The use of desulfurization agents in the steel production
W. Gitterle
1. Introduction
Nowadays, the hot metal desulfurization is state of the art. Introduced in the sixties, this procedural step in the modern steel production is a standard process. Whereas the sulfur content was of secondary importance at that time, the well-desulfurized hot metal is today essential for the production of optimized steel qualities. 
With the exception of machining steels, sulfur is undesirable in the steel because this leads to an embrittlement of the steel under high temperatures. This appearance is called brittle fracture, and it is especially unpleasant in case of thin sheet production. In order to avoid this phenomenon, the sulfur content in hot metal is adjusted to clearly below 100ppm; in some steel works, steel grades are produced which even require a sulfur content of 10ppm in the hot metal. Besides the increased requirements of the steel quality, the reduced scrap quality and the ore prices are reasons which necessitate a desulfurization of the hot metal. 
To be able to carry out the hot metal desulfurization in a cost-efficient way, typical desulfurization agents have been developed in the course of time. At the beginning of the hot metal desulfurization, lime and soda were the typical treatment agents, whereas calcium carbide has become accepted since the seventies. One decade later, magnesium was successfully introduced as a desulfurization agent, either as a blend component in mixtures with lime or calcium carbide or as a separate product in co-injection with calcium carbide or lime. 
In the following, I would like to go into the properties of the currently usual desulfurization agents and give the prospects for the future.

2.1. Soda

During the sixties, soda was a popular desulfurization agent. Due to the easy application – the soda was delivered in paper sacks and, according to requirements, placed in the empty hot-metal ladle before feeding the hot metal – this desulfurization method could easily be used in every plant. In doing so, however, considerable problems arose: owing to the decomposition of the carbonate during the contact with the hot iron, fumes of acrid sodium-oxide vapor formed which is harmful to health and could only be exhausted inadequately. A further disadvantage resulted from the arising slags; the arising soda slags are water-soluble so that problems emerged with regard to the environmental compatibility. 
Nowadays, the soda desulfurization is practically no longer in use; now and then, however, soda is applied as a fluxing agent to reduce the iron losses when deslagging the treatment ladles. For this purpose, soda will either be placed in the treatment ladle, added in several desulfurization mixtures or, as a third component, injected into the hot metal melt at the end of a desulfurization treatment.
2.2. Lime
Lime is the most important calcium carrier for the steel production. The use of lime in the hot-metal desulfurization only makes sense in a burnt condition as CaO. Limestone would split off CO2 in case of a contact with the liquid hot metal. Thus, the oxygen activity in the hot metal would be increased considerably, and the efficiency of the desulfurization agents would be affected considerably. Table 1 shows a typical analysis of a lime suitable for the hot metal desulfurization. 
Lime is made of limestone by the so-called lime burning in shaft kilns or rotary kilns. Then, the quicklime arising in this process will be grinded to a granulation below 100µm. A typical grain size range is shown in figure 1.
	
	Recommended range

	CaO
	92 – 98%

	MgO
	0.5 – 2.0%

	SiO2
	0.1 – 1.0%

	S
	max. 0.1%

	CO2
	max. 2.0%

	H2O chem. combined
	max. 1.5%

	Ignition loss
	max. 2.5%


Table 1 Chemical analysis of a lime suitable for the hot-metal desulfurization
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Fig. 1  Grain size range of a finish lime suitable for the hot metal desulfurization
Lime has problematic conveying characteristics in the granulation necessary for the hot metal desulfurization. Furthermore, the pourability is adversely affected by moisture. Without corresponding surface treatment of the lime grain with special oils, the so-called fluidizing, finish lime is unsuitable for the hot metal desulfurization, from the technological point of view. During the injection of the finish lime through the thin ducts of the desulfurization plants, there would be blockings and irregular dosing of the desulfurization agent which would lead to a failure of the hot metal desulfurization.
Compared to other desulfurization agents, lime is cheaper; it has, however, a clearly lower effectiveness. In consideration of the iron losses, which are in proportion to the slag amount, the total costs of a pure lime desulfurization are the highest ones owing to the big specific slag amount in comparison with the other usual processes. Therefore, a desulfurization with lime only makes sense in combination with magnesium. 
The slags arising during the desulfurization with lime have a lower viscosity than slags which arise during the desulfurization with calcium carbide. Lime slags decompose more easily, and, therefore, they can be treated better without having to add fluxing agents to the desulfurization agent. A further advantage is the fact that lime is not subject to dangerous goods regulations, and therefore, transport and handling are unproblematic. 
Limestone is a widespread mineral; thus, the world-wide supply is assured. Lime is a base material for the steel production; therefore, lime also presents itself as a desulfurization agent. If lime arises as a no longer utilizable fine fraction in a steel works, the conditioning of this finish lime to desulfurization agent can be a worth considering alternative for using in the sintering plant. Due to decades of experience, ALMAMET can provide technologies for the refining of this finish lime for the application as a desulfurization agent. 
2.3. Calcium carbide
In the seventies, calcium carbide was introduced as a hot metal desulfurization agent, and in the meantime, it is one of the most important desulfurization agents, especially in Europe. The consumption in Europe is estimated at approximately 100,000 t. Calcium carbide is made of coke and lime in an electric arc furnace. Per ton of calcium carbide, approximately 950 kg of lime and 600 kg of coke are necessary; the specific power requirement is about 3200 kWh/t. After the calcium carbide solidified in chill moulds, it is crushed and classified. Whereas the coarse fractions mainly serve as base material for the acetylene generation, finer granulations will be grinded, together with coals containing high volatiles, other gas separators, lime and fluxing agent, in mills to a granulation below 100µm.
At the beginning of the hot metal desulfurization, primarily carbide mixtures with a proportion of approx. 50 % of CaC2 were in use, whereas today, mixtures with approx. 70 % of CaC2 are mainly processed. This corresponds to a mixture of pure industrial calcium carbide with five percent of other substances, mostly gas separators. The reason is based on the method of the process: in the past, one mainly desulfurized in the torpedo, whereas today, the hot metal desulfurization is mainly carried out in the transfer ladle. In case of the torpedo treatment, the efficiency, that is worse due to the flow, cannot utilize the higher content of CaC2 effectively, so that contents of 50 – 60 % of CaC2 are still usual for this desulfurization process, today. 
In the past, mixtures with a ten percent proportion of calcium carbonate as a gas separator were used regarding the torpedo desulfurization, whereas, over the past years, this blend component has been replaced with coals with a high proportion of volatile substances. The increase of the oxygen activity, a disadvantage of the carbonate ion which splits up during the injection of the limestone is avoided, and that way, the efficiency of the desulfurization agent increases.
Apart from the carbide content, the granulation is very important with regard to the efficiency of the calcium carbide mixtures. Since the desulfurization is a diffusion-controlled reaction, and the substance conversion depends on the reactive surface, the desulfurization agent should be as close-grained as possible. With the fineness of the desulfurization agent, its flowability will be reduced. Therefore, it is necessary to find an optimum between efficiency and conveying ability. A typical grain size distribution is shown in figure 2.
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Fig. 2  Grain size distribution of a typical calcium carbide mixture
Compared to the feathery structure of lime, calcium carbide has a tetragonal crystal lattice and crushes in a sharp-edged way. Therefore, a conditioning of calcium carbide with flow auxiliaries is generally unnecessary. In order to receive best flow characteristics, a fluxing agent will be added nevertheless, when grinding the blend components. Thus, the pneumatic transport during the injection of the desulfurization agent into the melt does not pose any problem. As mentioned at the beginning, calcium carbide is rarely used in a pure condition; there are mostly mixtures of several components. Since all components have a similar density and are grinded together with the calcium carbide, segregation can largely be excluded so that the desulfurization effect is practically constant.
Calcium carbide is a hazardous material and reacts with water under formation of acetylene, a combustible gas. By adding coals with a high proportion of volatile components, desulfurization agents on the basis of calcium carbide are possibly pyrophorous. For these reasons, carbide mixtures must be stored in a dry place and under nitrogen. In case of high temperatures from 700°C upwards and in the presence of nitrogen, calcium cyanamide arises. This so-called azotation reaction is exothermal, a localized heating is enough to start the process. To avoid the start of the reaction in case of fire, modern hot metal desulfurization plants are equipped with the possibility for purging with argon. 
During the injection into the hot metal melt, calcium carbide is split up in calcium and carbon. This carbon is separated as kish graphite into the slag and increases the slag viscosity. In order to keep the iron losses, which are usually approx. 18 kg/t of hot metal, in a bearable frame, fluxing agents will be added to the calcium carbide. First tests were carried out with soda and fluorspar; later, several other alkalis fluorides were added. By adding potassium cryolite, very good results could be reached with regard to reduced iron losses. As shown in figure 3, the eutectic composition of potassium cryolite has a content of approx. 45 % AIF3.
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Figure 3  Binary system KF- AlF3
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Figure 4  Composition of a typical desulfurization agent on a calcium carbide basis with potassium cryolite as a fluxing agent
Tests have shown that the optimum is 2 – 3.5 % of potassium cryolite in the carbide mixture. This is a compromise between the desulfurization effect which decreases with increasing fluxing agent content and the lowest possible iron losses. Owing to the low melting point of approx. 600°C, potassium cryolite with eutectic composition is liquid at hot metal temperature and it has, thus, an optimum effectiveness. The viscosity of the slag is drastically reduced, and the iron droplets which have been catapulted in the slag during the desulfurization treatment can fall back into the iron bath. Thus, it is possible to halve the iron losses compared to the standard carbide; values of approx. 7 kg of iron loss per ton of hot metal are today a normal value when applying calcium carbide mixtures with potassium cryolite as a fluxing agent. In a steel works with an output volume of 4 million tons per year, this corresponds to annual savings of approx. 40,000 t of hot metal. Due to the use of fluxing agents, there are, unfortunately, some disadvantages, too; the substances mostly based on fluorides decompose during the contact with hot metal, and with silicon they can form silicon tetrafluoride, SiF4, a gaseous, corrosive substance which leads to corrosion signs in the exhausting system. The use of alkalis as fluxing agents means that, in case of contact with water, heavy metal-rich eluates will be formed on the slag dump. Thus, considerable environmental problems can arise.
During the eighties, studies regarding the effectiveness of a calcium carbide with eutectic composition have been made which, however, have not been pursued further. The causes are different; on the one hand, a calcium carbide which is produced with approx. 70 % of CaC2 is difficult to process because the crystalline structure changes considerably, and the carbide is difficult to crush. On the other hand, the immersion depth of the desulfurization lance and, thus, the residence time of the desulfurization agent with the ladle desulfurization, is higher than with the torpedo desulfurization so that a positive effect on the desulfurization caused by the higher germ number of the eutectic carbide is not ascertainable. 
The production of calcium carbide needs a lot of electric power; this demonstrates that the carbide price considerably depends on the electricity price. Owing to extremely increased raw material- and energy costs, calcium carbide comes more and more under pressure as a desulfurization agent, the consumption is reduced in favor of magnesium. 
In contrast to lime, calcium carbide mixtures are hazardous substances and are subject to the dangerous goods regulations. This involves the existence of a considerable number of safety equipment to provide for an emergency. Modern desulfurization plants are, therefore, equipped with measuring facilities for determining the acetylene- oxygen- and moisture content in the silo system as well as with the possibility for purging with argon. 
The current CO2 discussion exerts further pressure on calcium carbide. During the injection into the hot metal melt, carbon will be split off; then, it will be bound in the slag. When tilting the slag on the dump, this finely distributed graphite combusts, and a heavy development of smoke arises. 
2.4. Magnesium

The need for magnesium for the hot metal desulfurization is extremely increased over the past years. On the one hand, this results from the considerable increase of the steel production towards high-grade steel, on the other hand, the demand is caused by the good cost-performance ratio of the desulfurization with magnesium. The development of the need for magnesium for the hot-metal desulfurization is shown in figure 5.

[image: image5]
Figure 5  Magnesium consumption for the hot metal desulfurization
Magnesium is mainly produced according to the pidgeon process. In doing so, the magnesium oxide will be reduced with ferrosilicon and coke in a metallo-thermic procedure. The magnesium vapor arising in this process will be condensed, and the magnesium will be poured to ingots. By machining these bars by means of several cutting and milling units, granules arise which will be screened above 200µm for safety reasons. For metallurgical and plant-specific reasons, the granulation is limited to 1000µm at the most. 

A large part of the magnesium which is used for the hot metal desulfurization comes from China. The producers resident in Europe some years ago have closed down their plants. Owing to this one-sided delivery situation, the supply with magnesium granules made of secondary material becomes more and more interesting. Appropriate raw materials are several scraps made of magnesium alloys, mainly AZ91 and AM50. The corresponding main supplier is the car industry which prefers magnesium because of the weight advantages to other metals. 
In table 2, the classification of the scraps is shown. For the production of desulfurization agents, scraps of the classes 1 – 3 are mainly processed because the treatment of the inferior qualities is difficult.
	Scrap class

	Description
	Example

	1
	Oil-free, clean and classified scraps
	Missing parts from the diecasting industry

	2
	Oil-free scraps with admixtures of escort substances
	Oiled-up bosses incl. filter, composite material with steel

	3
	Scraps of the classes 1 and 2, oiled-up or with color
	Diecasting parts 

	4
	Magnesium powder, chips
	Chips from the diecasting processing

	5
	All other scraps
	Oiled-up chips


Table 2  
Classification of scraps containing magnesium
The importance of magnesium as a constructional material clearly increased over the last years. Thus, the availability of primary material for the desulfurization agent production increases as well. 
At first glance, magnesium is an expensive desulfurization agent; if, however, the effectiveness is taken into consideration, which is about seven times higher than that of calcium carbide, one recognizes that the specific desulfurization costs are clearly lower than in case of using other desulfurization agents. Modern desulfurization plants mostly desulfurize in the transfer ladle in which the temperatures are about 100°C lower than in torpedo ladles. Since magnesium has a high effectiveness at low temperatures, this desulfurization agent is particularly suitable for the desulfurization in the transfer ladle.

In contrast to the other typical hot metal desulfurization agents, magnesium is a metal with high vapor pressure. Indeed, there are a few desulfurization plants which only work with magnesium, without any additional desulfurization agent; in the main, however, co-injection plants are used which – apart from magnesium – still inject lime or calcium carbide. Reason is the high ejection tendency in case of an excessive magnesium feed owing to sudden vaporization of the magnesium. The high vapor pressure dampens the desulfurization effect of primary magnesium when using in torpedo desulfurization plants. It emerged that, for this process, granules of magnesium alloys are to be preferred to granules of primary magnesium. The vaporization point of magnesium alloys, that is higher compared to primary magnesium, effects that the magnesium component remains liquid for a longer time, and thus, it remains chemically active for a longer time. At the same time, the ejection tendency decreases so that the desulfurization reaction with lime-magnesium mixtures takes place similarly smoothly as in case of calcium carbide mixtures. The usual segregation tendency regarding magnesium mixtures is slightly reduced by the typical irregular grain shape of the granules made of magnesium alloys so that mixtures with a magnesium proportion of up 25 % can also be injected with constant desulfurization capacity. 
In several steel works, mixtures of calcium carbide and magnesium are used as a desulfurization agent. These mixtures have a magnesium content which is mostly between ten and twenty percent. The advantage of these desulfurization mixtures is mainly the lower investment in the plant engineering because, for the injection of these mixtures, a mono-injection plant is sufficient. Via the magnesium content, the reactivity of the desulfurization agent can be controlled. Thus, it is possible to save treatment time so that these desulfurization agents offer a possibility, without investing in the plant engineering, to treat hot metal with great demands on the sulfur content unerringly and without time problems.
3. Prospect 

The hot metal desulfurization will remain the most cost-efficient possibility for the sulfur removal in the steel production. The type of the desulfurization agent will not change according to the current level of knowledge; shifting of the consumptions is, however, foreseeable. Alternative processes with calcium aluminate slag as a desulfurization agent will probably not become accepted in future, too, owing to the high energy demand. The use of fluxing agents for reducing the iron losses will mainly increase in calcium carbide mixtures.
Due to the high efficiency of magnesium, this desulfurization agent will continue its key avenue. Great expectations are placed in desulfurization agents containing magnesium, based on secondary raw materials. Lime will keep its current importance as a desulfurization agent, and new ideas for the internal utilization of calcareous residua in the steel works can definitely be important. With many years’ experience in the field of the hot metal desulfurization, ALMAMET is available to the steel industry as a competent partner. The development of ideas together with our customers will be a promising way for cost cutting in the hot metal desulfurization.
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