that in the dendrites formed at the initial stage
of crystallization; this will cause a heterogeneous concentration distribution in the internal grain.

(2) Grain boundary segregation: Residual tin may cause grain boundary segregation during the
solid phase transformation process or heating process. Compared with solidification segregation,
as the residual elements can only diffuse in a short range, the generation of grain boundary
segregation generally requires a specific temperature and time, and the position is usually located
at the crystal defects; for example, the interfaces between pro-eutectoid ferrite and austenite, and
the prior austenite grain boundaries [29–32]. The segregation amount of tin at the grain boundary
changes with the cooling rate during the continuous cooling process and the segregation process
is dynamic and consistent with non-equilibrium grain boundary segregation [33,34].

(3) Surface segregation: In addition to segregation at the grain boundaries, the residual tin is
also enriched at the interface between the steel substrate and the oxide layer. The oxidation
potential of tin is lower than that of iron and the melting point of tin is lower than iron,
and so the preferential oxidation rate of iron is significantly higher than the diffusion rate of
residual tin into the substrate during the high-temperature cooling and secondary heating of
the slab [35,36]. As a result of selective oxidation, low-melting point tin-concentrating phases
inevitably form [37,38].

Figure 1. Fe–Sn binary alloy phase diagram [27].

4. Tin Removal Processes in the Ferrous Metallurgy Process

At present, the main countermeasures and processes for reducing and controlling tin in steel
during the pure steel smelting process mainly include the tin-bearing iron ore roasting treatment
process, tin-bearing scrap pre-treatment technologies, ingredient dilution processes, vapor pressure
processes, calcium reaction processes, and rare earth treatment processes.

4.1. Tin-Bearing Iron Ore Roasting Treatment Process

Currently, the roasting treatment of tin-bearing iron ore means heating the ore under a weakly
reducing atmosphere (mainly containing CO) and generating a volatile tin-bearing gas, thereby
reducing the content of residual tin in the ore. This mainly includes sulfurization-, chlorination-, and
reduction-volatilization processes.

4.1.1. Sulfurization Volatilization Process

The sulfurization volatilization process is mainly carried out under the conditions of roasting with
reducing agents (mainly coke powder and anthracite) and vulcanizing agents, such as pyrite, elemental
sulfur and gypsum. By this process, the cassiterite (SnO2) in tin-bearing iron ore, which is difficult to
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separate by means of mineral processing, can be converted into the volatile SnS to achieve the purpose
of tin–iron separation. The volatilization rate of tin can be as high as 98% or more in the sulfurization
vulcanization process, the operation flow is simple, the raw material adaptability is strong, and the
tin–iron separation effect is good. At present, the sulfurization volatilization process is mainly applied
to treat tin middling. However, the required roasting temperature is high (1180–1300 ◦C) and the
roasting time is long (120 min), which results in high energy consumption; furthermore, the resulting
smoke contains a high content of SO2, which is likely to cause equipment corrosion and environmental
pollution. Furthermore, the volatilization rate of tin is not high for processing iron ores with a low
tin content.

4.1.2. Chlorination Volatilization Process

During the chlorination volatilization process, chlorinating agents (such as CaCl2 and NaCl) and
reducing agents are added, at an appropriate temperature, to convert tin and other non-ferrous metal
elements in the tin–iron ore into chlorides and volatilize them. The melting points of some metal chlorides
are shown in Table 2. It can be seen, from Table 2, that the melting and boiling points of the chlorides
of different metal elements differ greatly and that the volatile substances are completely different
under high-temperature conditions. Based on these different properties, when the complex tin–iron
ore is treated by chlorination roasting, the iron chloride is less volatile than the partial non-ferrous
metal chlorides and, so, the non-ferrous metal chlorides can be volatilized and removed during the
roasting process. Therefore, the chlorination volatilization process can not only effectively realize a
high-efficiency separation of tin and iron, but also recover other valuable metal elements. In addition, the
calcination temperature is low and the process is easy to operate. A nonferrous metal enterprise of China
has carried out semi-industrial experiments to process tin middling by the chlorination volatilization
process, and the volatilization rate of tin was as high as about 94%. Nevertheless, the process generates
a large amount of chlorine gas, which has strong oxidizing properties and so requires equipment with
strong corrosion resistance; furthermore, the emission of chlorine gas can cause harm to the environment.
Therefore, the large-scale industrial application of chlorination volatilization processes is restricted.

Table 2. The melting and boiling points of some metal chlorides.

Metal Chloride SnCl2 SnCl4 FeCl2 FeCl3 PbCl2 AsCl3 ZnCl2 CaCl2 MgCl2

Melting point/◦C 246 −33 674 306 501 −18 283–293 782 714
Boiling point/◦C 623 114 1023 315 951 130 732 1600 1412

4.1.3. Reduction Volatilization Process

As the affinities to oxygen of tin and iron are different, iron is more easily combined with oxygen,
whereas tin is more easily reduced. Both the sulfurization and chlorination volatilization processes
require the reduction of SnO2 to SnO under a weak reducing atmosphere, after which SnO further
reacts with a vulcanizing or chlorinating agent. However, as SnO has a high vapor pressure at high
temperatures, the purpose of separation of tin and iron can be achieved by reducing the volatilization
process to avoid some problems, such as equipment corrosion and environmental pollution, caused by
the vulcanization and chlorination processes.

Many researchers have studied the treatment of tin-bearing iron ore by reduction volatilization
processes, mainly for tin-bearing iron concentrate [39–43]. The reducing agents used are mainly
anthracite, coke breeze, lignite, and CO/CO2 mixed gas. The main volatilization processes include
high-wustite pellets, produced by weak reduction calcination, and metallized pellets, produced
by direct reduction. The roasting temperature is 1040–250 ◦C and the roasting time is 30–180 min.
Experimental results have showed that the reduction volatilization treatment of tin–iron can achieve
better tin–iron separation effects both in the laboratory and at the semi-industrialized stage. Due to
high energy consumption, a large demand for reducing agents, tin sulfide composition fluctuation



Metals 2019, 9, 834 6 of 15

affecting the volatilization effects of tin, difficulty in controlling the system atmosphere, and other
factors, the industrialization of reduction volatilization processes is limited.

All of the above tin-bearing iron ore roasting treatment processes have their own merits and
defects, and they cannot be effectively industrialized. At present, the mainstream industrial process to
remove tin from tin-bearing iron ore is through integrated traditional mineral separation techniques.

4.2. Tin-Bearing Scrap Steel Pre-Treatment Technology

Tin-bearing scrap steel is mainly tin-plated sheet steel, its main source being various kinds of
packaging containers, such as recovered cans, with the amount of tin being about 0.5–2%. With the
wide application of various coating (plating) layer materials, the tin content of scrap steel recovered
from household appliances, automobile panels, and bearings is also high. For the pre-treatment
technology of tin-bearing scrap, the main processes currently adopted in the industry include alkaline
electrolyte electrolysis, alkaline solution leaching, and chlorination.

4.2.1. Alkaline Electrolysis Process

The alkaline electrolysis process is a widely used process in the industry. The tin-plated steel
sheet is used as an anode, the iron plate is used as a cathode, and an alkaline aqueous solution, such as
NaOH, Na2SnO3, or Na2CO3, is used as an electrolyte [44]. When a direct current is applied, the tin in
the anode tin-plated steel sheet is dissolved to form Na2SnO2 and Na2SnO3. As SnO2−

2 and SnO2−
3

are unstable, they will be further hydrolyzed to form HSnO−2 and Sn(OH)2−
6 . The actual dissolution

reactions occurring at the anode are as follows:

Sn + 3OH− = HSnO−2 + H2O + 2e− (1)

HSnO−2 + 3OH− + H2O = Sn(OH)2−
6 + 2e− (2)

The following reactions occur more easily:

2HSnO−2 + 2H2O = Sn + Sn(OH)2−
6 (3)

Therefore, tin is mainly present in the form of Sn(OH)2−
6 .

At the cathode, Sn(OH)2−
6 mainly accepts electrons, and the tin is reduced as:

Sn(OH)2−
6 + 4e− = Sn + 6OH− (4)

The content of tin in the anode mud obtained by the alkaline electrolysis process is generally about
20%, and the total recovery rate of the tin-plated steel sheet scrap can reach 90–95%. The anode mud
can be recovered by a reduction process (or another process) to obtain the tin.

4.2.2. Alkaline Solution Leaching Process

Alkaline solution leaching processes use a hot sodium hydroxide solution to dissolve the tin-plated
steel sheet, in which the tin reacts with the solution to form Na2SnO3; thereby, the separation between
tin and steel can be achieved, and the reaction is:

Sn + 2NaOH + H2O = Na2SnO3 + 2H2. (5)

As the super-voltage of the reaction product hydrogen is large, the reaction is slow; however, the
addition of an oxidizing agent (such as O2, PbO, MnO2, NaNO3, and so on) can promote the progress
of the reaction:

Sn + 2NaOH + O2 = Na2SnO3 + H2O (6)
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For the obtained leachate, tin is generally recovered by precipitation or insoluble anodic electrolysis.
The precipitating agent used in the precipitation process may be, for example, CO2, NaHCO3, Ca(OH)2,
H2SO4, and so on, and the precipitate can be further reduced and smelted to obtain tin. For the
insoluble anodic electrolysis process, the tin composition of the anode can reach 99.85%, and the current
efficiency and electrical energy consumption are 70% and 4000 kwh/t tin, respectively [45].

4.2.3. Chlorination Process

Cl2 and tin have a strong affinity. At the same time, SnCl4 has a low boiling point (113 ◦C) and,
so, it has a large vapor pressure at normal temperature; thus, it can be easily separated from iron.
The main chemical reaction of the chlorination process is as follows:

Sn + 2Cl2 = SnCl4 (7)

However, the chlorination process requires that the tin-coated steel sheet scrap does not contain
moisture and organic matter (such as paint, paper, and so on); otherwise, the chlorine would react with
the iron. From the point of chemical reaction, the principle of chlorination is relatively simple, but the
practice is more difficult. This mainly because a chlorination reaction releases a lot of heat, and the
subsequent high temperature will cause SnCl4 to boil. When the temperature is higher than 40 ◦C, it will
promote the chlorination of iron. Therefore, it is necessary to continuously discharge excess heat in the
chlorination process to make sure the reaction is carried out at a relatively low temperature (generally,
38 ◦C). Furthermore, as the chlorination reaction proceeds, the pressure in the reactor reduces, and the
input gas must be continuously pressurized. The SnCl4 obtained by the chlorination process can be
treated by a substitution process or an insoluble anodic electrolysis process to obtain metal tin.

4.3. Ingredient Dilution Process

The ingredient dilution process is the most common and simple measure adopted by steel
enterprises to reduce the concentration of residual elements in steel. The ingredient dilution process
dilutes molten steel in the production process by using cold/hot direct reduced iron (DRI) [46], hot
briquetted iron (HBI) [47], iron carbide [48], blast furnace molten iron, and other scrap substitutes,
in order to achieve the purpose of controlling the cleanliness of the molten steel. For example, the
main raw materials of EAF in Baosteel include scrap steel, pig iron, and molten iron. By optimizing the
ratio of these main raw materials, the concentrations of residual elements in the molten steel can be
effectively controlled [49].

The proportion of substitute scrap steel is generally about 30% in furnace burden, and the highest
addition proportion of pig iron or molten iron can reach up to 70%. In addition to diluting the
concentration of residual elements, this can also provide a large amount of sensible heat and latent heat
to improve the technical and economic indicators of the EAF process [50]. Some studies have indicated
that DRI has an excellent dilution effect on the residual elements in the molten steel. As shown in
Figure 2 [50], the total concentration of residual elements in the molten steel linearly decreases with the
improvement of the DRI blending amount. After the DRI is added to the charge, the strong “carbon
boiling” in the furnace can promote the removal of gases and impurities in the molten steel and play a
role in purifying the molten steel.

Although the dilution process can effectively reduce the concentration of residual elements in
the molten steel, it requires sufficiently high-quality iron ore and iron source. If scrap containing
0.15% tin is diluted to 0.01% or less, it must consume 15 times as much of the clean iron source [51].
Meanwhile, as steel production increases, iron ore resources are gradually depleting. Thereby, if the
residual elements in the steel cannot be effectively removed, the residual elements will circularly enrich
in the scrap steel, which will result in a part of the scrap steel that cannot be recycled to the furnace.
According to statistics, the annual amount of scrap steel which cannot be recycled accounts for about
7% of the total scrap steel [52]. This has caused the world to accumulate tens of millions of tons of
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“reusable scrap” every year. Therefore, it is necessary to make full use of various types of scrap steel
resources and simultaneously develop effective removal technologies for residual elements in the
steelmaking process.

Figure 2. Relationship between direct reduced iron (DRI) blending amount and residual element
content in liquid steel [50].

4.4. Vapor Pressure Process

The vapor pressure process is a process of separation based on the difference between the vapor
pressure of the residual elements and iron in a vacuum state. The saturated vapor pressures of liquid
iron and liquid tin at different temperatures are shown in Table 3 [53]. As can be seen from Table 3, the
saturated vapor pressure of pure metal Fe is (2.7–5.8) × 10−2 times as many as that of pure metal tin at
the same temperature and, so, tin is more likely to volatilize into the gas phase than Fe.

Table 3. Saturated vapor pressures of pure iron and tin at different temperatures, Pa [53].

Temperature (◦C) 1400 1450 1500 1550 1600 1650 1700

Fe 0.3327 0.7311 1.507 2.742 5.176 9.311 16.41
Sn 12.16 22.59 40.55 70.47 118.9 194.98 311.9

Xiong et al. [53] used a vacuum induction furnace to explore the separation of a tin–iron alloy.
The results showed that the distillation time and temperature had a significant effect on the tin removal
effect, and that the distillation temperature was more significant. As the distillation time was extended
and the temperature increased, the tin removal rate was significantly increased. When the distillation
temperature was 1612 ◦C, the furnace pressure was 10 Pa, and the distillation time was 42.5 min, the
tin removal rate in the tin–iron alloy (the initial content of tin was 4.45 wt %) was as high as 99.79%.
Nevertheless, when the pressure in the furnace was in the range of 0.1–100 Pa, the tin removal ratio
did not change significantly. Lipart et al. [54] found that, when the gas pressure in the furnace was less
than 10 Pa, the controlling process of the tin removal reaction was mass transfer in the liquid phase.
When the gas pressure ranged from 10–100 Pa, the mass transfer between the gas and the liquid phase
was the controlling process. Finally, the controlling process turned into the mass transfer in the gas
phase with gas pressures greater than 100 Pa. By electromagnetic induction stirring under negative
pressure conditions, the tin removal reaction in the high-carbon molten iron conforms to the first-order
rate law and is controlled by the gasification reaction and the liquid phase mass transfer with pressures
in the range of 1–50 Pa [55,56].

Several research results have shown that injecting weak oxidant powders (such as SiO2 and MgO)
through the surface of molten iron at appropriate negative pressures can improve the degree of liquid
disturbance, promote the generation of vast fine CO bubbles, and increase the volatilization interface
region, thereby accelerating the tin evaporation rate (as shown in Figure 3) [57,58]. Blowing gas into
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molten steel has also been studied to improve the tin removal ratio. Sasaki et al. [59] studied the tin
removal process with blowing of NH3 under vacuum conditions and pointed out that the highest tin
removal rate was about 40% under the conditions of 1450–1650 ◦C; furthermore, tin was volatilized
(in the form of SnS), and the higher the S content in the melt, the better the degree of tin removal.

Figure 3. Variation of Sn content in molten iron with time under low pressure [57].

With regard to the effect of other elements in steel on the tin removal ratio, Savov et al. [55,56] and
Mastsuo et al. [57] pointed out that the presence of C, Si, and Cr in the melt could promote tin removal,
while the presence of Ni had an adverse effect.

As the tin removal reaction is endothermic, this will lead to heat loss and is disadvantageous for the
processing of the removal reaction. Hence, a plasma heating method was investigated, and the relative
results showed that it could compensate for the heat loss of removal reaction and, thereby, improve the
tin removal ratio [58,60]. In addition, the tin removal ratio was improved with low negative pressure,
high H2 content, and high gas flow rate by using a plasma furnace under Ar–H2 and Ar gases.

Nevertheless, Zaitsev et al. [61] indicated that the efficiency of removing tin by vapor pressure
processes is low. At the same time, if the vapor pressure process is used in actual production, the
pressure in the furnace should be kept low. This will lead to difficulty in operation, high treatment costs,
long operation times, large iron losses, and low production efficiency. Thereby, the vapor pressure
process is still at the laboratory-scale research stage.

4.5. Calcium Reaction Process

Calcium reaction processes are also called chemical denaturing processes. By adding a mixture of
metal calcium, calcium halide, or calcium-containing slag to the molten steel, the residual elements in
the molten steel are fixed in the form of a compound, and the residual elements, such as Sn, As, Sb,
and so on, can be removed within a certain range. Thereby, the adverse effects of the segregation of
residual elements at the grain boundaries on the properties of the steel can be alleviated.

Calcium metal is a high-quality reducing agent for removing residual elements, but its evaporation
loss is large, and the solubility of calcium in molten steel is very low and only about 0.025% ± 0.008%.
As a consequence, calcium-containing slag, such as CaC2 or CaF2, is usually used instead of calcium
metal [62].

Ochifuji et al. [63] conducted an experimental analysis of the activity of calcium in the calcium
metal fluoride flux CaOsaturated (satd.)–Ca–MF2 (M: Ca, Ba, Mg) and discussed the possibility of residual
element removal by the flux. The results showed that the flux had excellent refining ability and a good
tin removal effect in molten iron (as shown in Figure 4).
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Figure 4. Balanced concentration of Sn in the carbon-saturated iron solution treated with calcium metal
fluoride solvent [63].

Ghosh [64] used Al2O3–Casatd.–CaCl2 slag to remove tin from molten iron at 1448–1648 K and
indicated that the tin content in the molten iron decreased significantly with the decrease of initial tin
content. In addition, tin removal from molten iron by CaC2–CaF2 was also studied at 1873 K, but the
effects of tin removal were not great.

By adding CaC2 into the molten steel, the residual elements Sn, Sb, and As can also be removed [65].
Experimental results showed that the rapid decomposition of CaC2 can accelerate the removal of
residual elements under low initial carbon content and high-temperature conditions; in addition, the
tin removal rate was also improved with increasing amounts of added CaC2 (as shown in Figure 5).

Figure 5. Relationship between residual element removal ratio and CaC2 addition [65].

The tin removal reaction using CaC2 can be divided into two steps: Firstly, CaC2 is decomposed
into Ca at a high temperature, and then Ca reacts with the residual tin in the steel, as follows:

2[Ca] + [Sn] = (Ca2Sn) (8)

However, the recarburization phenomenon by CaC2 added into molten steel is more significant,
and the carbon content of the molten steel, at the endpoint, is 40 times that of the initial carbon content.
Therefore, the use of CaC2 to remove residual elements in the molten steel requires corresponding
measures to prevent excessive carbon content in the final steel product.

In summary, calcium has a good removal effect on residual tin, but the application of CaC2 in
industrial production still poses some serious problems; for instance, recarburization, high cost, and
serious calcium loss. The calcium-containing slag system has a strong potential for tin removal, but the
relevant reaction principles need further exploration and improvement.
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4.6. Rare Earth Treatment

Many metallurgists have conducted extensive research on the application of rare earth elements
in steel since the 1960s. The early literature had reported that the addition of a small number of rare
earth elements to steel can alleviate the effect of residual elements on the properties of steel. It can be
found, from the rare earth-iron binary phase diagram, that rare earth elements can be mutually soluble
with iron atoms in the molten iron [66], but their partition coefficient in the iron-based solid solution
is extremely small, and most of the rare earth elements will preferentially accumulate at the defect
area relative to the residual elements; for instance, the grain boundary. Thereby, the segregation of the
residual elements at the grain boundaries can be suppressed or alleviated. Zhao et al. [67] explored the
role of rare earth lanthanum in tin–ruthenium-bearing GCr15 steel and found that the damage of Sn to
the thermoplasticity of the steel was reduced by suppressing the segregation of residual elements at
the grain boundaries and refining the grains, but the reaction products of La and Sn were not found.

In addition, the rare earth can also directly react or undergo a solidification segregation reaction
with the low-melting-point residual elements Sn, Sb, and so on, which are segregated at the grain
boundary, and convert the residual elements into inclusions and fix them; thereafter reducing or
eliminating the hazard of residual elements [68]. Yan et al. [69] and Wei et al. [70] studied the effects of
the residual elements Sn and Sb on the impact toughness and the thermoplasticity of 34CrNi3Mo steel,
and found that the composite phases La(Sn, Sb) formed by lanthanum and the residual Sn and Sb were
uniformly distributed on the appearance of an impact fracture and the properties of the steel were
consequently improved. The fixing effects of lanthanum on residual tin in low-oxygen and low-sulfur
steel were also demonstrated by Sha et al. [71]

Adding rare earth can effectively eliminate the effects of residual tin on the mechanical properties
of steel: Yang [72] indicated that Ce will preferentially react with oxygen and sulfur in molten steel to
form the compounds Ce2O3 and Ce2O2S by blending high-purity rare earth lanthanum and high-purity
metal tin in low-oxygen and low-sulfur industrial pure iron. When the oxygen content and sulfur
content in the steel are reduced to a certain content, Ce begins to react with the residual element
Sn to form a Ce–Sn compound. By comparing the standard Gibbs free energies between rare earth
compounds at the steelmaking temperature [73] (as shown in Figure 6), it can be found that the rare
earth would not react with residual elements directly, but primarily forms an oxide (RE)2O3, and
sequentially forms sulfur oxides (RE)2O2S, (RE)xSy, (RE)S, rare earth compounds (RE)x(As, Sn, Sb)y,
residual elements (As, Sn, Sb, etc.), rare earth nitride (RE)N, and rare earth carbide (Re)C2. Therefore,
the rare earth reacts with the residual elements only when the oxygen and sulfur contents in the steel
drop to an appropriate level.

Figure 6. Relationship between the standard Gibbs free energy of formation and temperature of some
rare earth compounds [73].
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According to the above experimental studies, it can be found that, when the amount of rare
earth added into the steel is low, the rare earth does not react with the residual element directly, as
a certain amount of oxygen and sulfur are generally present in the molten steel. Furthermore, it is
not reasonable to increase the amount of rare earth only for the purpose eliminating the influence of
residual elements on the properties of the steel. Thus, it is necessary to discuss and study rare earth
effects in many aspects.

5. Summary

With the depletion of high-quality iron ore resources and the increasing volume of recycled
scrap steel, the accumulation of tin in steel is inevitable without effective removal of the residual tin.
However, the current control processes for residual tin in steel are not satisfactory, and tin removal
from steel cannot be achieved by conventional processes. Developing new types of tin removal agents
and studying the reaction mechanisms of tin removal agents and slag systems to remove the residual
tin in molten steel is likely a key work in the future. In addition, it is necessary to further explore the
interaction between rare earth elements and tin, as well as the reaction mechanisms of rare earth in
tin removal.
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