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Direct Reduced Iron (DRI) is used as an alternative feedstock in electric arc furnaces,
making up 50% or more of the total iron charge. DRI produced with coal based
reductants (for example in rotary kilns) make up roughly 25% of DRI produced in
the world. It was found that SL/RN DRI samples from a kiln cooler had high
nitrogen contents (50-250ppm, depending on particle size), higher than DRI from
gas-based reduction. The higher nitrogen content of SL/RN DRI would increase the
levels of nitrogen of liquid steel produced in the EAFs. The problem is exacerbated
by the fact that the SL/RN DRI contains virtually no carbon (which would aid in
preventing nitrogen pickup). The proposed mechanism of nitrogen pick-up by the
SL/RN DRI is one where nitrogen present within the atmosphere of the rotary cooler
(where hot DRI, discharged at 1000°C from the rotary kiln, is cooled to
approximately 100 °C in ca. two hours) penetrates the solids bed and nitrides DRI
particles. Possible rate-determining steps for nitriding in the cooler have been
evaluated. Nitriding of DRI particles is predicted to be rapid: the most plausible
location for rapid nitrogen pickup is the first 5 meters of the rotary cooler, where the
high temperature, nitrogen-rich gas atmosphere and rapid solids bed mixing are
conducive to nitriding; solid-state and pore diffusion of nitrogen into DRI particles
are predicted to be rapid too. The most plausible rate determining step for nitriding
of DRI particles is that of nitrogen dissociation on the DRI surface, which can be
further retarded by the presence of sulphur. A strong correlation was found between
the amount of “melt-in” carbon in the liquid steel and the final tap nitrogen content,
with 0.3% C resulting in nitrogen levels as low as 50 ppm (80 ppm or less is desired
on the plant in question) at tap, even with DRI material that is high in nitrogen and
contains virtually no carbon. Proposals to increase the melt-in carbon are included.
Keywords: Direct Reduced Iron (DRI), Electric Arc Furnace Steelmaking,
Nitrogen, SL/RN DRI, nitriding, dusty-gas model
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Chapter 1:
Introduction
Direct reduced iron (DRI) has become a valuable iron feedstock for the electric arc
furnace (EAF). EAF steelmaking remains popular and continues to grow due to the
cost and environmental advantages compared with, for example, the blast furnaceBOF route1. Referring to DRI as a secondary iron unit would at this moment in time
be slightly incorrect, as many producers charge in excess of 50% of the total iron
input into EAF units. The replacement of expensive scrap with this virgin iron unit
has become very popular: an analogy can be drawn between the replacement of
scrap with DRI in the EAF as iron ore (etc.) was replaced with sinter in the blast
furnace with time. Growth in the production of DRI has been substantial in the last
40 years, worldwide. Up to the year 2010, worldwide production of DRI has
increased by ca. 60% to 70.37 Mt2. Recent figures are similar (the top 11 countries
producing DRI produced roughly 55 Mt in 2012 based on the assumption that these
countries accounted for 82% of the total DRI produced in the world in 20123).
DRI production is dominated by gas-based reductant processes like MIDREX
(producing ca. 58% of the total DRI worldwide in 2010), but coal-based reduction
remains an integral part of the market in both India and South Africa – where coal is
relatively cheap and gaseous reductants are not readily available. In total,
approximately 25% of DRI is produced in coal-based reductant processes2, one of
which is the Stelco-Lurgi/Republic-National (SL/RN) rotary kiln process. In 2010, this
process produced 2.5% of total DRI worldwide, primarily in India and secondly in
South Africa (specifically at ArcelorMittal, Vanderbijlpark).
The technical success of using DRI as an alternative iron source and the high price of
steel scrap prompted ArcelorMittal South Africa (Vanderbijlpark plant) to build two
additional SL/RN kilns, adding to the liquid steel capacity of the plant (ca. 250 kt/a
added capacity). The DRI plant at ArcelorMittal Vanderbijlpark continues to
produce, even with the EAFs currently not in operation (essential maintenance is
required) – other plants are currently charging this material to EAFs.

1.1. Background to the problem and scope of the project
One particular advantage of using DRI as EAF feedstock is that lower nitrogen levels
can be achieved in the liquid steel produced in the EAF (and ultimately the steel
product). However, on this particular plant it was found that the nitrogen content of
liquid steel tapped was higher than expected (compared with plants using DRI
produced via other alternative ironmaking routes, e.g. MIDREX DRI). Levels in
excess of the desired 80 ppm N were experienced at tap, which prompted further
2
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investigation. Excessive nitrogen levels are to the detriment of the mechanical
properties of the final steel product.
The purpose and scope of this project was to:
1. Understand the effect of nitrogen on the mechanical properties of steel
(Chapter 2);
2. Understand the underlying mechanisms of nitrogen pickup during the EAF
steelmaking process as well as what current strategies are to lessen the effect
thereof (this was done by evaluation of known literature on the
thermodynamics and kinetics of nitrogen pickup by steel; Chapter 3);
3. Evaluate the possibility that DRI particles produced in a SL/RN rotary kiln
process contains nitrogen and that this nitrogen leads to increased nitrogen
levels in liquid steel at tap. (Chapter 4);
4. Evaluate the mechanism of nitrogen pickup by DRI particles in the kiln and
cooler unit by describing it mathematically and determine the most plausible
rate limiting step for nitriding of particles (Chapter 5);
5. Evaluate (statistically and fundamentally) the relationship between melt
carbon content in the initial melting period on the final tap nitrogen content
of liquid steel. This was done (inter alia) to assess the claim that nitrogen
levels can be lowered (and predicted) when the carbon content in the melt is
controlled (Chapter 6);
Chapter 7 concludes the work. Recommendations are made regarding further work
to counter the effect of nitrogen in SL/RN DRI on EAF operations.

1.2. Publications produced from this work
1. Erwee, M.W. and Pistorius, P.C., “Nitrogen in SL/RN Direct Reduced Iron:
Origin and Effect on the Electric Steelmaking Process”, AISTech 2011, 5-6 May
2011, Indianapolis, Indiana, USA (Presentation only; based on Chapters 2,
4&5).
2. Erwee, M.W. and Pistorius, P.C., “Nitrogen in SL/RN Direct Reduced Iron:
Origin and Effect on the Electric Steelmaking Process”, Ironmaking and
Steelmaking, vol. 39, no 5, 2012, pp. 336-341. (Based on most of the work – Ch
4, parts of 5, 6 and Appendix A.1).
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Chapter 2:
Nitrogen in steel:
Effect on room temperature properties
In this section, the effect of nitrogen on the mechanical properties of steel at room
temperature is reviewed briefly, to stress the importance of controlling the nitrogen
content of steel during steelmaking.
Nitrogen, like carbon, dissolves interstitially in α-iron. The radius of the interstitial
sites in BCC iron (ferrite) is 0.019 nm (for the octahedral sites where interstitials
dissolve); whilst in FCC iron (austenite) the radius is 0.052 nm. Nitrogen has an
atomic radius of 0.07 nm and hence dissolution of nitrogen in the iron lattice causes
lattice strain. Relaxation of this strain can be achieved by the diffusion of nitrogen
atoms to lattice defects, e.g. dislocations, which causes dislocation pinning, and
strain aging in plastically deformed material. The greater solubility of nitrogen in
iron at low temperatures (typically below 100°C), compared with carbon, is the
principal cause of strain aging of low carbon steels4.
Strain aging is defined as the change in mechanical properties (increased yield
stress) after plastic deformation due to the interactions occurring between mostly
interstitial atoms (e.g. C, N) and lattice defects. It is divided into static aging
(occurring after plastic deformation) and dynamic strain aging (concurrent with
plastic deformation)4.
The mechanism of strain aging was defined by Cottrell and Bilby in 1949.
Essentially, the mechanism is as follows, as described by Leslie4:
At low temperatures (below 100°C, where the solubility of carbon is too low to have
a significant effect on strain aging), some nitrogen remains in interstitial solution in
the iron lattice. A stress field is present within the lattice around the nitrogen atom.
To relax the stress, the nitrogen atom moves to a defect in the lattice, e.g. a
dislocation, forming a “Cottrell atmosphere”. The defect is then “pinned” (i.e. its
movement is inhibited) by the nitrogen atom. The inhibition of movement of this
defect results in a higher stress being required for plastic deformation in the
material. On a load-elongation curve, the material will show an increased yield point
after initial strain. The practical implication of this is that a higher stress will be
required to form the steel product. Strain aging also leads to discontinuous yielding
when the material is deformed and the resulting surface will show striations (called
Lüders bands), which are not always aesthetically or mechanically acceptable.
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Figure 2.1 shows a load-elongation curve on which the increased yield point
phenomenon is shown. Note that in reality the load-elongation curve in the Lüders
region (the line shown as eL) will not be a simple straight line, but rather an
oscillating one, due to the discontinuous yielding of the material. Figure 2.2
illustrates the appearance of the Lüders bands.

Figure 2.1: Load-elongation curve for a material that experienced
static strain aging. ∆Y = change in yield stress due to
strain aging, eL = Lüders strain after strain aging, ∆U =
increase in ultimate tensile strength due to strain
aging, ∆ε = decrease in elongation due to strain

Figure 2.2: The appearance of Lüders bands in a material
due to strain aging4.

aging4.

Although the interstitial dissolution of nitrogen causes a strengthening effect in steel,
discontinuous yielding is detrimental. In general, sheet products are less formable
and have lower toughness due to the presence of nitrogen in steel. To counter this
effect, steelmakers make additions to the steel melt to limit the amount of “free
nitrogen”, i.e. interstitially dissolved nitrogen, in the final steel product. The amount
of “free nitrogen” has a significant impact on the yield strength and formability
(expressed as the mean plastic strain ratio, ̅ ). A higher value of ̅ indicates that the
material is more formable – e.g. for deep drawing purposes this ratio is extremely
important, since it gives the ratio of the strain in the width direction relative to the
strain in the thickness direction, during tensile deformation. A higher value of ̅
hence means a greater resistance to thinning. The effects of nitrogen in solution on
the yield strength and strain ratio of steel are shown in Figures 2.3 and 2.4.
Llewellyn5 reports the Irvine relationships between the yield stress and free nitrogen
(YS  %Nsoluble) and between the impact transition temperature (ITT  √%Nsoluble).
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Figure 2.3: Influence of the free nitrogen content of steel on the
change in yield strength (i.e. the magnitude of strain

Figure 2.4: Effect of nitrogen content of steel on the mean
plastic strain ratio (formability) of unkilled

aging)6.

steels6.

To counteract the effect of strain aging the amount of free nitrogen in steel is
frequently reduced by the addition of Al to form AlN. The precipitation of AlN, in
addition to reducing the amount of free nitrogen present in the steel, may also
impart special properties, depending on subsequent heat treatment of the steel. By
controlling the cooling rate after re-heating a low carbon steel to a typical re-heating
temperature of 1250 °C, the precipitation of AlN can be controlled.
Llewellyn 5 reviewed several effects of nitrogen in steel, including the effect of
cooling rate on the precipitation behaviour of AlN and the effect thereof on the
mechanical properties of steel. In addition, many other authorse.g. 6,7,8 have noted that
the amount of nitrogen should be carefully controlled to control the amount of AlN
that precipitates – the aim is to avoid the deleterious effects of AlN precipitation
while retaining its the strengthening effect. Two major methods to control AlN
precipitation are as follows:
1. Cool the steel from the reheating temperature to around 700°C, and hold it at
700°C to allow AlN precipitation. The precipitation of AlN results in low
amounts of free, interstitial nitrogen at room temperature, making the
material much easier to cold work. For hot ductility (important during
continuous casting), the precipitation of AlN is problematic – the AlN
precipitates on the austenite grain boundaries, pinning them and hence
restricting relaxation of the material which in turn can cause cracking. This
problem has been overcome by the addition of Ti.
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2. Rapid cooling of the steel slab to a temperature in the region of 560°C after
reheating suppresses formation of AlN and a significant amount of N remains
in solution. Alternatively, re-heating rapidly (e.g. as in continuous annealing)
to a temperature between 700 and 850°C will also result in little AlN
formation. Treatment with B or Ti, resulting in the formation of nitrides at
high temperatures (higher temperature than for the formation of AlN) would
result in steel with high formability since no AlN is present (e.g. in
“interstitial free steels”, which also have low carbon contents).

Figure 2.5 (left) shows the effect of the relative
amounts of aluminium and nitrogen on the ̅
value of a batch annealed steel sheet. The
importance of careful control of the steel
chemistry during steelmaking cannot be
overemphasised as is shown by the effects of
small differences in composition6.

AlN is only one of the possible nitrides which are used in the manipulation of the
mechanical properties of steel. Other nitrides, such as VN, TiN, BN and various
carbo-nitrides (e.g. Nb(C,N), V(C,N)) can also precipitate, affecting various
mechanical properties of the steel product. When little Al (≤0.02%) is present, and if
V is present, VN will precipitate and a finer grain size will be achieved in structural
steels5. In engineering steels, the use of Ti and V is common to achieve high tensile
strengths, but - to retain formability - a balance between the amount of nitrogen,
titanium and vanadium is required, since precipitation of too much V(C,N) could
lead to less dispersion strengthening, whilst precipitation of too much TiN could
lead to less dissolved interstitial nitrogen, which results in lower yield strength.
Manipulation of the nitrogen content (keeping the amount of free nitrogen after TiN
precipitation above 60 ppm) when using V and Ti results in the highest yield stress,
whilst retaining optimum formability5.
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The use of nitrogen (and by implication the need for the careful control of the
nitrogen content of steel) is not limited to the precipitation of nitrides within the
structure. Tool steels and steels in which abrasion / wear resistance is most
important, whilst retaining ductility (e.g. automotive transmission gears) are often
nitrided or carbo-nitrided. By nitriding the surface of the component, the outer
“shell” of the component becomes extremely hard and has a high resistance to wear
and fatigue, whilst the ductility of the remaining (core) material is retained.
Finally, while stainless steel is not the focus of this dissertation it is worth
mentioning that nitrogen is often used as an alloying element in stainless steels, with
the following effects (based on the reviews of Llewellyn5, Morrison6 and Bazaleeva9):







Nitrogen is a strong austenite former and hence can replace some Ni in
austenitic steels – 0.35% nitrogen can replace approximately 10% Ni –
although Ni imparts other beneficial properties to steel, hence it is not
replaced completely;
Nitrogen improves the pitting corrosion resistance of austenitic and duplex
stainless steels and also retards sensitisation to inter-granular attack;
Nitrogen has a strong influence on the tempering behaviour of martensitic
stainless steel (since it stabilises austenite);
Nitrogen has a solid-solution hardening effect on austenitic and duplex
stainless steel grades;
Nitrogen and carbon have very low solubility in ferritic stainless steels and
must be controlled to low levels in these steels.

In conclusion – one must recognise that the nitrogen content of steel has a strong
influence on the mechanical properties of steel. It is therefore, critically important
that the nitrogen content of the steel be controlled during liquid steelmaking, ladle
treatment, ladle transfers and casting in whichever way possible (this is discussed
later in this dissertation). It is the responsibility of steelmakers to ensure this and
they should use all the technology, research and experience available to achieve this.
For example, Croft8, amongst many other authors, states that “the most effective
method of reducing the AlN levels in steel castings is shown to be the close control
of the nitrogen content”. The starting point of the steelmaker should ideally be to
optimise the raw material mix for the steel to be produced, which is discussed in the
next chapter on the control of nitrogen during steelmaking.
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Chapter 3:
Nitrogen in liquid steelmaking
Nitrogen readily dissolves into liquid steel at steelmaking temperatures (~1600 °C).
This chapter addresses the thermodynamics and kinetics of nitrogen dissolution into
liquid steel (for background only; the focus of this study is mostly on how and to
which extent nitrogen occurs in SL/RN DRI and what the effect of the elevated levels
are on the EAF steelmaking process, rather than how it is removed).

3.1. Thermodynamics of nitrogen dissolution into iron
In order to understand why nitrogen dissolves into steel in the first place it is
important to look at the solubility thereof in liquid steel. Although kinetics govern
the dissolution of nitrogen (see section 3.2), it is important to understand which
factors influence the equilibrium solubility of nitrogen in iron (steel should be
considered as a dilute iron alloy in this case). The composition of the furnace/ladle
(or subsequent steelmaking vessel) atmosphere, temperature and steel composition
influence the solubility of nitrogen in iron.
Under equilibrium conditions, nitrogen can dissolve into iron according to reaction
3.1:
(3.1)
where:
N2(g) refers to gaseous nitrogen (in steelmaking, this could be from the furnace
atmosphere/atmosphere above the ladle – i.e. air, etc.) and [N] refers to nitrogen
which is dissolved into the iron. Sieverts’ law quantifies the equilibrium solubility of
nitrogen:
√

(3.2)

where:
ppm [N] refers to the equilibrium amount (in parts per million) of nitrogen dissolved
in iron at constant temperature;
K1 is the equilibrium constant for equation 3.1;
is the partial pressure of nitrogen gas in the relevant atmosphere (atm).

9
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The relationship between the nitrogen partial pressure and the equilibrium amount
of nitrogen that dissolves in iron, clearly indicates the importance of controlling the
atmosphere to which liquid steel is exposed – higher partial pressures of nitrogen
results in higher amounts of nitrogen dissolving in iron/steel. This has various
implications in practice, as discussed in Chapter 4. Temperature and the structure of
the iron matrix affect the solubility of nitrogen in iron, as shown in Figure 3.1.
500
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ppm [N]

300
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250
200
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PN2 = 0.7 atm

100
a-Fe
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Figure 3.1: Solubility of Nitrogen in iron (calculated from data from the Steelmaking Data Sourcebook)63. A higher partial
pressure of nitrogen above a steel melt increases the solubility thereof, as does an increase in temperature (in the
case of nitrogen dissolution into liquid iron).

Although temperature has an effect on nitrogen solubility in liquid iron, the effect is
slight (compared to the effect of partial pressure) when typical steelmaking
temperatures (1600 – 1650°C) are considered.
The composition of the liquid steel also influences the solubility of nitrogen. A full
analysis of this effect is beyond the scope of this project. Of primary importance is
the interaction of nitrogen with elements such as carbon, aluminium, manganese,
silicon, oxygen, niobium, chromium and titanium. Many of these elements form
nitrides or carbo-nitrides (as explained in Chapter 2), whilst others enhance the
solubility of nitrogen in liquid steel. The effect of composition on nitrogen solubility
is quantified, thermodynamically, by the interaction coefficients of nitrogen with
other elements in the melt. These interaction coefficients, in turn define the activity
coefficient of nitrogen in liquid steel, which determines the amount of nitrogen that
dissolves.

10
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The amount of nitrogen which will dissolve into liquid steel is quantified by
equation 3.310:
(3.3)

where:

is the Henrian activity of nitrogen in steel;
is the weight percent nitrogen dissolved into the liquid steel;
is the activity coefficient, which is defined by equation (3.4):
∑

∑

∑ ∑

where: j < k
is the first order interaction coefficient of N with element j;
is the second order interaction coefficient of N with element j
The last two terms in equation 3.4 refer to higher order interactions, for which data is
not available in steelmaking. Data for the first and second order interaction
coefficients can be found in the text by Sigworth & Elliott10 as well as a recent review
article by for example, Siwka11.

3.2. Kinetics of nitrogen dissolution into liquid steel
The dissolution and especially desorption of nitrogen into and from liquid steel have
been found to be under kinetic control by various authors and have been reviewed
in many steelmaking publicationse.g.12,14.
Oeters12 and Turkdogan 13 are two of the many authors who reviewed the
fundamentals of nitrogen mass transfer across a gas/iron interface. The general
model is described below and is based on the texts of Oeters12, Turkdogan13 and
Fruehan14.

11
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Nitrogen dissolution into liquid steel involves three consecutive steps, each of which
can be rate determining:
1. Transport of nitrogen in the gaseous phase to the gas/steel interface
In the case of EAF steelmaking, where the furnace atmosphere contains a substantial
amount of nitrogen this should not be rate limiting.
Fundamentally, the molar flux,
described by Oeters12:

, of nitrogen is given by equation 3.5 as

(3.5)

where:

is the mass transfer coefficient of nitrogen in the gas phase;
and
is the partial pressure of nitrogen gas at the;
gas/steel interface and in the bulk gas phase respectively (atm);
R = 3.184 J.K-1.mol-1 and T = Temperature (K)

A large difference in the partial pressure of gas in the furnace atmosphere and at the
gas/steel interface would imply a large resistance to mass transfer, since nitrogen
would have to diffuse through the gas phase towards the interface. When the partial
pressures are equal, there is no significant resistance to gas mass transfer and this
step is not rate limiting. When liquid steel is exposed to the atmosphere (initial
stages of melting in an arc furnace, tapping, ladle transfers, etc.), the partial pressure
of nitrogen is high (air contains 78% N2), which implies that this step should not be
rate limiting under normal steelmaking conditions.
2. The chemical reaction (i.e. dissolution of N2 into steel as dissolved N)
The accepted12,13,15,16 rate determining step for nitrogen dissolution into liquid steel
has been found to be the rate at which nitrogen dissociates into adsorbed nitrogen
onto the liquid steel surface, according to reaction 3.6:
(3.6)
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The rate at which the dissociation of nitrogen (or rate of nitriding of liquid steel)
occurs has been found to follow first order kinetics with respect to the nitrogen
pressure, and is quantified by equation 3.713:

(3.7)

where:  is the density of liquid steel
A the surface area of the melt which is exposed to nitrogen;
V is the volume of the melt;
is the equilibrium partial pressure of nitrogen at reaction time t,
given by the equilibrium constant, K for nitrogen solubility
In equation 3.7, kf is the kinetic rate constant as determined by Byrne and Belton15 :
[gN.cm-2.min-1.atm-1 N2]

(3.8)

and 1- is the fraction of vacant sites on which nitrogen can be chemisorbed, as
determined by various authors15,16 quoted by Turkdogan13:
(3.9)
Equation 3.9 and Figure 3.2 illustrate that oxygen and sulphur dissolved in liquid
steel retard the rate at which nitrogen is dissolved into liquid steel, since these
elements take up vacant sites on which nitrogen could have chemisorbed14. In
practice, this has proven to be a valuable tool to avoid nitrogen pick-up by altering
tapping and de-oxidation practice on an EAF steelmaking plant.
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Figure 3.2: Effect of oxygen and sulphur on the rate of nitrogen absorption into liquid iron (redrawn from reference 14, p 17)

Essential to the above argument, is the fact that this project deals with steelmaking in
an electric arc furnace – the dissociation and subsequent adsorption of nitrogen in a
plasma environment (created by the arc) can be significantly faster, as outlined by
more than one author – two references are of note in this regard. Katz and King 17
studied the kinetics of nitrogen absorption (and desorption) from a plasma arc into
molten iron, in a refractory lined furnace (10 kg capacity) using a plasma torch. This
is one of very few known controlled large scale experiments where iron was exposed
to a nitrogen-argon plasma stream in the presence of surface active elements (in this
case sulphur and oxygen), to establish the effect of the plasma arc melting on the
dissolved nitrogen content. Mundra and Debroy18 later reviewed the work of various
authors to establish a general model for partitioning of gases between a metal and its
plasma environment and applied their model to the work of, amongst others, Katz
and King.
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The general accepted model, based on the aforementioned work, for the enhanced
solubility (i.e. higher than the thermodynamic equilibrium amount predicted by
Sieverts’ law) of nitrogen in molten iron due to the dissociation thereof in an arc, is
as follows:
Diatomic nitrogen (in this case from the atmosphere in an electric arc furnace, to
which the steel surface is partially exposed, depending on the bath condition / slag
foaming behaviour) dissociates within the arc. The extent of dissociation is
controlled by the nature of the generated arc – i.e. the nature of the power source (in
the EAF as an alternating current conducted via solid graphite electrodes), system
geometry as well as the nature of the diatomic gas – all of these properties are
variable as mentioned by Mundra and Debroy18, yielding a quite complex system,
leading to difficulty in predicting the extent of dissociation for, for example, an arc
furnace. This is also beyond the scope of this project. What is important is the fact
that diatomic nitrogen dissociates at steelmaking temperatures according to the
authors18, resulting in the presence of monatomic nitrogen in the plasma arc.
The monatomic nitrogen (N) now readily absorbs
on the metal surface from the metal-plasma
interface, depending on the number of available
surface sites (i.e. sites not occupied by mostly O
and S – as discussed earlier). The faster adsorption
(and enhanced solubility) was attributed to a
higher than equilibrium (super-equilibrium)
concentration of the atomic species near the metal
surface. The calculations were done on the basis of
the effective dissociation temperature, which was
found to be approx. 100-300K above the surface
temperature of the metal.
Figure 3.3 is a schematic diagram illustrating the
concept of plasma. In the case of EAF steelmaking,
G2 would be N2, with the remainder of the gas
Figure 3.3: Schematic diagram of gaseous species
mixture consisting of CO/CO2/H2O(g)/H2 and other near a metal- exposed to plasma. Plasma consists of
electrons (e ), neutral atoms (G,I,M) and molecules
smaller amounts of gaseous species.
(G2), excited atoms (I*,G*,M*) and molecules (G2*),
and ions (G-,G+,G2+,I+), where G=gas, M=metal, and
I=inert gas18.

Although the solubility of nitrogen is enhanced by the arc, gas bubbles will tend to
form when the thermodynamic solubility limit of nitrogen is reached.
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Figure 3.4a: Steady state (i.e. the nitrogen content where the rates
of adsorption and desorption of nitrogen into and
from iron is equal) nitrogen content of iron as a
function of surface availability. Ne (%) refers to the
equilibrium nitrogen content17.

Figure 3.4b: From the calculations of Mundra and Debroy18:
Equilibrium solubility of nitrogen in iron exposed
to monatomic nitrogen as a function of temperature
and partial pressure of monatomic nitrogen. The
figures are included to substantiate the claim of
enhanced solubility of monatomic nitrogen in iron.

3. Nitrogen transport within the melt
If none of the above two steps are rate limiting, the only remaining step which could
be rate limiting is nitrogen transfer from the interface of the melt into the melt itself.
A description of this is available in the text by Oeters12. The nature of a steelmaking
melt is such that there is usually a sufficient degree of mixing/bath movement, to
allow for rapid mass transfer of nitrogen from the interface into the melt. Oeters 12
concludes that this step is not rate limiting under steelmaking conditions.
In conclusion – the rate of nitriding of liquid steel, a first order kinetic process with
respect to nitrogen pressure, is determined by the rate at which nitrogen dissociates
at the gas/steel interface and is retarded by the presence of oxygen and sulphur.
Furthermore, the absorption of nitrogen into steel in the EAF can be substantially
faster due to the dissociation of diatomic nitrogen to the monatomic state.
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3.3. Kinetics of the removal of nitrogen from liquid steel
The removal of nitrogen from liquid steel after steelmaking is addressed first, as the
removal of nitrogen during steelmaking is addressed in Chapter 4.
For chemical control, the rate of removal of nitrogen is second order with respect to
the concentration of dissolved nitrogen13,19; the reaction is shown below:
(3.10)
The rate at which nitrogen can be removed is quantified by equation 3.11:
=
where: A, V, t and

(3.11)

refer to the same constants/variables as in equation 3.7

In equation 3.11, however, kr is the rate constant for the reverse of reaction 3.6, or
then the rate constant for the rate at which nitrogen recombines to form nitrogen gas
(reaction 3.8) and is given by:
[gNcm-2.min-1.%N-1]

(3.12)

Equation 3.12 is deduced from kr = kf/K, where K is the equilibrium constant for
nitrogen dissolving into liquid iron13:
(3.13)

3.3.1. Nitrogen removal by gas bubbling after steelmaking
Inspection of reaction 3.10 reveals that nitrogen removal should be simple, at least
from a thermodynamic point of view – a lower partial pressure (achieved by either
gas bubbling or by reducing the total pressure of the process by drawing a vacuum
within the vessel) of nitrogen gas, should decrease the nitrogen content of steel, yet
this is not practicable, due to the kinetic nature of the nitrogen removal process. This
has been reported in literature13,14, several times and is briefly discussed here.
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Bubbling of an inert gas, e.g. argon through a steel melt lowers the partial pressure
of nitrogen, facilitating nitrogen removal. The removal of nitrogen by gas bubbling is
considered to be under mass transfer (gas/bubble reactions) and chemical reaction
control, in series, as stated in various texts13. It has been shown, by example
calculations13, that high volumetric flow rates of gas eliminate mass transfer as a rate
limiting step and that the rate of nitrogen removal is then principally under chemical
reaction control, with dissolved oxygen and sulphur playing a significant role in
nitrogen removal. Oxygen and sulphur block adsorption sites on bubbles where the
nitrogen could have recombined to form molecular N2.
The maximum rate at which nitrogen can be purged from a steel melt (provided that
the rates of the diffusion processes and chemical reactions are high enough and that
argon bubbles moving through the melt will saturate themselves with nitrogen) is
described by equation 3.1413:
̇

(3.14)

̅

where: ppm N is the nitrogen content at time t in ppm
ppm N0 is the initial nitrogen content in ppm
M is the molecular mass of the diatomic gas being purged (nitrogen)
̇ is the volumetric flow rate of argon in Nm3.min-1.t-1
K is the equilibrium constant at the relevant temperature
̅ is the average bubble pressure in the melt (atmospheric plus ferrostatic)
For a temperature of 1650 °C and an average bubble pressure of 1.5 atm, equation
3.14 reduces to:
(3.15)
For hydrogen removal, the equivalent maximum rate is given by equation 3.16:
(3.16)
From the equations above, it is clear that the maximum rate of nitrogen removal is
much lower than that for hydrogen.
Assuming a volumetric flow rate of 2 Nm3.min-1.t-1 of argon, for 2 minutes13, an initial
amount of 60 ppm N would only be reduced to 54 ppm, whilst for hydrogen, two
minutes of purging would reduce an already low 7 ppm H to 2 ppm.
The above implies that after steelmaking, large volumes of inert gas along with a
substantial amount of time, is essentially not worth wasting in an attempt to
denitrogenate a steel melt, due to unfavourable kinetics.
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3.3.2. Nitrogen removal by vacuum degassing
By lowering the total pressure above a steel melt, the nitrogen removal reaction
should be driven forward, based on the application of Le Chatelier’s principle to
reaction 3.10. Bannenberg et al20 developed a mixed control model to quantify the
removal of nitrogen in a tank degasser. Trials on an industrial scale and calculations
based on a model developed from test data showed that only some nitrogen is
removed (again, the rate is low), and then only if the steel is fully de-oxidised with a
low concentration of sulphur. The rate of nitrogen removal under vacuum is
controlled by liquid phase mass transfer at low O and S contents, whist it is under
mixed or chemical reaction control for higher O and S contents (for the same reason
as stated in the previous section)14,20. The rate equation (slightly adjusted version of
equation 3.11 as done by Turkdogan13), is given below:
=

(3.17)

where kN is the apparent rate constant for nitrogen removal at low values of O and S,
i.e. as these approach zero. The constant has a value of 0.0013 (ppm N.min)-1 for 180 t
heats at 1 mbar tank pressure with an argon flow rate of 1.8 Nm-3.min-1. Turkdogan13
also mentions that this value is decreased greatly with a decrease in argon bubbling
rate, due to liquid phase mass transfer which would then become rate limiting.
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Figure 3.5: Calculated effect of sulphur on denitrogenisation in tank degasser with argon stirring rate of 1.8
Nm3/min, redrawn from reference 13, p 284.
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Figure 3.5 emphasises both the effect of dissolved sulphur (i.e. higher sulphur
contents retard nitrogen removal), as well as the effect of treatment time (longer
treatment times do not necessarily yield significantly lower final nitrogen contents)
and the initial nitrogen content (lower initial nitrogen content causes a lower
removal rate, as is expected).
In the article by Bannenberg et al20, the effect of the volume of stirring gas is also
illustrated; this is shown in Figure 3.6. High inert gas volumes, low initial nitrogen
contents, and low dissolved sulphur and oxygen contents result in the lowest
possible nitrogen content after a degassing treatment. Figure 3.7 shows that
increased amounts of stirring, in desulphurised steels, reduces the amount of
nitrogen (i.e. mass transfer control dominates, as the chemical reaction is not
impaired by O or S). On the specific plant, from which this project originated, the
vacuum arc degasser, is said21 to aim to reduce the nitrogen content of 150 tons of
liquid steel from approx. 80 to 45-55 ppm within 20 minutes at a target final vacuum
of 10mbar (there was insufficient data supplied from the plant on this unit to
support this statement). At this plant, the heating rate which the VAD can achieve is
extremely low (~1 °C/min), vs. the two ladle furnaces which can achieve ~4-5
°C/min), resulting in additional heating time required before continuous casting.
This remains an extra processing step, which should, as in any efficient process, be
avoided.
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Figure 3.6: Effect of volume of argon gas used for stirring a
ladle on the final nitrogen content of liquid steel
after vacuum degassing (redrawn from reference
20). The lines are drawn for different initial
nitrogen concentrations (i.e. at volume of stirring
gas = 0 m³, the initial nitrogen value is the yintercept)

Figure 3.7: Effect of stirring rate on the degree of nitrogen
removal from a desulphurised steel during
vacuum treatment, redrawn from reference 14, p
42, original reference is Suzuki et al22
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140

In conclusion - Thermodynamically, approximately 406 ppm nitrogen can dissolve
into liquid iron, if exposed to air at 1600 °C. However, the dissolution of nitrogen
into liquid steel is not an equilibrium process and is kinetically controlled. The rate
limiting step for dissolution under electric steelmaking conditions is the dissociation
of diatomic nitrogen gas and subsequent chemisorption thereof onto the liquid steel
surface, the rate of which is retarded by the presence of surface active elements
(especially dissolved oxygen and sulphur), due to the reduced number of surface
sites on which chemisorption can occur. The removal of nitrogen from liquid steel is
hence also kinetically limited. Strategies to remove nitrogen include bubbling of an
inert gas (e.g. argon) through the steel melt, in a ladle or within a degassing unit. The
rate of removal by bubbling is limited by mass transfer and/or chemical kinetics, but
the rate of removal is much lower than for, for example, hydrogen - making removal
of nitrogen by inert gas bubbling impractical for a typical meltshop. Vacuum
degassing can also reduce the nitrogen content, provided the steel is low in sulphur
and oxygen and high volumes of stirring gas is used. Use of a vacuum degasser for
each heat would also result in a decrease of the production rate of a steel plant, in
addition to adding cost to the process. In the next chapter, alternative methods of
nitrogen removal are discussed as well as strategies to limit the amount of nitrogen
taken up by liquid steel in the first place.

3.4. Nitrogen Control in Electric Steelmaking
Nitrogen control in EAF steelmaking can be successfully achieved by applying three
principles23: using feed materials with low nitrogen levels; preventing absorption of
nitrogen from the atmosphere and by removing nitrogen during or after
steelmaking. Trotter et al23 proposed a schematic of these approaches, redrawn here
as Figure 3.8.

Figure 3.8: Strategies for minimising nitrogen levels in an EAF23.

In this section, the topics are discussed in a similar fashion, but more emphasis is
placed on the role of DRI.
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3.4.1. Foaming slag practice as a tool to prevent nitrogen adsorption by steel
The slag layer expands as bubbles of CO (and other gases) move through the slag,
forming a “foaming slag”.
The formation of a foaming slag during EAF steelmaking is beneficial, since this
“foam” protects the steel against the atmosphere, limiting nitrogen pickup; it also
improves energy efficiency. This is a well-known phenomenon for steelmakers alike
– both in EAF and BOF steelmaking.
Aside from shielding the steel melt from the atmosphere, many other benefits have
been reported when a foamy slag forms, which include reduced refractory wear, less
heat radiated to the side walls and roof of the furnace, enhanced energy efficiency
(and less heat loss), less power-on time, less dust, reduced flicker, improved arc
stability, etc.
Slag foaming has been studied in depth by many authors and the “success” of a
foaming slag is quantified largely by a “foaming index” - this index measures the
average time it takes for a gas bubble to flow through the foam formed. Many
models exist to calculate this index 24,25, which essentially is a ratio between slag
properties, i.e. slag viscosity, density and surface tension (which is a function of slag
chemistry) as well as the average bubble diameter of bubbles within the foam. In
general, the foaming index is inversely proportional to bubble diameter (with
varying exponents). To this end, more stable foams are generated (provided the slag
chemistry is correct) when finer bubbles are formed in the slag phase.
To foam a steelmaking slag effectively, the composition thereof should be correct –
one of the first studies done by Ito & Fruehan26,27 showed this effect – ultimately, the
viscosity of the slag should be high, with a low surface tension. Optimal slag
chemistry for the most stable foams been reported28,29,30,31. Slag foam stability varies
during the melting time, hence slag formers are already added to the basket to
achieve a slag quickly and to ensure that this slags foams early on. Optimal slag
foaming was found by Ito and Fruehan26 at 20% FeO, with a CaO/SiO2 of 1 at 1600 ˚C
in a CaO-SiO2-FeO slag. It should be noted that FeO affects the viscosity of the slag
substantially, also shown by the authors mentioned.
Another essential component of the foaming slag is the bubbles. As stated earlier in
this section, the diameter of bubbles formed is critical for foam stability. In addition,
smaller bubbles in steel (of gasses like CO and Ar), are active sites for removal of
nitrogen: increased amounts of smaller/finer CO bubbles would increase the amount
of surface area for nitrogen removal, flushing out more nitrogen from the melt.
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The formation of CO bubbles (by supersaturation of the metal droplet with CO,
overcoming the surface tension of the molten steel surface) within a steel melt,
occurs when dissolved carbon reacts with dissolved oxygen:
C + O = CO(g)

(3.18)

This is commonly referred to “CO boil” or “Carbon Boil” in steelmaking. The higher
the degree of carbon boil that can be achieved, the more nitrogen can be flushed
from the melt.
The phenomenon was explained by Sun et al32,33 and is influenced by temperature, as
well as sulphur content of the melt. Since the reaction to produce CO bubbles is an
interfacial one between dissolved species, transport of dissolved carbon and/or
oxygen or the interfacial reaction can be rate controlling, along with CO transport
away from the interface. Sun32,33 found that the rate controlling step was carbon
transport. In EAF steelmaking, carbon is injected with oxygen to bring about carbon
boil, with typical melt-in carbon contents of 0.2-0.3%C at the plant studied in this
project.
Injection of carbon (the particular plant in question uses anthracite as carbon source)
and oxygen is only one way to produce CO bubbles. Alternative studies34,35, using
iron carbide as injectant have been carried out with varying success. The economics
of using iron carbide as injectant is usually unfavourable to start with, along with
some technical issues worth mentioning:
Firstly, the grade of iron carbide needs to be quite high (iron carbide products of low
grade, have been postulated to react at lower temperatures, e.g. as low as 700 ˚C,
potentially blocking an injection lance34);
Secondly, injection of iron carbide is not as an attractive option as charging the
material into a basket – where the close proximity of the carbon source to the melt
enhances the overall efficiency of using the carbide – to aid slag foaming behaviour,
the injectant might be more effective;
Thirdly, the use of iron carbide, involves using a significant amount (up to 30% of
the basket charge) thereof35 (when compared to high carbon HBI, this might not be
cost effective).
Lastly, the supply of iron carbide could be a problem. The work reported by Ruer 35
in 1996, showed improvements, but the plant producing iron carbide is no longer
operational – this is just one example.
Many operating plants do carbon adjustments by injection of carbon (in this case
anthracite of which the consumption is between 20-60 kg/ton of tapped steel, which
is cheap in comparison to iron carbide) and oxygen to sustain a foaming slag, along
23
© University of Pretoria

with ensuring the final carbon content of the tapped steel to be correct. To this end,
this is still the most viable option to sustain foaming slags, along with ensuring that
the slag chemistry is correct. The rule of “take care of the slag and the metal will take
care of itself” still applies, even in this context – the correct slag chemistry brings
about a foaming slag, which in turn protects the steel melt from taking up nitrogen
from the atmosphere, with additional benefits as mentioned.
Many authors have investigated the benefits of having sufficient amounts of carbon
in DRI to reduce nitrogen levels in liquid steel during electric steelmaking 36,13,39.
Carbon, when present in sufficient levels (approx. 1.8%), yielded substantial
improvements in slag foaming properties39 by the promotion of carbon boil. In
addition, trials have also been run on injection of fine DRI material into steel melts to
essentially start the carbon boil within the steel melt37. There needs to be a balance
between the amounts of carbon and oxygen present in DRI (1% C balances around
6% FeO, yielding CO and metallic iron when heated), to promote slag foaming and
hence shielding the bath from the atmosphere.
Goldstein and Fruehan55 showed that when DRI is dropped into a metal-slag melt,
that DRI does not necessarily penetrate the metal, but rather “floats” on top of the
melt (at the slag/metal interface), releasing carbon as carbon monoxide gas, foaming
the slag, but not increasing the carbon content of the melt. This implies that the use
of DRI to increase the carbon content of a steel melt is limited (if at all possible), yet
various plants appear to benefit from using DRI with higher carbon content than
that produced via the rotary kiln route.

3.4.2. The Use of Low Nitrogen Feed Materials
Use of Prime Scrap
Prime scrap, which has low levels of residual elements, low nitrogen levels and is
relatively un-oxidised, is an ideal feed material to an EAF. The problem is that this
type of scrap is either not available or more expensive than other types of scrap, e.g.
scrap originating from the plant itself, scrap purchased from scrap dealers, etc. More
often than not, not much is known of the chemistry of scrap charged. EAF plant
engineers often use combinations of prime, purchase and revert scrap and evaluate
the overall chemistry of the liquid steel to find an optimal combination which will fit
the plant steelmaking cost model, which in turn limits the amount of direct control
of nitrogen content in this way. The amount of nitrogen in scrap can vary – Trotter23
quotes a figure of 30-120 ppm, but every piece of scrap cannot be analysed.
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Use of DRI/HBI in EAF Steelmaking
A substantial amount of work has been dedicated to the numerous benefits as well
as disadvantages of using DRI/HBI in EAF Steelmaking – this is well summarised by
Scarnatti38 and also Jones39:
a. DRI/HBI contains very little tramp elements and is a relatively clean iron unit
The implication is that DRI contains roughly 88-94% Fe and the rest is gangue
material including residual FeO, and in the case of DRI produced via gaseous
reduction processes, between 1 and 3% carbon. Higher gangue contents result
in lower iron yields, increased flux- (to keep the slag basic) and power
consumption (to melt the extra gangue and fluxes);
b. DRI/HBI has a relatively uniform size distribution, which has various benefits
Compared to scrap, the size of DRI is uniform, making melting and handling
easier. In addition, the uniform, relatively small size (in this project, DRI is
smaller than 25 mm on average) allows for continuous charging of the DRI
through the roof of the furnace. In practice, the temperature of the steel melt
is dynamically controlled by controlling the feed rate of DRI charged through
the roof of the furnace. Smaller sized DRI (usually sub 3mm) is charged to the
scrap bucket; otherwise this material would be sucked off by the furnace offgas system.
c. The use of more DRI/HBI increases power consumption
Since unreacted FeO and gangue remain in DRI, between 100-200 kWh/t of
additional electricity is required, when compared to scrap only processes. The
benefits far outweigh the cost of this electricity. To this end, electric
steelmakers opt for the maximum amount of metallisation when blending
DRI, to avoid this extra cost – it is however not something that can be directly
controlled by the steelmaking plant.
d. Other benefits
Other benefits includes less flicker, no need for scrap recharging, no need to
open the roof during melting, less noise during meltdown, easy slag foam
generation, more predictable price structure than scrap.

An exhaustive account of all the benefits of using DRI in EAF steelmaking is beyond
the scope of this report, hence only a few highlights were given, as the plant
considered here operates on DRI – the nature of the particular DRI used, is what is
important, as this was found to influence the nitrogen content of the steel tapped.
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The Nature of Direct Reduced Iron
Direct Reduced Iron (DRI) is produced via two main routes, when classified on the
basis of the reductant (or process) used. Direct Reduction Plants where cheap coal is
readily available and natural gas (or another source of cheap reducing gas) is not,
produce DRI through a rotary kiln process, e.g. the ArcelorMittal plant in
Vanderbijlpark (specifically where the SL/RN process is used), whilst the same
company uses the MIDREX technology at Saldanha Bay, where COREX top gas and
natural gas are available. Both processes reduce iron ore (different types are used) to
produce a solid product, but the nature of the product produced differs substantially
in terms of chemistry and final form.
Anameric and Kawatra40 reviewed all of the different DRI processes well, along with
the products that come from them. Again, classification can be done the basis of
reactor type, reductant used, etc., but they present an important summary of the
properties of DRI, as depicted in Table 3.1.
Table 3.1: Difference in nature of DRI processes and products as compiled by Anameric
and Kawatra40
Natural gas-based

Coal-based

direct reduction processes

direct reduction processes

Reactors utilized for

Vertical Shaft Furnace, retort (batch) furnace,

Vertical shaft furnace, multiple hearth furnace,

reduction reactions

fluidized bed reactor

rotary kiln, rotary hearth furnace, fluidized bed
reactor

Reducing–carburizing agent Reformed natural gas

Non-coking coals, charcoal, coke breeze

Iron oxide feed stocks

Pellets, lump, and fine ore, green balls,

Pellets, lump, and fine ore

iron oxide waste materials
Reduction Temperatures (˚C) 850-950 ˚C

950-1050 ˚C

Operating Pressures (atm)

1-16 atm

Slightly positive

Product % Metallization

85-95%

88-92%

Ease of metallization control Can be adjusted by reduction and cooling gas

Hard to achieve

composition (Commercially practiced)
Product % carbon

1-2.5%

~0.2%

Ease of carburization control Can be adjusted by reduction and cooling gas

Hard to achieve

composition (Commercially practiced)

In conclusion: nitrogen pick-up in the EAF is inevitable, but can be controlled. To
this end, careful control of the furnace raw material input and good operating
practice (e.g. using a foaming slag, using DRI as feed, having sufficient amounts of
carbon in the charge, etc.) can make a substantial difference. DRI produced via coalbased processes are inherently different to those produced via gas-based processes
and hence the steel product will also be different, since the chemistry of DRI (i.e. %C,
which aids in nitrogen removal) from the different processes differs.
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Chapter 4:
DRI as a source of nitrogen in electric-furnace
steelmaking
4.1. Hypotheses
Two main hypotheses were tested in this work:
1. Direct-reduced iron can cause nitrogen pick-up in electric-furnace steelmaking.
2. Nitrogen pick-up can be effectively countered by ensuring a sufficiently high
melt-in carbon content, even in the plant where nitrogen is picked up from
direct-reduced iron.
These hypotheses were tested using the following approach:
1. The possibility that nitrogen can be picked up from direct-reduced iron was
tested in three ways:
a. Plant data on tap nitrogen contents were analyzed, to determine whether
heats with higher proportions of direct-reduced iron (relative to scrap) had
lower nitrogen levels. Lower nitrogen levels would be expected if the
direct-reduced iron had low nitrogen, and diluted the nitrogen content of
the scrap. (Results presented in this chapter.)
b. Direct-reduced iron was analyzed chemically, to determine its nitrogen
content. (Results presented in this chapter.)
c. The feasibility that the direct-reduced iron can pick up nitrogen during
reduction and subsequent cooling was assessed with simple kinetic
models of the main steps that can lead to nitriding of SL/RN directreduced iron. (Results presented in Chapter 5.)
2. The effect of melt-in carbon was also tested by analyzing plant data,
correlating tap nitrogen with melt-in carbon content. The observed
relationship (of lower tap nitrogen if the melt-in carbon content was higher)
was compared with the expected relationship if evolved carbon monoxide
flushes nitrogen from the steel, and the carbon monoxide bubbles are
saturated with nitrogen gas when leaving the steel. (Results presented in
Chapter 6.)

4.2. Process description of the EAF plant (brief)
The electric steel plant produces crude steel (with roughly 0.03%C) using three
electric arc furnaces (each 96MVA) mainly from scrap and DRI, tapped at
approximately 1630 ˚C. Each furnace has a capacity of 180 tons, of which 155 tons is
tapped, on average, from each heat. On average the charge make-up is 30% scrap,
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50% DRI, and 10% hot metal (from a blast furnace), with the remaining 10%
consisting of pool iron and high carbon residue. Direct-reduced iron is charged in
the initial basket (together with scrap) and is also charged continuously through the
furnace roof (later in the melting period); the ratio between the amount of DRI in the
basket and the amount charged through the roof is typically 1:5. DRI that is smaller
than 3 mm is charged in the scrap bucket (and constitutes around 8% of the metallic
charge), whereas larger material (up to ~25 mm) is charged through the furnace roof
(approximately 40% of the metallic charge is roof DRI).
At tap, the steel on average contains 800-1100 ppm dissolved oxygen. Following
tapping, de-oxidation of the liquid steel is carried out with Al, Si or both, after which
the ladle is sent to secondary metallurgy. The aim dissolved oxygen content is
10ppm on arrival at secondary metallurgy, to limit Al-wire consumption at the ladle
furnaces. Desulphurization and alloy addition are carried out at one of three ladle
stations. Hydrogen sensitive grades (typically with H ≥ 7ppm) are treated in a
Vacuum Arc Degasser. The steel is subsequently cast into slabs, using a continuous
caster.
The desired nitrogen content at tap is as low as possible; acceptable levels would
generally be below 80 ppm.
A typical steelmaking heat comprises a few steps (schematically shown as figure
4.1a), and summarized below:

Figure 4.1a: Approximate timeline for smelting process in an EAF as considered in this project.

1. Hot metal (if used) is charged first into the 15-30 ton “hot heel” left behind after
the last heat.
2. The first basket is charged. This basket contains scrap and DRI fines (size
≤ 3mm), together with some slag formers, coke fines, and pool iron.
3. The roof is swung closed and the power is switched on.
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4. After arcing for roughly 45-60 minutes into the process, the first melt-in analysis
is taken, while arcing continues. At this stage most of the scrap (some DRI would
be charged by this time as well for ~20 minutes), is molten, but heavy scrap can
still be only partially molten.
5. DRI, with additional fluxes, is subsequently charged continuously through the
roof. Continuous charging (of DRI) lasts roughly 70 minutes at a rate of 1.1-1.3
t/min.
6. Another steel sample is taken, preferably after DRI feeding has stopped.
7. The operator starts blowing carbon and/or oxygen into the melt to aid the
formation of a foaming slag by inducing “CO boil”. This process continues until
the steel is fully liquid and ready for tapping.
8. One last sample is taken, for analysis of the final carbon, nitrogen and oxygen
levels. Carbon is to be adjusted to specification, nitrogen checked (if levels are
elevated, the material might be re-classed) and the oxygen level is used to assess
the amount of de-oxidant (Al, Si or both) to be added during tapping.
9. The furnace is tilted and tapping commences through an eccentric bottom
taphole at the back of the furnace. The aim tapping time is less than 3 minutes (on
average 2.5 minutes is achieved), to limit slag carryover and nitrogen pickup.

4.3. SL/RN direct-reduced iron process description and the possible effect of
nitrogen in DRI contributing to the liquid steel nitrogen content
As background to tests of the effect of SL/RN direct-reduced iron on nitrogen pickup, the main features of the SL/RN are briefly summarized here.
The SL/RN rotary kilns & cooler on the plant in question
Coal-based DRI processes (such as SL/RN) only make up a small portion of the
world DRI production, but remain significant in South Africa (and also in India), due
to the availability of cheap coal, suitable ore and the fact that natural gas is not
readily available inland where the plant is situated. Approximately 1.5 tons of ore,
800 kg of coal and 40 kg of dolomite are fed to a rotary kiln (a typical kiln at
Vanderbijlpark is 80 m in length, with an internal diameter of 4.8 m) to produce 1
ton of DRI. The average residence time in the reduction kiln is approximately 12
hours. The DRI produced in the kiln exits at approximately 1000°C (the temperature
in the transfer chute which connects the kiln and cooler is in the range of 10501150°C). A schematic (not to scale) of the process is shown in Figure 4.1b.
At the kiln exit, the material passes through a transfer chute (closed off from the
atmosphere), dropping into a rotary cooler. The cooler is 50 m long and has an
internal diameter of 3.6 m.
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Refractory lined sections (for cooler: just 1st 10% of length up to 1st riding ring)
Raw materials (/t DRI produced):
1.52 t ore; 0.8 t coal; 0.04 t dolomite

Air (& fuel)
Air

Kiln: ID: 4.8 m x 80 m long; 8 hrs residence time

Transfer
chute

1050-1150°C

Water sprayed on outer shell

Cooler: ID: 3.6 m x 50 m long
2 hrs residence time

Figure 4.1b: Schematic of the SL/RN process (essential elements only, not to scale)

During the residence time of approximately 2 hours in the cooler, the material cools
to approximately 100°C. The reduction kiln is refractory lined (mostly with alumina
castables), whilst the cooler is only lined with refractories up to the first riding ring
(situated approximately 5 meters from the centerline of the transfer chute). The rest
of the length of the cooler is fitted with lifter bars to allow for material to be
transferred through the air to enhance cooling. Cooling is achieved by spraying
water onto the steel shell of the cooler (the shell, in turn, is in contact with DRI). The
reduction kiln atmosphere consists mainly of nitrogen, carbon dioxide and water
vapor; the atmosphere in the cooler is expected to be mainly nitrogen and carbon
dioxide.
Since the process is a solid-state reduction process, with solid carbon as reductant,
virtually no carbon dissolves in the sponge iron. Carbon values for DRI produced at
this plant is less than 0.15% C41, considerably lower than that of DRI produced by
gaseous reduction processes (such as MIDREX), for which the carbon content of the
DRI ranges between 1 and 2.5%40. For gas-based processes, the DRI is carburized by
cooling in a methane/hydrogen mixture (after reduction). In the rotary kiln, virtually
no carbon is picked up, since most of the atmosphere is non-carburising. Although a
figure of 0.2% C is quoted in Table 3.1, the carbon content of the SL/RN product at
the plant studied here is never above 0.2%, similar to the value of 0.07% carbon
quoted in the original article on the SL process42.
The details of the SL/RN process are expected to be significant to nitrogen pick-up
during subsequent electrical steelmaking, for two main reasons. First, the low
carbon content of the SL/RN DRI does not contribute to melt-in carbon or to slag
foaming and hence does not promote nitrogen removal during steelmaking. Second,
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the SL/RN DRI may pick up nitrogen from the furnace and cooler atmosphere
during the later stages of reduction or during cooling; nitrided SL/RN DRI would
increase the nitrogen content of the steel melt.

4.4. Nitrogen in DRI: Effect on tap nitrogen content of EAF steel
Plant data analysis: approach
Plant data were analyzed to test whether SL/RN DRI contributes to nitrogen pick-up.
Data for steel production on all three electrical furnaces for June 2006 were analyzed.
A total of 682 heats had complete metal analyses for nitrogen.
In this analysis, data for heats where hot metal was used were excluded, as the
amount of hot metal is variable and it is a carbon source, which would diminish
nitrogen pick-up. The main variable between different heats was hence the
proportion of direct-reduced iron in the charge.
A second factor which affects tap nitrogen is the extent to which slag foaming is
maintained. The plant operates a system which monitors the “foaminess” of the slag
electronically, yielding an index. Heats with an index greater than 50% are regarded
as having well-foamed slag; results were hence filtered to only include heats with
well-foamed slag.
After applying these two filters – excluding both heats with hot metal in the charge
and ones with poor slag foaming – a total of 270 heats remained.
Plant data analysis: results
The relationship between tap nitrogen content and the proportion of DRI in the
charge (for the 270 heats) is summarized in Figure 4.2. From Figure 4.2, it can be seen
that, for this plant, more DRI charged to the furnace (as a percentage of the total
metal charge) did not result in a lower tap nitrogen content. While the relationship
is scattered (as indicated by the large error bars), it is quite clear that charging more
DRI did not serve to decrease the tap nitrogen and may even be associated with an
increase in nitrogen.
Also show in Figure 4.2 is a "dilution line" which shows the expected nitrogen
content of the steel at tap, if the DRI contains zero nitrogen, and simply dilutes the
other (nitrogen-containing) charge materials such as scrap. Such dilution is expected
to be the main way in which DRI lowers tap nitrogen.55 Dilution is assumed to
follow a simple mass balance, given by equation 4.1:
[N]tap = xDRI[N]DRI + (1-xDRI) [N]other

(4.1)
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In this equation, [N]tap is the nitrogen content of the steel at tap, xDRI is the mass
fraction of DRI in the metallic furnace charge, [N]DRI is the nitrogen content of the
DRI, and [N]other is the (average) nitrogen content of the non-DRI portion of the
metallic charge. To calculate the dilution line in Figure 4.2, it was assumed that DRI
contains zero nitrogen; the value of [N]other was chosen to match the observed
average tap nitrogen content of 68 ppm with 55% of DRI in the metallic charge.
Evidently, adding more SL/RN does not give the dilution effect expected for
nitrogen-free DRI. This observation is consistent with the hypothesis that the SL/RN
contains nitrogen. Chemical analysis of DRI also supported this point, as shown in
the next section.

[N]tap (ppm)
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70

60
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54

58
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%DRI (% of total Fe input)
Figure 4.2: Nitrogen content of liquid steel after tapping from the electric arc furnaces. Samples for analysis were taken directly
after tap, before dispatch to the ladle furnace. These are average values, for heats consisting of scrap and DRI only.
The broken line shows the expected trend for the case where DRI simply dilutes the nitrogen within the steel melt.
The error bars are the 95% confidence level on the mean nitrogen content achieved – this shows that there is,
at least, statistically, a difference in the mean nitrogen content for the lowest (55% DRI) and highest (61% DRI) levels
of DRI charged, implying that the argument that the nitrogen levels are lowered by dilution only is not valid in this
case.

4.5. Nitrogen in DRI: Analyzed nitrogen content of SL/RN DRI
Nitrogen content of DRI: Experimental approach
Samples of SL/RN DRI were obtained from the plant (approx. 30 kg in total, from
two kilns). The samples were split into smaller aliquots by cone and quartering, and
subsequently screened into different size fractions (in the size range -25 mm to
+212 µm) using a set of Tyler sieves. Aliquots were taken from each of the size
ranges (again by cone and quartering). Each of these sub-samples was milled in a
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swing mill. The nitrogen contents of the milled samples were determined by LECO
(combustion) analysis.
Nitrogen content of DRI: Results
The SL/RN DRI contained significant concentrations of nitrogen (Figure 4.3). More
than half of the size fractions contained more nitrogen than the target tap analysis of
80 ppm; the nitrogen content of all the size fractions exceeded the maximum
nitrogen solubility in α-ferrite (which is around 50 ppm for pure iron in 1 atm of N2;
see Figure 4.4).
Figure 4.3 also shows that the nitrogen content of DRI fines is approximately
280 ppm (which happens to be approximately the maximum nitrogen solubility in
austenite in 1 atm N2; see Figure 4.4).
The analyzed nitrogen content of the SL/RN DRI supports the hypothesis that this
material is a significant source of nitrogen in electric furnace steelmaking.
There is a clear dependence of nitrogen content on particle size, with generally lower
concentrations of nitrogen in larger DRI particles (Figure 4.3). This may reflect a
kinetic effect during nitriding of the DRI in the reduction kiln or rotary cooler:
Larger particles would present a larger resistance to pore diffusion (of molecular
nitrogen into the particles). The next chapter considers the expected nitriding
kinetics.

Nitrogen content (ppm)
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Figure 4.3: Nitrogen content of different size fractions of SL/RN DRI (Average [N] ~ 100 ppm for -5.6+13.2mm range)
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Figure 4.4: Solubility of nitrogen in iron (calculated with data from the Steelmaking Data Sourcebook63.

4.6. Conclusion
Heats in an EAF where SL/RN DRI was charged in higher proportions (relative to
scrap) did not lower nitrogen (as expected). Chemical analysis of DRI particles show
significant levels of nitrogen (in most cases exceeding the solubility limit of nitrogen
in iron at room temperature), which depends on particle size – it is suspected that
this nitrogen is picked up in the SL/RN process, as shown in the next chapter.
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Chapter 5:
Proposed mechanism of nitrogen pickup by SL/RN
DRI: Mathematical prediction of nitriding time
The DRI particles show significant nitrogen pickup (as evidenced by Fig 4.3). In this
section, a possible mechanism for nitriding of DRI particles is proposed. This chapter
details the possible mechanism of nitriding as well as simple kinetic models to
quantify each possible rate determining step (during nitriding of DRI).
There are at least two possible sources of the nitrogen in the DRI:
Main source: Penetration of nitrogen gas into the bed, when DRI is cooling:
Nitrogen gas diffusion into the porous DRI particles can cause nitriding. During
reduction in the rotary kiln, the solids bed is continuously flushed by CO (reaction
product), and no nitrogen pick-up is expected. However, the reduction rate rapidly
decreases once the DRI is cooled (upon transfer to the rotary cooler), causing CO
production to cease and allowing nitrogen to diffuse into the solids bed and into the
individual DRI particles. It is hence thought that nitriding of the DRI particles
occurs during cooling in the rotary cooler, where the flow of CO from the bed is not
sufficient to shield the DRI from nitrogen present in the cooler atmosphere. An
estimate was made to test the idea that nitrogen is picked up during cooling, by
estimating how much nitrogen would penetrate into the solids bed, for different
areas within the kiln and/or cooler.
Alternative/Parallel source:
Since coal contains small amounts of nitrogen (the average nitrogen content of all
coals listed in the US Geological Survey Coal Quality Database, version 2.0 43 ,
August, 2004 is 1.3% by mass (dry basis)). Ultimate analyses on South African coals
aren’t as widely published, but one figure 44 was found, ~2%). When the coal is
devolatilized, N-containing gas species are released and might nitride iron. Studies45
show that nitrogen can be released as HCN(g), which can give nitriding similar to
molten cyanide salts. However, the small amount of nitrogen released in this form
from coal would be diluted by other gases in the kiln and would also need to be in
contact with iron (and not iron ore) long enough at temperature for nitriding to
occur. Volatile release is expected to occur while the solids are heating up58 before
metallic iron has formed. Hence nitrogen from coal is not expected to be a significant
source of the nitrogen in the SL/RN DRI and is not considered further in this work.
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5.1. Background to the process and initial assumptions for kinetic model
SL/RN DRI at the plant in question is produced in a rotary kiln as described in
section 4.3. The kiln(s) in question produce 480-550 t of DRI per day at an ore/DRI
ratio of 1.52.
A schematic of the kiln/cooler setup is shown in Figure 5.1.1 below.
Refractory lined sections (for cooler: just 1st 10% of length up to 1st riding ring)
Raw materials (/t DRI produced):
1.52 t ore; 0.8 t coal; 0.04 t dolomite

Air (& fuel)
Air

Kiln: ID: 4.8 m x 80 m long; 8 hrs residence time

Transfer
chute

1050-1150°C

Water sprayed on outer shell

Cooler: ID: 3.6 m x 50 m long
2 hrs residence time

Figure 5.1.1: Schematic of the kiln-cooler setup at the plant in question (not to scale).

The rotary kiln (80 m long with an internal diameter of 4.8 m) is charged with iron
ore, coal and dolomite and rotates at 0.4 rpm. Air is injected into the kiln in the
freeboard of the kiln to provide heat for the strongly endothermic reaction between
iron oxide ore and coal (carbon) to form solid DRI particles. The reduction process
produces CO gas which, in turn, is combusted in the freeboard to form CO 2. The
resultant atmosphere in the freeboard is one of principally CO2, N2 and water
vapour. The DRI product is discharged into a rotary cooler (50 m long with an
internal diameter of 3.6 m) via a transfer chute. In the cooler, the DRI is cooled using
water that is sprayed on the outside of the steel shell. An induced draft fan ensures
that a small positive pressure is maintained inside the kiln and cooler (to avoid air
from the outside to penetrate the setup and cause re-oxidation of the hot DRI).
The discharge temperature of the DRI at the kiln end is roughly 1050-1150°C. Since
the DRI is very hot and falls through the transfer chute, roughly 5 of the 50 meters of
the cooler is lined with refractory material (similar to that inside the rotary kiln) to
protect the steel shell of the cooler. The low thermal conductivity of the refractory
material limits cooling in this part of the cooler, causing the temperature of the DRI
to remain relatively constant, whereafter it starts cooling once it comes into contact
with the water-cooled steel shell. Lifter bars are located along the length of the cooler
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which is not refractory-lined, aiding cooling of the DRI along the other 45 meters to
roughly 100°C (the cooling process takes ca. 2 hours in total).
To quantify the rate at which DRI particles are nitrided, a few assumptions were
made regarding the atmosphere of the freeboard of the kiln and cooler, as well as the
temperature and speed of the DRI particles (see Table 5.1.1):
Table 5.1.1: Assumed values for kiln and cooler used for the kinetic model(s)
Parameter

Rotary Kiln Rotary Cooler

Rotational speed (rpm)

0.4
0.2

Degree of fill (average)
Length of unit (m)
Inside diameter (m)

80
4.8

Bed porosity / Void fraction (e) - approximated by assuming DRI as a
stack of spheres with random packing (packing density ~ 0.6)

Justification for assumption

1
50
3.6

Actual plant data

0.4

Atmospheric pressure Vanderbijlpark (1512 m above sea level), atm

0.84

Freeboard nitrogen content (P N2 ), atm

0.55

Freeboard nitrogen content (XN2 )

0.65

Calculated based on pressure & air
composition and assuming that all CO is
combusted to CO 2 in the kiln.
Plant discharge temp at kiln exit 1050-

Temperature of DRI at discharge end of kiln
and in first section of cooler where there is a refractory lining
Pore diffusion coefficient. De

1000 °C

1150°C. In this temperature range
austenite is the stable form of iron.

6.23 x 10-4 m²/s

For Binary mixture of N2 and CO2 .
See section 5.3.

Possible rate limiting steps during the nitriding of DRI particles in the kiln/cooler
The rate at which nitriding occurs can be limited by (see Figure 5.1.2):
1. Mass transfer of nitrogen gas from the freeboard into the bed of the
kiln/cooler as well as entrainment of gas into the bed;
2. Diffusion of molecular nitrogen through the pores of the DRI particles;
3. Dissociation of pure nitrogen on the surface of solid austenite;
4. Solid state diffusion of nitrogen into iron (in DRI particles).

The time (or concentration profile with time) for each step was evaluated and the
results plotted.
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Figure 5.1.2: Schematic of the possible rate limiting steps during nitriding of iron.

5.2. Mass transfer of nitrogen from the freeboard to the solids bed in the
kiln and cooler, with subsequent entrainment of gas into the bed
This section describes the evaluation of the following question: can nitrogen penetration (and
entrainment) into the solids bed in the kiln or cooler be the rate limiting step for nitriding of
DRI particles?
Approach:
a. Calculate the composition of the gas is that might penetrate the bed;
b. Calculate the rate at which nitrogen gas can be entrained by the bed;
c. Calculate whether the rate of nitrogen transport is high enough for the mass flow rate
of DRI through the unit (cooler) – i.e. that the reaction cannot be “starved” by a low
gas flow/entrainment value;
d. Calculate whether the entire bed of material is exposed to enough gas for nitriding to
occur;
e. Calculate the rate of nitriding of DRI particles if gas transport is not rate limiting
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Composition of the gas in the freeboard that can penetrate the solids bed
The gas composition of the freeboard of the kiln and cooler is approximately the
same: within the kiln, O2 (as air) is injected to combust CO gas (from the reduction
process) to form CO2 by the reaction: CO + ½ O2 = CO2. Consequently, the
atmosphere above the solids bed (in the reduction zone where nitriding of DRI
particles might be possible) is one of CO2 and N2 (with some water vapour, ignored
for the calculations made in table 5.1.1). An induced draft fan is used to maintain a
slight positive pressure through the kiln and cooler (to avoid air ingress from the
outside which could re-oxidise the hot DRI), hence the off-gas in the freeboard of the
kiln is transported to the rotary cooler, where no CO gas is evolved.
Within the solids beds of each unit, the gas composition is different: within the kiln,
in the reduction zone, where iron oxide is reduced to iron, CO gas is evolved from
the solids bed and the composition of gas (CO/N2 ratio) within the bed is a strong
function of the rate of CO evolution. Within the cooler, there is no gas evolution and
the composition is hence one of N2 and CO2. For both the cooler and the rotary kiln,
gas, the same as the freeboard will be entrained from the freeboard into the bed at a
certain rate (estimated later in this section).
At the surface of the solids bed in the cooler, the mole fraction of nitrogen will be
equal to that of the freeboard, XN2 = 0.65 (Since air contains roughly 79% N2 and 21%
O2, by volume, if it is assumed that all of the CO formed within the bed is combusted
to CO2 with half a mole of O2 per mole CO2 formed, the resultant gas will contain an
amount, in mole fraction, of 79/(79+2*21)=0.65 N2).
Rate at which nitrogen penetrates the solids bed
An initial approximation of the relative depth of penetration of nitrogen into the
solids bed (for the kiln and cooler), if it were static, was made following the dusty
gas approach by Tien and Turkdogan57. The result of this is shown in Appendix A.1.
The situation in the rotary kiln and cooler, however, is different and is a slightly
more complex mass transfer problem, involving movement of the solids bed.
Mass transfer in rotary kilns has been studied by only a few authorse.g.46,47, since most
rotary kiln processes are heat transfer limited. In this project, the work of
Heydenrych et al46 as well as Ferron et al47 was used to approximate some of the
mass transfer rates within the solids bed for each unit.
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Consider the hypothetical cross section of a rotary unit in Figure 5.2.1



Top of bed

R

h
ℓ

Figure 5.2.1: Cross-section of the rotary units (not to scale).

For the variables defined in Figure 5.2.1, Heydenrych et al46 found the volumetric
flow rate, Qi (m³/s) of gas that could be entrained by the bed to be:
Qi = ½eL(R2-h2)
where e is the bed voidage,  is the angular velocity, L is the total length of the unit
in the axial direction (m), R is the radius of the vessel (m) and h is the perpendicular
distance from the radial centre of the kiln bed to the bed surface (m).
The molar flux, JN2 (mol/m2s) of nitrogen gas into the bed is given by:

where L is the total length of the unit (m), ℓ is the horizontal width of the bed (m),
PN2 is the partial pressure of nitrogen in the freeboard (Pa), R is the universal gas
constant (8.314 J.mol-1K-1) and T absolute temperature (K).
The value of Q, inside the rotary kiln and cooler, based on the conditions stated in
Table 5.1.1 is 2.93 m³/s and 2.57 m³/s respectively.
Based on a simple mass balance, the mole fraction of nitrogen in the active layer, at a
position, x (distance from discharge end in m), is then:
𝑥

𝑥
𝑥

𝑥
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where
𝑥 refers to the rate of CO evolution (in mol/m²s) at any position x. The
value of
𝑥 was estimated by assuming the reduction profile of a similar kiln (in
particular, the Griffith kiln on which the mathematical model of Venkataswaran and
Brimacombe58 of the SL/RN rotary kiln is based).
Using the reduction profile (shown is Figure 5.2.2), the fractional reduction, dF/dx
(unit: (mass fraction FeOx reduced)/m can be calculated. The rate (dnco/dt, in
mol/m³s) at which CO gas leaves the bed is then:
𝑥

𝑀

where vlinear is the linear speed of the material moving through the kiln (production
rate x Fe/Abed where Abed is the cross sectional area of the bed – unit for linear speed
is m/s; the production rate was assumed at 515 t/day); ’Fe is concentration density of
iron, 763 kg/m³); MFe is the molar mass of iron and 1.5 the molar ratio of O to Fe in
the ore (in this case assumed to be Fe2O3). This rate (in mol/m³s) can now be used to
calculate the molar flux,
𝑥 of CO from the bed:
𝑥

𝑥⁄

𝑥

where V(x) is the average bed volume from which the flux occurs, 2ℓ∆x is the
transverse area element from which the flux occurs.

Figure 5.2.2: Reduction profile (solid line) and partial pressure of nitrogen gas (dashed line) for the rotary kiln.
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The calculated mole fraction of nitrogen in the active layer within the kiln is low
(when compared to the cooler where it is 0.65), reaching a maximum of ca. 0.6 only
at the discharge end of the kiln (see Figure 5.2.2). In the pre-heating zone, the
presence of nitrogen is insignificant, as no iron is present to take up nitrogen. It is
therefore concluded that, relative to the cooler, there is very little nitrogen available
for nitriding inside the kiln (although some nitriding might occur in the last few
meters and that nitriding mostly occurs within the rotary cooler.
The section of the cooler where nitriding is most plausible is the first few meters of
the cooler, where there is a refractory lining (in the case of this plant, the first 5
meters of the cooler): in this section the temperature of the DRI would be
approximately constant (1000°C was assumed for all calculations) – the DRI would
remain in this section for ca. 10-15 minutes (total residence time in the cooler is 2
hours).
For these conditions at the cooler entrance (1000 °C, XN2 = 0.65, which makes PN2 =
0.55 atm), the solubility limit of nitrogen in DRI (which is assumed to be iron, at this
temperature austenite) is 186 ppm (as calculated by Sieverts’ law, mentioned earlier
in this document).
Calculation of whether the rate of nitrogen transport is high enough for the mass flow rate of
DRI through the unit (cooler)
With the volumetric flow rate of nitrogen that is transported into the solids bed of
the cooler known, an evaluation can be made whether enough nitrogen gas is
transported into the bed for a given flow rate of DRI (iron) (i.e. that the freeboard
contains enough gas for nitriding of DRI at any given time), to give significant
nitrogen pick-up.
The flow rate of DRI through the section of the cooler where nitriding is most likely
to occur is 6 kg/s (based on the production rate of 515 t/day of DRI produced by the
rotary kiln in question). The mass flow rate of nitrogen in the same section of the
cooler is equal to 0.04 kg/s (this is 10% of the volumetric flow rate of nitrogen, Q =
2.57 m³/s, that is entrained by the bed, since the section for nitriding is the first 5
meters of the total 50 meters of the cooler). The maximum attainable concentration of
nitrogen in iron for this mass flow rate of DRI and nitrogen, would be 0.04 kg/s / 6
kg/s, i.e. 0.67%, which is much more than the solubility limit of nitrogen in austenite
at 1000°C, as given by Sieverts’ law (186 ppm).
Clearly, transport of molecular nitrogen into the active layer would not be ratedetermining.
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Calculation of whether the entire bed of material in the cooler is exposed to enough gas for
nitriding to occur
For nitriding of DRI particles to occur, the particles must be exposed to the gas to
react. In mass transfer (inside a rotary kiln) terms, the layer of particles that is
exposed to gas (and where reaction occurs) is referred to the active layer.
The frequency at which the bulk of the material is transported to the top plane
(where it can react), is known as the rotational turnover ratio (Ferron47) and is given
by the number V* = (ℓ/R)2/ . This is the number of times per revolution that a given
particle is transported to the active layer.
A plot of the rotational turnover ratio versus the fraction filled is given in Figure
5.2.3.

Figure 5.2.3: Rotational turnover ratio for rotary units47.

For a fractional fill of 0.2, as in the cooler, the particles inside the vessel are turned
over (and hence exposed to the gaseous atmosphere) 3.8 times per revolution as
shown in Figure 5.2.3
The rate at which the active layer renews itself (i.e. where “fresh” particles are
exposed to the gaseous atmosphere), NP (particles/s), can be calculated by the
following relationship (after Ferron47):
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where e is the void fraction of the bed, ℓ is the width of half of the top of the bed
(horizontal cross section), L is the total length of the kiln/cooler,  is the rotational
speed (s-1) and dP the average particle diameter (in this case a value of 10 mm was
assumed for all calculations).
The rate at which the active layer (i.e. layer where reaction occurs) in m³/s is
renewed is then:
̇
It follows then, that the characteristic time it takes to renew the active layer, in
seconds, al is:
̇

̇

where is the degree of fill of the cooler (0.2), Rcooler is the radius of the cooler (1.8 m)
and Lcooler is the total length of the cooler (50 m). The value for al is 2.5 seconds for
the conditions quoted thus far.
If the solids bed is well-mixed, and if the rate at which iron is transported to the
active layer determines the rate of nitriding, then the average nitrogen content of the
bed would depend as follows on time: [N] = [N]sat(1-e-t/) where [N]sat is the solubility
limit of nitrogen in iron. Clearly, because  is much smaller than the residence time
in the first 10% of the cooler, transport of iron to the active zone is not rate
determining either.
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5.3. Pore diffusion of nitrogen through DRI particles
In this section, the possibility that diffusion of nitrogen through the pores of the DRI particles
is the overall rate limiting step for nitriding was evaluated.
Approach:
Assume that the DRI particles are spherical, with outer radius r o (see Figure 5.3.1)
with an effective diffusivity Deff (of N2 in a N2-CO2 couple 48 ) through the pores.
Further assuming the particles are pure iron with a true density of 7.87 t/m³ and
knowing the particle density thereof as ~3 t/m³, the particle porosity, εp can be
calculated as εp=1-/Fe ~ 0.6 (where  is the particle density, i.e. moles of iron per
volume of particle and Fe is the density of pure iron), and the tortuosity, p as 1.15
with the correlation suggested by Wu et al61.
Reaction front moving
radially inward

ro

r

Figure 5.3.1: Schematic of the reaction front in a spherical iron particle (the concentration of nitrogen gas ahead of the reaction
front is assumed to be zero).

Take the equilibrium nitrogen concentration in the iron to be q (mass fraction). Let X
be the mole fraction of nitrogen in the gas.
For the case of pore diffusion control, a reaction front moves radially inward. Ahead
of the front, the nitrogen concentration in the iron is zero, and behind the front the
concentration is q.
Molecular nitrogen is transported to the reaction front in two ways: By pore
diffusion, and by bulk flow of gas into the particle. Bulk flow occurs because
nitrogen is removed from the gas phase when it dissolves in the particle. Assuming
that the total amount of gas in the particle pores remains constant, the rate of
nitrogen pick-up is simply equal to the bulk flow rate of gas into the pellet.
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Let n be the rate of nitrogen pick-up. This is then given by:
n = ndiffusion + nnitrogen in bulk flow = ΔCDeffS + Xn,
where ΔC is the concentration difference between the pellet surface and the reaction
front, and S is the shape factor for diffusion into the pellet; S=4πror/(ro-r) for the
spherical geometry considered here.
Rearrangement gives n = ΔCDeffS/(1-X).
The concentration difference can be written in terms of the mole fraction of nitrogen
in the bulk gas and the total pressure. If the initial nitrogen content in the iron is
zero, the concentration of nitrogen in the gas at the reaction front is zero. The
concentration difference is then simply equal to the nitrogen concentration at the
outer surface of the pellet, which is given by:
Co = pN₂/RT = Xptot/RT, where ptot is the total pressure (in Pa).
To calculate how the reaction front moves with time, an expression that gives how
far the reaction front advances for a given amount of molecular nitrogen diffusion is
required. The molar density of atomic nitrogen in the reacted pellet is ρq/MN, where
MN is the molar mass of atomic nitrogen (0.014 kg/mol). The rate at which the
volume of the unreacted core changes is then given by:
𝑀

̇
𝑀

(the factor 2 is before n because 1 mole N2 gives 2 moles of dissolved N)
Hence, separating variables:
𝑀

∫

∫

Using the boundary conditions that r=ro when t=0, and r=0 when t=τ, integration
yields:
𝑀

The time for nitriding (in seconds) of the particle to a mass fraction of nitrogen, f, is
then given by:

(5.2.1)
𝑀
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By using this expression, it was found, that pore diffusion is rapid for the entire size
range in comparison to the other possible rate limiting steps. For example, the time
for complete nitriding to occur (under pore diffusion control) is estimated to be 0.2s
for particles with a radius of 0.01m.

5.4. Estimate of the degree of nitriding if nitrogen dissociation is rate
limiting
For the case where nitrogen pick-up is limited by dissociation of molecular nitrogen
on the iron surface, Grabke49 showed that the rate of nitrogen pick-up by iron foil of
thickness 2L is given by:



d [ N] kKM
2

[N]eq
 [N]2
dt
L



where k is the rate constant (in mol/s.m2.atm), M is the molar mass of N2 (0.028
kg/mol),  is the density of iron (7800 kg/m³), K  pN2 /[N]2eq is the equilibrium
constant, [N] is the nitrogen content of the iron, expressed as a mass fraction, and
[N]eq is the equilibrium nitrogen content.
Separation of variables gives:
[ N]

t

d [ N]
kKM
0 [N]eq2  [N]2  L 0 dt

for the case where the iron initially contains no dissolved nitrogen.
Integration gives:

 [ N]eq  [ N]  2kKM [ N]eq

ln 
t
 [ N]  [ N] 
L
eq


For 1000°C, K=1.6×107 atm. According to Grabke, k=1.2×10-4 mol/s.m2.atm at 1000°C,
for the case where the gas contains no sulphur. Substitution of these values, using
L=15µm and pN₂=0.55 atm, gives the nitrogen pickup-curve (see next section); this
illustrates that nitrogen pick-up should take 1-2 minutes, if dissociation is ratedetermining. If the gas atmosphere has a significant sulphur potential, nitrogen
pick-up would be significantly slower,50 as illustrated by Figure 5.4.1.
The gas in the SL/RN process has a significant sulphur potential: sulphur pick-up by
SL/RN DRI has been studied by Theron51 and occurs via reaction of DRI with COS
gas (formed by reaction of CO with S2) in the temperature region 800-1000°C. Plant
data shows that the DRI product contains ca. 110-150 ppm S.
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Figure 5.4.1: Effect of gas sulphur potential on the rate of nitrogen pick-up50

5.5. Estimation of solid-state diffusion of nitrogen into direct-reduced iron
The transient diffusion of atomic nitrogen in the solid state was estimated by
considering the DRI pore walls as a 1D plane wall. Essentially, the calculation is a
mass-transfer analogue to a transient heat transfer problem through a 1D plane
wall52.
The dimensionless centre concentration of nitrogen can be estimated analytically by:
(

)

where X refers to the centre concentration of nitrogen in the DRI (austenite, g) at any
time t for a half-thickness, L, a surface concentration Xsurface and initial concentration
Xi (in this case, 0 for t=0).
is the mass transfer Bi number, a dimensionless ratio of
internal resistance to mass transfer by diffusion (i.e. internal transfer) to external
mass transfer by convection (boundary layer transfer);
is the mass transfer
coefficient. In this case
(diffusion controlled reaction), hence
⁄ and
⁄ DN refers to the diffusion coefficient of nitrogen in austenite (m²/s).
Polished sections of typical DRI particles were made, to determine the value of L for
all calculations using a backscattered electron image on a scanning electron
microscope for imaging and measuring the length of several DRI “arms”. It was
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found that the value was between 13 and 20 micron (results of measurements shown
in Appendix 1). A value of 15 micron was used for all calculations. A typical
backscattered image is shown in Figure 5.5.1.

DRI “arms”

Figure 5.5.1: Backscattered electron image of DRI “arms” in a typical DRI particle
through which nitrogen must diffuse in the solid state.

The dimensionless off-centre concentration of nitrogen at a position x, is given by:
(

𝑥

)

And hence the concentration of nitrogen at any fractional depth (x/L) can now be
calculated at any time, t:
[

(

𝑥

)

(

)

]

The concentration of nitrogen, then, with time (if no other step is rate limiting, but
solid state diffusion) is thus:
𝑥
(
)
[
(
)
]
√
where K is the equilibrium constant for the nitrogen dissociation constant (from
Sieverts’ law). For 1000 °C, the value for K=0.025 (See section 3.2).
The value of DN (in this equation the unit is cm²/s) was estimated using the average
composition independent equation given by Bakker53:
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The time constant for solid-state nitriding is then given by:

. Substitution of

L=15x10-6 m and 1.1x10-11 m²/s gives =8.3 seconds.

5.6. Estimate of the degree of nitriding of DRI particles for each step
The degree of nitriding of DRI particles can be best expressed by dividing the
concentration of nitrogen in the DRI particle by the maximum attainable
concentration (i.e. maximum solubility of nitrogen in austenite at 1000°C, with PN2
=0.65 atm), for each rate limiting step as a function of time, since the characteristic
time for each step is known. Figure 5.6.1 nitrogen dissociation at the DRI surface is
the slowest step during nitriding.

Figure 5.6.1: Degree of nitriding of DRI particles for active layer-; pore- or solid-state diffusion control; as well as where
nitrogen dissociation on the surface is rate limiting. A particle size of 10 mm is typical (as a 80% passing size) for
the plant in question. For solid state diffusion, the a value of x/L = 0 was chosen (i.e. nitrogen diffusion right
through to the middle of the DRI “arm”). The nitrogen content corresponding to the degree of nitriding in shown
on the right hand axis. Dissociation of nitrogen at the iron surface seems to be the most plausible rate limiting step.

For particles that spend roughly 10-15 minutes in the “nitriding zone” (first 10% of
the length of the unit) of the cooler, it is quite possible to pick up nitrogen.
The most plausible rate limiting step is that of nitrogen dissociation onto the DRI
surface, since it has been shown, by calculation, to be the slowest. This step can also
be further retarded by the presence of sulphur.
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5.7. Conclusion
The main conclusion of this chapter is that each of the possible rate limiting steps for
nitrogen pickup by DRI particles can be quantified and shows that nitrogen pickup
is expected to be rapid within the section of the cooler where a refractory lining
exists (this is the first 10% of the length of the cooler). This is a small “window of
opportunity”, but one which is important with respect to nitrogen pickup. The most
plausible rate limiting step is that of nitrogen dissociation onto the DRI surface.
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Chapter 6:
Relationship between tap nitrogen content and melt-in
carbon content of Electric Arc Furnace steel: plant
observations and statistical predictions
The previous chapter has shown the feasibility of the proposed mechanism by which
direct-reduced iron picks up nitrogen in the rotary cooler (of the SL/RN process). It
hence appears inevitable that the direct-reduced iron would transfer nitrogen to the
steel bath in the electric arc furnace. Because the direct-reduced iron does not
contribute to nitrogen control, another approach is necessary to achieve reliably low
nitrogen contents in tapped steel. Evolution of carbon monoxide ("carbon boil") is
known to be one such mechanism. This chapter evaluates plant data, to address two
main questions:
1. Whether higher melt-carbon correlates with lower tap nitrogen contents.
2. Whether the quantitative relationship between melt-in carbon and nitrogen at tap
can be used to control tap nitrogen contents.

6.1. Relationship between melt-in carbon and final nitrogen content
Data from 3120 heats are shown in Figure 6.1. Analysis from all heats of the three
EAFs were included, with no filtering of the results: heats with hot metal were
included (since these heats have higher melt-in carbon contents), and the small
number of unfeasibly low tap nitrogen analyses (less than 40 ppm were also not
filtered). See Figure 4.1 for the time at which the melt-in carbon was measured.
No relationship is apparent in Figure 6.1, because of the scatter of these data from
practical industrial production. To reveal the underlying relationship, summary
statistics were calculated. Figure 6.2 shows the relationship between average tap
nitrogen content (with a 95% confidence interval), as a function of melt-in carbon.
This figure was generated by binning the different melt-in carbon contents.
Figures 6.2 (a) and (b) show two important effects: First, higher melt-in carbon
contents are indeed correlated with lower tap nitrogen contents (on average); the
relationship is a semi-logarithmic one. Second, it is possible to achieve average tap
nitrogen contents below 50 ppm if the carbon content at melt-in is 0.3% C or higher.
However, given the wide scatter in tap nitrogen contents, higher melt-in carbon
contents would be required to ensure that most heats (rather than just average heats)
have low tap nitrogen contents. The statistical basis for predicting the distribution in
tap nitrogen contents is presented later in this chapter.
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Figure 6.1: Scatter plot of Nitrogen content at tap as a function of Melt-In Carbon content.
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Figure 6.2: Average nitrogen content of tapped steel as a function of melt-in carbon (grouped data) – (a) carbon on a linear
scale, (b) carbon on a semi-logarithmic scale.

6.2. Possible origin of observed relationship between tap nitrogen and meltin carbon
Several processes affect the tap nitrogen content: direct reduced iron carries nitrogen
into the metal bath; carbon monoxide flushes nitrogen out of the bath; nitrogen from
air ingress can dissolve into the steel (especially if the nitrogen dissociates in the arc).
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It would be helpful to be able to predict tap nitrogen content based on quantification
of each of these processes.
As a first attempt to identify the main rate-determining step, the maximum possible
degree of removal of nitrogen by carbon monoxide can be calculated; this maximum
rate corresponds to the case where CO bubbles leave the steel melt saturated with
nitrogen. This is similar to the approach used by Turkdogan13 to calculate the
"maximum rate of degassing of liquid steel".
At saturation, the partial pressure of nitrogen in the gas bubbles is given by:
pN2 = (ppm N / K)2, where K = 450 for 1600°C. In this expression, it is assumed that
the Henrian activity coefficient of dissolved nitrogen is fN=1.
The (maximum) rate of nitrogen removal from the steel bath is then:
dmN/dt = -(pN2 / ptot)Ngas MN2,
where ptot is the average pressure in the bath, Ngas is the molar flow rate of gas, and
MN2 is the molar mass of nitrogen.
Also, dmN/dt = 10-6 Wsteel d(ppm N)/dt, where Wsteel is the steel mass.
Substitution gives:
10-6 Wsteel d(ppm N)/dt = -(ppm N)2 Ngas MN2 / (K2ptot)
Integration gives:
1/(ppm No) – 1/(ppm N) = -106 Ngas t MN2 / (WsteelK2ptot)
The total number of moles of gas generated per steel mass (Ngas t/Wsteel) depends on
the amount of carbon removed as follows:
Ngas t/Wsteel = [%C]/(100 MC), where MC is the molar mass of carbon.
Since nearly all the carbon in the steel is removed during steelmaking, the amount of
carbon removed can be taken to be approximately equal to the melt-in carbon
content.
Substitution gives:
1/(ppm N) - 1/(ppm No) = 104 [%C] MN2 / (MCK2ptot) = 0.077 [%C]
(assuming total pressure of 1.5 atm)
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The predicted dependence of tap nitrogen content on melt-in carbon, for the case of
nitrogen saturation in the CO bubbles, is compared in Figure 6.3 with the actual
behaviour. In calculating the predicted line, the initial nitrogen content was taken to
be 90 ppm, to match the average tap nitrogen for the lowest melt-in carbon contents.

Figure 6.3: Predicted nitrogen tap content of liquid steel as a function of melt-in carbon content (solid line) compared to
melt nitrogen and carbon analyses from three EAFs.

Clearly the actual tap nitrogen is significantly higher than the predicted value for
nitrogen saturation in the evolved carbon monoxide. The difference may be due to
the following:

1. Continued pick-up of nitrogen by the steel bath during steelmaking. The simple
calculation assumes that no further nitrogen enters the steel after melt-in;
nitrogen pick-up from the arc or from roof feeding of DRI would invalidate this
assumption.
2. Kinetic limitations (whether mass transfer of nitrogen in the bath, or the rate of
the interfacial reaction) would also decrease the extent of nitrogen removal.
In the absence of detailed information on bubble size and the kinetics of
decarburization, it is not feasible to quantify the effects of continued nitrogen pickup and kinetic limitations. Rather, the approach used here was not to make
fundamental kinetic predictions, but instead to analyze the heat data statistically, to
identify melt-in carbon contents which would yield tap nitrogen contents with
defined probability.
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6.3. Statistical evaluation of tap nitrogen contents
A useful interpretation of the tap data, which can be used at plant-level, is to
evaluate the probability that the nitrogen level at tap would be below a predetermined value, based on the melt-in carbon analysis. To determine such a
probability, the relevant probability distribution of the nitrogen data was assumed to
be normal.
Testing for normality can be done in various ways, most common (beyond simply
drawing a histogram) is the use of probability plots and employing the AndersonDarling Test54. The latter test is a goodness-of-fit test, in this case employed to test
the hypothesis of whether each subset of nitrogen tap data differs significantly from
a normal distribution (or not).
To draw probability plots (for the entire data set as well as the subsets, grouped on
average carbon content), Minitab version 16.1.1 was used (set to a 95% level of
confidence, as for the graphs). Figure 6.4 shows an example of the typical output
from Minitab for a set of (normal) probability plots.
Probability Plot of Log-Normal, Normal
Normal - 95% CI
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Figure 6.4: Example output from Minitab v16.1.1: Probability plots of (a) a random non-normal data set (in this
case, a log-normal one) (b) a normally distributed data set.

The Y-axis indicates the cumulative normal probability (as a % in this case) vs. the
observed probability. When the expected probability falls on the theoretical (normal)
probability (and on a straight line for this type of plot), the data set can be
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considered to follow a normal distribution. In figure 6.4 (b), this is the case: the red
dots are data points, whilst the middle blue line, indicates the expected values for
the normal distribution. The adjacent two blue lines indicate the 95% confidence
interval for the normal probability plot. Figure 6.4 (a) shows substantial deviation
from normality (in this case, a simple log-normal data set was chosen as an example
– any non-normal dataset would do to serve as an example).
Figure 6.5 shows the results from Minitab for the data presented in Figure 6.1:
Probability Plots for entire data set as well as subsets (grouped by melt-in carbon content)
Normal Distribution - 95% Confidence Interval
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Figure 6.5: Cumulative probability plots for the entire dataset (labeled “All”), as well as each subset of data points (for each of
the chosen melt-in carbon content values). The x variable is the tap nitrogen content.

Figure 6.5 shows the probability plots for the entire data set (based on the data in
Figure 6.1), with each subset (based on the chosen groupings of the melt-in carbon
analyses) as well. There is slight deviation from normality, especially for lower
nitrogen contents (in this case sub-40ppm), which should not impact the results
significantly, since nitrogen levels in an EAF, practically, are highly unlikely to be
below 50 ppm (i.e. reported values below 50 ppm probably reflect some error in the
analyses). The individual subsets also show normality, with slight deviations at
higher (e.g. 0.9% and 1.535%) C levels, which might be attributed to the limited
number of analyses available for these subsets of data.
To confirm that the data are approximately normally distributed, the AndersonDarling Test for Goodness of Fit was employed (using Minitab v16 and EasyFit v5.5).
The Anderson-Darling Statistic is a general test to compare whether a specific data
set conforms to an expected cumulative distribution function – in this case, the test
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was used to evaluate whether or not each of the subsets conform to a normal
distribution. Detailed discussion of this common test is beyond the scope of this
dissertation – it was merely used to confirm the normal probability plots.

The following hypothesis test was performed, using the Anderson-Darling Statistic
(denoted, AD):
The null and alternative hypothesis:
H0: the data set is not significantly different from a normal data set;
HA: the data set is significantly different from a normal data set.
The confidence level of 95% (α=0.05) was set for this test.
The critical value for rejection / acceptance was calculated as 2.5018 (EasyFit 5.5
software does this automatically).
Therefore: To accept the null hypothesis (i.e. that, with 95% confidence the observed
data does not differ significantly from a normal distribution), the Anderson-Darling
Statistic should be less than the critical value of 2.5018.
Table 6.1 shows the results from the EasyFit 5.5 software package:
Table 6.1: Descriptive Statistics from EasyFit/Minitab for the subsets of data
Average (%C)
0.184
0.313

0.023

0.036

0.056

0.1

0.541

0.9

1.535

Overall

Mean

78.22

70.91

67.48

62.31

56.68

52.97

47.31

44.78

45.53

64.59

Standard Deviation

17.4

15.44

13.94

14.18

12.63

12.25

11.05

10.25

9.863

16.93

Number of points

181

1128

780

245

151

215

238

144

38

3127

0.613

0.906

2.741

0.417

1.626

2.221

0.507

4.227

No

No

Yes1

No

No

No

No

AD
Critical Value
Reject H0 ?

0.312
1.142
2.5018
No

No

Notes: 1. This subset of data was rejected as a normal distribution (for an average melt-in carbon content of 0.056%), although the AD-value is close to the critical value.
One disadvantage of the Anderson-Darling test is that it weights the tail values higher than other tests, likely leading to this rejection – if one eliminates sub
40ppm N data (a mere 4 data points) from this dataset of 780 observations, it is easily accepted, hence the data set was accepted as normal within
practical limits.

With the subsets of data shown to be approximately normal (for all practical
purposes), one can now draw a new set of curves, which illustrate, again, the
importance of the melt-in carbon content on the final nitrogen content of the melt at
tap. This is illustrated in Figure 6.6. This figure allows the plant to predict the
probability of meeting a given nitrogen specification, based on the melt-in carbon
content.
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The probability (Fig 6.6) was calculated using the probability density function for a
normal distribution (since the mean and standard deviation is now known); in MS
Excel, this is simply a value easily returned using the NORMDIST() function.
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Figure 6.6: The probability, for a given melt-in carbon content, that the tap nitrogen will be below a certain level in an EAF
charging DRI , hot metal and scrap as feed.

If one considers a melt-in carbon content of 0.3%, the probability that the nitrogen
content at tap would be less than 80 ppm is 98.6%. Since the aim tap nitrogen at the
plant in question is as low as possible (yet sub 80 ppm levels are acceptable), this is a
very important number to keep in mind, when the furnace operator starts the meltin process. For the lowest group of melt-in carbon contents (average carbon content
0.023%) the probability of achieving 80 ppm tap nitrogen or less is only 54%; this
probability increases to 89% with a melt-in carbon content of 0.1%.
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Figure 6.7: Histogram of the melt-in carbon analyses for three EAFs (see Figure 6.1)

In conclusion: Figure 6.7, a histogram of the amount of melt-in carbon, shows that
the melt-in carbon content is most frequently below 0.3%. This is consistent with the
observation that the tap nitrogen content is generally high.

60
© University of Pretoria

Chapter 7:
Nitrogen Control in Electric Steelmaking:
Conclusions, Proposed solutions and
Recommendations for further research
7.1. Conclusion and Main Findings
The main findings of this project were:
1. Direct reduced iron produced in SL/RN rotary kilns can cause nitrogen pickup in electric furnace steelmaking. In contrast to DRI produced in other
processes (where gaseous reductants are used and the DRI is carburized),
SL/RN DRI does not contribute to lower tap nitrogen levels: not by dilution,
nor by “carbon boil” (since SL/RN DRI contains virtually no carbon).
Quantitative results are shown in Chapter 4 of this dissertation.
2. Dissolved nitrogen is present in SL/RN DRI (on average more than 90 ppm,
depending on particle size as shown in Chapter 4). The most plausible process
step where nitriding of DRI particles occurs, is within the first section (first
10% of the length of the unit) of the rotary cooler (which follows the reduction
step in the rotary kiln) where a gaseous atmosphere of N2-CO2 is in contact
with solid DRI at high temperature (approximately 1000°C) (Fe is present as
austenite at this temperature and readily dissolves up to 185 ppm of N).
3. Kinetic analysis shows that it is feasible for DRI particles to pick up nitrogen
in the “nitriding-zone” of the rotary cooler which is the first section which is
lined with refractory material. A kinetic model for each possible ratedetermining step, shows that bulk gas flow, solids mixing in the cooler, pore
diffusion and solid state diffusion are all rapid processes, for nitriding of DRI
particles (See Chapter 5). The most plausible rate limiting step is that of
nitrogen dissociation on the iron surface, which can be even further retarded
by the presence of sulphur.
4. A strong relationship was found between the melt-in carbon content of the
bath and the nitrogen content of the liquid steel at tap. Statistical analysis of
plant data shows that the nitrogen content of liquid steel produced in an
electric arc furnace process can be controlled to meet the requirement that it
be lower than 80 ppm, if the melt-in carbon content of the steel bath is at least
0.3% C (Chapter 6).
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7.2. Proposed solutions
To achieve the required melt-in carbon content, the carbon should be preferably
charged into the basket. There have been suggestions of carburising DRI at the plant,
to increase the carbon content thereof – but this option is unlikely to be effective,
since most of the DRI is charged through the roof of the furnace. Goldstein and
Fruehan55 showed that in order to realise the benefits of carbon in DRI, it cannot be
charged through the roof after slag has formed – the low density of DRI (DRI density
ranges42 from 1.5-4 t/m3 – SL/RN DRI has a density of42 ca. 1.6 t/m3, which is lower
than that of slag – typically 2-3 t/m3) does not allow for deep penetration required for
removal of nitrogen from a steel melt.
Goldstein and Fruehan55 studied the mechanism by which DRI reduces nitrogen in
steel in laboratory experiments with DRI but found that the evolution of CO
happens in the slag phase and hence, the principle of the removal of nitrogen by DRI
is one of simple dilution. They further tested the efficiency of nitrogen removal by
bubbling CO gas through a steel melt and found that nitrogen is removed much
quicker by this method. This is apparent from the slopes of the graphs in Fig 7.1.
Briquetting of SL/RN DRI can also be done, as showed by Sibankin42- approximate
pressure of 350 MPa during briquetting can provided a maximum density of around
5 t/m3; this would be dense enough to penetrate the slag layer, provided the
briquettes are large enough as well, to have enough momentum to fall through the
slag layer and penetrate the melt. In this case, the carburization of DRI would also be
necessary if an increase in melt carbon is to be obtained.
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Figure 7.1: The addition of DRI (Pellets made from MIDREX DRI with 1.61% C) to a steel melt reduced the nitrogen content by (a)
simple dilution and (b) bubbling CO gas through a steel melt reduced nitrogen faster (Goldstein & Fruehan55).

Based on this argument, carburization of DRI (which implies setting up a
carburizing system at the plant, which could work with, for example, use coke oven
gas) would not necessarily benefit the EAF steelmaking process, unless the DRI is
charged with the basket (it should be noted that even then carbon would tend to
react with FeO ion the DRI, releasing CO before melting).
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In contrast, the role of carbon boil in removing nitrogen is well established, and
supported by the strong role of melt-in carbon demonstrated in this work. Pilliod 56
showed plant data (see Figure 7.2) that illustrate the large decrease in nitrogen
during the carbon boil period (“E” in Figure 7.2), and stated that a minimum of 0.3%
C removal is required for adequate nitrogen removal. This value agrees with the
plant data from this work, shown in Figure 6.2.

Figure 7.2: Nitrogen content during the entire steelmaking process. (A: Electrodes boring through a cold charge, B: Small
molten pool forms and grows with #1 tap; C: Remaining charge melted with #2 tap; D: Bath heated to carbon boil temperature;
E: Carbon boil period; F: Ferroalloy additions made and bath heated to tapping temperature; G: Tapping) 56.

7.3. Recommendations for further work
Following the argument by Goldstein and Fruehan55 it does not seem that
carburizing DRI would solve the problem on the plant. Focus should be on
briquetting of DRI, with the addition of a carburizing agent (such as coke breeze,
readily available on the plant) to some of the DRI and to subsequently charge this
into the basket, to ensure that the melt-in carbon content is achieved. Furthermore,
the amount of carbon should also be sufficient to compensate for all of the unreacted
FeO present within DRI. Current practice of charging anthracite fines should be
evaluated, since the oxidation of carbon when it is charged results in some losses,
resulting in the low melt-in carbon level. Ideally, an investigation should be done
where the plant engineer tests the yield of carbon from a specific carburizing agent –
with enough data, it can be determined how to, on an economical basis, ensure that
the melt-in carbon content is above 0.3%.
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Appendix 1

A.1. Rate of penetration of nitrogen gas into the solids bed, if it were static (using
the “Dusty-Gas” model by Tien and Turkdogan.
For nitriding of the metallic iron to occur, gaseous nitrogen needs to diffuse into the
solids bed (in the rotary kiln or cooler), against the outward flow of carbon
monoxide (which is the main gaseous product of the reduction reaction. A simplified
static one-dimensional situation was considered (for this step), to test the basic
concept that diffusion of nitrogen into the solids bed is feasible under kiln and cooler
conditions.
The approach of Tien and Turkdogan57, developed to assess the diffusion of inert gas
into metal oxide/carbon mixtures during reduction, was adapted for this purpose.
Tien and Turkdogan derived the relevant relationships from the "dusty gas model";
the relationships relevant to diffusion in CO-N2 mixtures (where the two diffusing
species have the same molar mass and hence diffuse at the same rate) are as given
below:
The total flux (due to diffusion and bulk gas flow) in the z direction is as follows:
J i   De

dni
P dP
 Xi
dz
RT dz

(A.1.1)

where De is the effective diffusion coefficient through the pores of the solids bed,
dni/dz is the concentration gradient, Xi is the mole fraction (note that ni=XiP/RT),  is
the permeability of the solids bed, P the absolute pressure,  is the gas viscosity, R
the ideal gas constant and T the absolute temperature.
The shape of the concentration profile into the solids bed would depend on the
relative efficiency of diffusion into the solids bed, and uptake of nitrogen by the iron
(through pore diffusion, and diffusion of atomic nitrogen into the austenite). A first
estimate of the concentration profile in the solids bed can be obtained by assuming
stagnant diffusion of nitrogen, that is, JN2 = 0. This would be the case if nitrogen
uptake by the iron (rather than diffusion into the bed) is rate-determining. For this
case, the flux of carbon monoxide out of the bed is then given by57:

J CO  

1
RT


P  dP
 De 

  dz


(A.1.2)

This relationship was applied to a one-dimensional static bed containing iron oxide,
iron and carbon, which is undergoing reduction. The temperature was assumed to
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be uniform within the mixture (as is the case in the bed in the SL/RN kiln 58), and
hence the rate of reaction was assumed to be the same everywhere within the solids
bed, generating CO at a rate of N V mol/m3s (per unit volume of bed). The solids bed
was bounded below by an impervious surface, with the upper surface exposed to the
nitrogen-containing gas freeboard (see Figure A.1.1).
For this situation, the flux of CO (in the z direction) depends on position within the
bed, as follows:
J CO   N V h  z 

(A.1.3)

If it is assumed that the pressure change within the reacting bed is small compared
with the total (absolute) pressure, the relative pressure within the bed is found as
follows, by integration:

P  N V

RT

P
De 


zh  z

2

/ 2

(A.1.4)

The local (steady-state) concentration of N2 for stagnant diffusion is found from the
flux equation, for JN2=0:

De

dX N 2 P
P dP
  X N2
;
dz RT
RT dz

Substition of the expression for

dX N 2
dz

  X N2

 dP
De dz

dP
then yields :
dz



 

RTN v

X N 2  X No 2 exp 
zh  z 2 / 2   X No 2 exp 
P  (A.1.5)
 De  De  P /  

 De 

where X°N2 is the mole fraction of nitrogen in the gas freeboard at the surface of the
solids bed.
The following input data were used to evaluate the nitrogen concentration:
The binary diffusivity (in CO-N2 mixtures) was calculated from the equation of
Hirschfelder et al 59 ,60 Following Tien and Turkdogan57 it was assumed that the
Knudsen diffusion effect is negligible; hence the effective diffusivity through the
pores of the solids bed is given by:

De 

e
D
 12

(A.1.6)

where e is the void fraction in the solids bed,  the tortuosity, and D12 the binary
diffusivity. The void fraction was assumed to be approximately 0.4; the tortuosity
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was estimated from the expression given by Wu et al.61, giving =1.69, or e/=0.24,
which appears reasonable. 62 Gas viscosity was similarly calculated from the
Hirschfelder et al.59,60 correlations, using the values for carbon monoxide.

The permeability was calculated from the Kozeny-Carman equation,62 assuming
spherical particles:



d p2e 3

(A.1.7)

1501  e  
2





where dp is the particle diameter. In the calculations a particle diameter of 0.01 m
was assumed (the 80% passing size of particles is 9.5 mm on average). (While the
predicted pressure drop depends strongly on the particle diameter, the mole fraction
of nitrogen within the solids bed was not found to be a strong function of dp.)

CO
z=0
z

z=h

N2

free surface

uniformly reacting
mixture

impervious
surface

Figure A.1.1: Schematic drawing of the physical situation considered for the dusty-gas calculations.
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Ranges of CO generation rate ( N V ) which could be expected under industrial
conditions were estimated from the results of Venkateswaran and Brimacombe,58 for
the Griffith kiln (length 125 m, internal diameter 5.5 m). The reduction profile (as
reproduced in Figure A.1.2) was used to calculate the reduction rate at different
positions in the kiln, using the following values from Venkateswaran and
Brimacombe:58 a degree of fill of 0.2, Fe feed rate of 1036 t/day (based on a pellet feed
rate of 1570 t/day, and an assumed pellet Fe content of 66%), a molar ratio of O to Fe
in the pellets of 1.5, and a concentration of Fe in the solids bed of 763 kg/m3. As the
figure shows, the CO generation rate peaks at approximately 1.6 mol/m3s, and
decreases to approximately one-tenth this value towards the discharge end. In the
rotary cooler, the CO generation rate would be even lower, as the temperature drops
and CO formation (through reaction of CO2 with the coal) slows. Hence three CO
generation rates were considered: 1 mol/m3s (representative of the main reduction
zone at the centre of the kiln), 0.1 mol/m3s (representative of the conditions towards
the discharge end of the kiln), and 0.01 mol/m3s (assumed to be representative of
conditions in the cooler). The bed temperature was taken to be 1000°C in the kiln,
and 900°C in the cooler (it was found that the calculated nitrogen concentration
profile changes little if the assumed temperature changes). The nitrogen content of
the gas at the bed surface was taken to be 65% (corresponding to full combustion of
pure CO with air). The ambient pressure was taken to be 1 atm.

Figure A1.2: Reduction profile as reported by Venkateswaran and Brimacombe58, with the volumetric generation rate of CO as
calculated from these data.

The bed depth (h in Figure A.1.1) was taken to be half the maximum depth of the
bed in the rotary kiln (since the bed in the kiln is in the shape of a circular segment,
its depth varies from zero up to a maximum depth of 1.4 m, for the Griffith kiln).
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The results presented in Figure A.1.3 shows that essentially no nitrogen penetration
into the solids bed is predicted in the centre of the kiln (where the reaction rate is
high), with some penetration towards the kiln exit, and significant penetration in the
cooler. The pressure increase within the bed can be seen to be affected mainly by the
reaction rate, and secondarily by the temperature difference between the kiln and
cooler.
As a measure of the degree of nitrogen penetration, the position within the bed was
determined where the partial pressure of nitrogen in the gas phase would be in
equilibrium with 50 ppm of dissolved nitrogen in the austenite, based on the
literature values for nitrogen solubility 63 (the value of 50 ppm is an arbitrary one, but
chosen to reflect a significant nitrogen pick-up). Based on this criterion, the depth of
nitrogen penetration into the solids bed at the centre of the kiln is estimated to be
2.2 mm (that is, less than the diameter of the solid particles), compared with 22 mm
towards the kiln exit, and 267 mm in the cooler. These values emphasise that the
nitrogen penetration depth is approximately inversely proportional to the CO
generation rate, and that significant nitrogen penetration is expected close to the kiln
exit, and certainly in the rotary cooler.

Figure A.1.3: Calculated pressured drop (broken lines; pressure drop for kiln exit and cooler multiplied by 10 and 100
respectively to show these on the same graph) and nitrogen mole fraction, within the solids bed at different
positions in the SL/RN process.
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A.2. Data used to evaluate the diffusion distance (L) for solid-state nitriding
Particles of different sizes were used to determine the width of the DRI “arms”.
Particles from different size fractions were used to test whether there was a
significant difference in arm width for small and large particles. Measurements
were made around the edges of the particle, as well as in the middle.
Table A.2.1: Measured values of the DRI “arm” width (microns).
Edge

-13.2+9.5 mm size fraction
Middle

Mean
Standard Error
Median
Mode
Standard Deviation
Sample Variance
Count
Confidence Level(95.0%)

Edge

22.74 Mean
0.64 Standard Error
22.75 Median
29.02 Mode
7.43 Standard Deviation
55.19 Sample Variance
133 Count
1.27 Confidence Level(95.0%)

-5.6+2.0 mm size fraction
Middle

20.62 Mean
0.51 Standard Error
19.82 Median
17.85 Mode
7.77 Standard Deviation
60.36 Sample Variance
235 Count
1.00 Confidence Level(95.0%)

13.42 Mean
0.58 Standard Error
10.46 Median
5.43 Mode
12.61 Standard Deviation
159.01 Sample Variance
471 Count
1.14 Confidence Level(95.0%)

21.78
1.21
15.09
11.49
18.29
334.35
228
2.39
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