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Forty years of desulfurization of hot metal with calcium carbide and magnesium, - 
a conclusion.

Introduction
Since almost 40 years, the desulfurization of hot metal melts with calcium carbide or magnesium belongs to the state-of-the art of the steel- and iron metallurgy. The processes have reached a high development status. Depending on the region, different variants have become accepted, a series of desulfurization agents have been developed to adapt the processes to the given conditions in the several regions 
With my contribution, I want to try to come to a conclusion and to examine if the more and more increased requirements on the sulfur content of the hot metal have been reached. Furthermore I intend to discuss the question if the requirements are met which the developed technology is faced with. 
Let us remember why the hot metal is desulfurized with a special process step:

A procedure with the target to generate low sulphur values in the hot metal or by metallurgical measures in the converter is a complex measure and limits the productivity;
in the sixties, the Siemens-Martin furnace was displaced by the oxygen converter; its desulfurization potential is low.
Desulfurization of hot metal allows a greater choice of the materials for the blast furnace. 
The requirements on the mechanical properties of the steels and their deformability increased continuously. Figure 1 depicts the development of the notched impact strength values since 1960 till this day by means of normalized steel (1).  

All in all, a better degree of purity of the steels is also reached by reduced S-contents. In addition, the tendency to HIC cracking is pushed back. These requirements could not be reached with the soda desulfurization which was often applied at that time. 
When introducing the industrial desulfurization process, one recognized quickly that cost advantages could be reached in the whole production process.
Development works since about 1965. 
Already in the forties and fifties (2) of the last century, injection tests have been conducted, with the target to desulfurize hot metal by means of calcium carbide. 

The efforts to develop desulfurization processes in an industrial scale started in Japan, Europe and the USA about 1963 until 1968. Some approaches proved to be unsuitable to treat high throughput rates, such as the hollow impeller agitator-mixer. The “paddle agitator” developed by HOESCH has not been accepted by the steel industry (however, for foundries developed as a standard). The injection process has won recognition, especially when it was possible to convey the desulfurization agent in a quite even way with the injection unit according to IRSID. In the steel industry, the co-injection process starting in the USA has become accepted since about 1973. This concept allowed the linkage of the two desulfurization agents, magnesium and calcium carbide. Especially the vaporization of the magnesium and the throughput rate per minute could be limited. These targets have been reached.
Over the years, the desulfurization plants have been designed in a very complex manner. The design of the pneumatics has been discussed again and again. The propellant gas – solids ratio is considered as too high. With the increased propellant gas quantity, a blockage of the lance shall be avoided. This is understandable but unsatisfactory during the process.
About the year 1991, R. Boom and colleagues told about other experiences (with torpedo ladles):
The desulfurization constant K increases with rising propellant gas quantity; apparently, a reduction of the specific consumption by up to 20 % has been reached. 

One talks about a “permanent reaction” which is activated by the bath agitation due to the injection; its extent is estimated at approx. 20 % of the total desulfurization. (In the meantime, the desulfurization is carried out in the transfer ladle).
In Japan, the mechanical KR agitating process became important. It allows putting the desulfurization agent deep into the hot metal melt, connected with a relatively long residence time of the desulfurization agent in the hot metal. Tailor-made agents are necessary to reach the advantages of the agitating process surely. 
The desulfurization agents
The Soda has not become important in the processes discussed so far. However, some companies use soda ash in the afterblowing process to remove the Fe granules from the slag. This is definitely possible. One specific property of the sodium is not used: sodium can considerably increase the sulphur absorbing capacity of the average Ca based slags. It can be assumed that unavoidable resulfurization is reduced or eliminated.
About the year 1963, one starts to inject lime mixtures (3) at Krupp in the Bochum factory. As an additive, fluorspar has been used. The limits of the desulfurization with lime were recognized soon. Therefore, one was quickly prepared to accept external suggestions for the use of calcium carbide. 
The refractory constitution of the calcium carbide makes it difficult to bring this sufficiently in contact with iron melts. Shortly after, some additional experiments with specially composed mixtures followed (about 1967 / 1968) with the simple plant. At that time, those essential features of the injection technology for calcium carbide were developed which are also applied today with improved plants. 
These mixtures became generally accepted. The use of the so-called “diamide lime”, a chemically precipitated mixture of calcium carbonate and carbon (4), was decisive. Suddenly, utilization rates of 20 to 25 % were achieved compared with 12 – 17 % when using calcium carbide alone. Today, we know that our previous interpretation for this increased utilization was wrong. It was assumed that the separation of the carbonate, howsoever, reaches a better turbulence in the hot metal. 
Today, we know that the improvement is attributed to the continuous formation of the calcium oxide from the calcium carbonate. CaO is a highly effective agent to bind sulphur. However, it loses this property very fast because it is immediately coated with a diffusion-resistant coating of another phase. This phase shall be CaS.
These additives have been increased up to 40 wt%. However, the analyses showed soon that an optimum additive will be 10 to 25 %. In order to avoid the assumed reoxidation via the CO2, one has finished the additive of these precipitation components to the calcium carbide soon. Today, we know that this was an unfounded measure. Additive of up to 10 wt% of calcium carbonate have a positive effect on the metallurgical efficiency. Such mixtures are successfully applied in several steel works.
Whether the producer of the mixtures felt compelled to carry out these changes due to customer requirements or whether he decided alone to eliminate possible risks is not known. In all probability, it was an expensive decision to abandon the additive of precipitated lime to the calcium carbide.
The additive of graphite extracted from onset material of metallurgical vessels became accepted, i.e., if they were available. Usually, these products were impregnated with reducing elements, such as aluminium and also a sodium complex. They could secure the reducing environment of smelting surface. 

The suitability of the magnesium as a desulfurization agent was known, but there was no technology for its injection; the considerable vaporization of the magnesium has a rejecting effect for a common application. At the beginning of these experiments, there was – from today’s view – a relatively bizarre solution, with Mg-impregnated coke, the so-called Magcoke packed in bells. This was a very complex solution. It seemed that this way with magnesium has been chosen at that time to avoid the use of the reputedly dangerous calcium carbide. In those years, magnesium was considerably more expensive than today. Due to the change to Magcoke, the magnesium unit became very expensive; the application was limited to urgent cases. 
In the second half of the sixties, in the former Soviet Union, N. A. Voronova started to investigate the injection procedure of magnesium into hot metal in a Ukrainian institute and in a steel works with pilot plants. She found a solution (5) which was known in the West but it was ignored for reasons that are incomprehensible today. But also within the former Soviet Union, this method did not gain acceptance. At the end of the sixties and at the beginning of the Seventies, there was the turbulent time of the development of the desulfurization processes. In view of the variety of processes, Peter Koros asked: “There is a vast flora of processes, why so many?”
The operational developments
After several preliminary tests and modifications, the first large-scale experiments with calcium carbide and as a mixture with calcium carbonate (“diamide lime”) were carried out. The knowledge was the basis for all further developments. Step by step, the measures were worked out which lead to the current state of art. Decisive for the successful introduction of the injection techniques for the hot metal desulfurization was that an improved relaxation and injection technique was available (IRSID system). 

Both in the USA and in Japan, simple injection systems were developed that did not allow precisely enough a control of the conveying rates. In Germany, it was tried to introduce an optimised type of the blower unit. A unit with a slim cylinder and a relaxation cone with a small angle of inclination was developed. Although the conveying of the fines could be improved by means of this concept (Kretschmer), it did not establish (see figure). The co-injection technique is a variant of the injection process. It became more important, because it enabled to work elegantly with magnesium and lime. This method was developed in the USA by P. Koros and MA in or about 1973.

What is the conclusion of these intensive development works after approximately 40 years? If evaluated by means of the common marks, no better mark than a “satisfactory” can be given.

It may be opposed: “This is too negative. We are much better and the processes run without any problems. The accuracy is good, the costs are manageable”. If that’s the way it is, all experiments for improving the procedures and means may be ceased. However, it is tested almost everywhere again and again how to optimize; e. g., improving the metallurgical total effectiveness or reducing the loss of iron. The achieved process level gives more or less satisfaction. The tests to continue reducing the losses of granulated Fe by means of special admixtures will be almost useless. This objective is nearly exhausted. The injection technique causes an unavoidable loss of iron. The deslagging technique is effective. No special improvements can be expected in this field. 

Discussions with experts lead to the statement that the desulfurization of hot metal is no point of general interest. 

The method according to A. Voronova is able to desulfurize hot metal effectively only by using magnesium. 

It has always been suspected that the more complicated and also complex co-injection process wants to avoid an adaptation of the simpler processes 

to the properties of the magnesium. The types of injection that can be conducted by means of the twin system hardly bear a fundamental meaning, such as, e. g., practiced sometimes to change the ratio of both components to each other during the injection. 

The Voronova method – please allow me to introduce this term for convenience – basically involves a lance with a cone-shaped chamber on its end, fig 1. In this chamber magnesium can evaporate. Thus, an Mg vapor passes over into the molten iron and hence, it may immediately start converting the dissolved sulfur. The mixture from propellant gas and Mg vapor cannot segregate; it has to react with the dissolved sulfur within the metal.

In case of the usual lance type, the carrier gas still catapults the Mg grains a certain distance upwards before they are evaporated completely. I. e., one third or half of the rising height is already used for the conversions. These are interpretations. As far as I know, the rising height of the Mg grain up to its complete evaporation has not been described.

For a long period of time, the meaning of CaO was interpreted incorrectly or underrated. The image of the intensified intermixing by the separation of a gas, for example of calcium carbonate, is indefensible as well. It is the “fresh” CaO which has got an intensive desulfurization effect for an extremely short period of time. Each of us, who has once conducted any experiments with pure calcium carbide was disappointed in the very deficient desulfurization effect of calcium carbide solely. Only when CaO could be formed or was added a priori, the good results were obtained, which then, however, rightly were attributed to the calcium carbide. 

Almost all injection plants work fully pneumatically. Despite the great expenditure for the control, the conveyance of materials is not very constant. In the Thyssen-Krupp company, a mechanical feed appliance (6) was developed which allows an improved quiet uniform feed of the transport gas with the desulfurization agent. The dosing system Polop by Polysius (7) is apparently only used for the conveyance of the smaller parts, i. e., Mg, in the co-injection system.

The construction of the blower unit was examined for several times. It was found that an extra slim vessel improves the conveyance of pulverized materials. But this interpretation was not taken over by the plant contractors. 

The admixtures to magnesium approximately correspond to those which proved themselves in case of carbide. The most important admixture is lime, CaO. Discussing them would go beyond the scope of this article. The method according to N. A. Voronova is conducted with pure magnesium. The trick is in the evaporation chamber which is arranged at the end of the lance and is cone-shaped. Fig. 2 shows one variant. By means of this cone-shaped chamber, it is ensured that the Mg evaporates in it, and this vapor passes over into the molten hot metal, i. e., for the evaporation of the Mg grain no rising height must be used. To all appearances, this principle has all chances to be implemented generally. Within these forty years, numerous proposals for methods and means were made. Due to these ideas, the use of a stirring unit (KR) to charge the desulfurization agent leads to good results. This system makes sense only when extreme low sulphur values are required over longer periods of time. The concept of the “slag washing”, a proposal of VOEST, has not become accepted. It proved to be fraught with difficulties to heat the thick slag layers up and to keep their temperature constant. 
For several times, the question was raised how the desulfurization will appear in the near future. An answer could not be given, because there are simply no proposals for new methods. However, the potential to displace the currently known methods must be ascribed to the process according to Voronova. Whether the KR stirrer can find its way into the industries in Europe and in the USA is rather doubtful. Injection is accepted, stirring is not accepted. 

Desulfurization in the torpedo or in the transfer ladle
Originally, most of the injection units were designed for the treatment of the hot metal in the torpedo ladle. Soon, since about 1985, it became clear that the treatment in the transfer ladle should be preferred. The treatment in the torpedo did not allow a well-directed desulfurization for a certain melt; furthermore it was not easy to adjust the S content in the area of 20 to 30 ppm in the torpedo. It was easier if very compact torpedos were used or units with a high volumetric capacity are/were to be desulfurized to the same S content.
These were exciting 40 years with their ups and downs. The interesting Scan Inject Conferences and the McMaster Symposia shall be called to mind. The recent symposia of Almamet have been a wonderful possibility to be informed and to introduce new ideas in the discussion. 

This conclusion of the almost forty years lasting development of desulfurization of pig iron in the operational scale is positive. The processes have generally found their way into the steel technology. Primarily, the compound of magnesium-calcium carbide in the co-injection process has proved its stability; basically there is no wish for other systems, even if those could be useful here and there. I am sure that we will see further interesting developments.
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