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ABSTRACT

The steel industry has considerably increased the knowledge on how inclusion
characteristics change during steelmaking in the recent years. The effect of this
new knowledge on the demands on ferroalloys is discussed. One scenario is that
required inclusion characteristics of ferroalloys will be specified. In the
continuation, the actual effect of ferroalloy additions on inclusions in steel needs
to be established. The present work aims to increase this knowledge.

The inclusion characteristics of commercial ferrochromium and ferromanganese
alloys have been determined. Samples of two high-carbon ferrochromium grades
and six low- and medium-carbon ferromanganese grades were studied. The
results showed that ferromanganese contained mostly MnO but also MnS and
SiO2 inclusions. The content was proportional to the carbon content in normal
refined ferromanganese. Ferrochromium contained mostly (Cr,Ti)(C,N) but also
MnS and Al2O3 inclusions. It was also established that ferrochromium contains
more but smaller inclusions than ferromanganese.

The effect of these ferroalloys on inclusion characteristics of steel was then
investigated in laboratory scale alloying experiments. The experiments with
ferromanganese showed that the difference in inclusion content between the
grades is maintained but reduced. The most common compositions in these
experiments were MnO, MnS and/or Al2O3. Alloying experiments with
ferrochromium indicated no significant effect on inclusions present in the steel.
The inclusion composition changed from mainly FeS and Al2O3 before additions
to mainly Al2O3 and complex sulphides after the addition.

Plant trials were also performed at a ladle furnace station with four of the
studied ferromanganese alloys. The results showed that the tested
ferromanganese grades resulted in the same micro-inclusion characteristics at
the end of ladle treatment. The micro-inclusion composition changed from mostly
Al2O3, MnO and MnS inclusions after three minutes to mostly Al2O3-MgO or
MnS in the final steel samples. Thus, the inclusion compositions in the final steel
samples were not related to the composition of the inclusions in the used
ferromanganese alloy.

The size and content of inclusions in the different samples were assessed
according to the SS 111116 method. The inclusion composition was analysed
using a scanning electron microscope or an electron microprobe unit. Both
quantitative analyses and element mappings are included in the results. Macro-
inclusion assessments of plant trial samples were carried out using immersed
ultrasonic testing.

KEYWORDS: Non-metallic inclusions, Ferroalloys, Ferrochromium, Microprobe,
Ferromanganese, SEM, Steel, Full-scale, SS111116, Bearing Steel, Laboratory
Scale
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1. INTRODUCTION

Inclusions are mostly considered as being impurities and are present as very

small particles in most materials. Micro-inclusions have diameters up to

0.035 mm and larger inclusions are called macro-inclusions. This study is limited

to non-metallic inclusions, which mainly are compounds of a metallic element in

combination with carbon, nitrogen, oxygen and sulphur. Since solid steel cannot

completely dissolve these non-metallic elements, inclusions will probably always

be present in commercial steel products.

The present non-metallic micro-inclusions influence a number of material

properties. As an example, the presence of magnesium and aluminium oxide

inclusions reduces the fatigue strength of steel.[1-3] Another commonly

recognisable example is the negative effect on surface finish that brittle silicates

have on steel sheet products, for example the surface of a refrigerator.[4] Other

inclusion types can be considered as having a positive effect on the steel

properties. A typical example is manganese sulphide inclusions in machining

steels, where their presence increases the possible machining rates and extends

the tool life.[5]

As shown by the examples above, the critical material properties change with the

type of steel product, and are affected by the presence of non-metallic inclusions.

Development during the last decades has reduced the content of inclusions in

favour of the material properties. It is reasonable to assume that the

requirements on material properties of steel will continue to increase. This, in

turn, will result in demands on even cleaner steels and therefore a more

controlled steelmaking environment.

Until recently, it has not been possible to determine inclusion characteristics on-

line during production of steel. Inclusion characteristics include the statistics on

total oxygen content, composition and size of inclusions. However, it has been

possible to determine and control the content of elements dissolved in the liquid

steel as well as temperature. Luckily, new techniques for determination of
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inclusion characteristics have recently been developed. One example is a

modified optical emission spectroscopy method that allows determination with

only a short delay, currently about seven minutes.[6,7] These new tools will help

steelmakers to control and optimise their steelmaking processes with respect to

inclusion characteristics. Thus, it will be easier to optimise the inclusion

characteristics with respect to material properties required for specific products.

In a more controlled steelmaking environment, it will be important to know what

effects the different additions have on the inclusions. This is essential for

additions that are made directly into the steel, such as aluminium and

ferroalloys additions, since these are likely to have a great impact on the

characteristics. The producers of clean steel, for example tool and bearing steel

grades, are to be expected to lead this evolution. These steel grades have strict

limits on the inclusion characteristics as a consequence of strict demands on, for

example, fatigue life. To meet the forthcoming demands, ferroalloys should be

characterised with respect to size, content and composition of inclusions. In

addition, the actual influence of ferroalloy additions on the inclusions in steel

should be investigated. Such investigations should first be performed in a

controlled laboratory environment and then confirmed with plant trials.

Experiments with this objective have previously been performed on

ferrochromium and ferrosilicon.[8,9]

The present work has been concentrated to parts of the above mentioned field of

study. Figure 1 illustrates the outline of the performed work. The first

supplement holds an overview of possible developments regarding requirements

on inclusion characteristics of ferroalloys. It is speculated on how the future

demands on ferroalloys will evolve with a perspective from the steel industry.

Supplement 2 and 3 includes the research performed to characterise the

inclusions that are present in commercial ferrochromium and ferromanganese.

The alloys that were studied are two grades of high-carbon ferrochromium and

six grades of low- and medium-carbon ferromanganese. The aim with these

studies were to lay a knowledge foundation upon which alloying experiments

could be planned.
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Laboratory alloying experiments were then planned and performed with the

objective of establishing the effect of additions of commercial ferrochromium and

ferromanganese on inclusion characteristics in steel. The resulting papers are

presented in Supplements 4 and 5. The intention with these studies was to

determine if the inclusions present in ferrochromium and ferromanganese are

inherited by the steel after dissolution of the alloy. Furthermore, the intention

was also to determine if the size, content and composition of present inclusions

changes with the addition.

Finally, Supplement 6 presents the results from plant trials that were made with

ferromanganese. The objective with this study was to confirm the findings in the

laboratory study on ferromanganese. These plant trials were made at a ladle-

furnace station of a bearing steel producer.

Supplement 1

Future Demands on Ferroalloys from the
Customers in the Steel Industry

Supplement 5

Effect of Ferrochromium Additions on
Inclusion Characteristics in Steel

Supplement 3

Inclusions in Commercial
High-Carbon Ferrochromium

Supplement 6

Influence of Ferromanganese Additions on
Inclusions in Bearing Steel

Supplement 4

Effect of Ferromanganese Additions on
Inclusion Characteristics in Steel

Supplement 2

Inclusions in Commercial Low and Medium
Carbon Ferromanganese

Figure 1. Outline of the presented research.
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2. ASSESSMENT METHODS

2.1. Inclusion characteristics

The term "inclusion characteristics" is widely used in this thesis. It includes

several parameters that describes the inclusions present in a material. In the

presented studies, the following parameters are assumed to describe the

inclusion characteristics of a material:

♦ Content

♦ Size distribution

♦ Shape

♦ Composition

There are several methods available to determine the above mentioned

parameters. Content, size distribution and shape have in the presented studies

been assessed by using the method described in the Swedish Standard SS

111116.[10] The content is determined as the number per mm² or area-% of

inclusions. The concept of size distribution means that inclusions of different

sizes are separated into different size groups. In this manner a size distribution

shows how the area fraction or number of inclusions varies with the size of the

inclusion. The composition of inclusions is very important to establish since this

greatly affects the impact on material properties. When the inclusion composition

has been determined, it may also be possible, within reasonable limits, to predict

the impact of the present inclusions. Moreover, it is important to remember that,

in liquid steel samples, inclusion shape alone is not enough to predict the impact

on material properties.

Content, size distribution and shape of inclusions were determined using the SS

111116 method. The composition of the inclusions were analysed in a scanning

electron microscope or in a electron microprobe unit. These methods will be

closer described in the following sections.
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2.2. SS111116

In the SS111116 method, all inclusions are divided into four types according to

Jernkontoret's inclusion chart II, presented in Figure 2. Type A are ductile, type

B are brittle stringers, type C are brittle-ductile and type D are undeformable

inclusions. These four types are further divided into four groups according to the

width or diameter of the individual inclusion, thin (T), medium (M) or heavy (H),

e.g. DT, DM or DH. The fourth group, P, is for individual particles that require

more detailed specification.[10] A more in depth descriptions of this method can be

found in publications by Johansson.[11,12] Assuming that a viewing field diameter

of 0.8 mm is used, the diameters of type D inclusions in the different size groups

are:

♦ DT 2.8 - 5.6 µm

♦ DM 5.7 - 11.2 µm

♦ DH 11.3 - 22.6 µm.

♦ DP 22.7 µm -

The SS 111116 method was originally designed to determine the area fraction of

inclusions in worked steel. However, in the studies of steel samples taken in

liquid metal, the connection between shape and type of inclusion has to be

disregarded. In other words, a spherical inclusion that is found in liquid steel

samples can have virtually any composition and is not necessarily an

undeformable inclusion.

The software PC-MIC© was used to calculate the different inclusion

characteristics, including size distribution and area fraction of inclusions. These

calculations are performed according to the algorithms described in the Swedish

standard SS 111116.
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Figure 2. Jernkontoret's Inclusions Chart II.[10]
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2.3. Scanning Electron Microscope

In this work, the scanning electron microscope (SEM) has been widely used to

analyse inclusions in specimens of ferroalloys and steel. It is important to

consider certain limitations that applies to analytical SEM studies before

performing these analyses. The analytical values obtained with an Energy-

Dispersive Spectrometer (EDS) or an Wavelength-Dispersive Spectrometer

(WDS) are based on the detection of X-rays that are generated by a focused

electron beam.[13] When the beam hits the surface of the specimen, an electron

diffusion field (sometimes called the electron probe) is generated beneath the

surface. Here, both electrons and X-rays are generated. The secondary electrons

and back-scattered electrons are primarily used to acquire images of the

specimen surface, while the X-rays are detected and characterised by the EDS or

WDS.

Since the electron probe is the base for analyses, the properties are necessary to

consider. The electron probe is usually shaped like a droplet, but acceleration

voltage and probe current influences the shape and size of the probe. The probe

diameter can be decreased by reducing the probe current or by lowering the

acceleration voltage. A smaller probe diameter will increase the possible

magnification and resolution. In addition, a lowered acceleration voltage reduces

the possibility of damaging the specimen. Using a high acceleration voltage will

increase the electron diffusion field. This may cause beam penetration into the

matrix, which means that it is not only the elements in the inclusion that emits

the X-ray signal but also the elements in the matrix. For that reason,

observation of low-concentration elements should be performed with low

acceleration voltages.

The acceleration voltages used in this work has been between 15 and 20 kV. At

these voltages the electron diffusion field diameter is about 1 to 2 µm. This

means that trying to analyse anything that is smaller than this will only result

in a high contribution from the elements in the matrix.
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2.4. Electron Microprobe

In addition to using an SEM for analyses of the characterised inclusions, an

electron microprobe analyser (EMA) has also been used. These two microscopes

are, in principal, very similar. The main difference is that the EMA is built for

performing micro-chemical analyses while the SEM is built mainly for acquiring

images.[13] Even though the wave-length dispersive spectrometer can be used

with an SEM, it is most widely used in combination with an EMA.

The wave-length dispersive spectrometer is in fact a crystal diffraction

spectrometer. Here, the X-rays from the electron diffusion field impinge on the

surface of an analysing crystal. The X-ray photon is then diffracted towards the

detector. By using several crystals at the same time, a broad range of

wavelengths can be used for qualitative element mappings. If the EMA is

equipped with several spectrometers, a number of simultaneous quantitative

micro-chemical analyses are possible.

The use of a WDS provides a much higher sensitivity compared to an EDS. The

obtained energy resolution in WDS analyses effectively reduces the problems

with peak overlaps. The WDS also has the ability to quantitatively analyse the

contents of elements with atomic numbers from Beryllium and higher. Recent

developments has made it possible to accurately analyse even for contents below

1% assuming that a set of well characterised standards are used.[13] Considering

the analytical capabilities of an electron microprobe equipped with WD/ED

spectrometers, as many as possible of the micro-chemical analyses were made

with this unit. Even though an EMA allows for more simultaneous analyses, this

equipment is quite expensive to run compared to an SEM. As a consequence, it

was matter of how much resources that could be used for micro-chemical

analyses with the EMA.
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3. REVIEW OF SUPPLEMENTS

3.1. Supplement 1 : Future Demands on Ferroalloys from the Customers in

the Steel Industry

In the first supplement, a review paper is presented. This paper discusses how

the demands on the ferroalloys industry will change in the future. It is based on

surveys and seminars with representatives from the steel and ferroalloy

industry.[4] The perspective of the discussion is concentrated to demands

concerning inclusion characteristics of ferroalloys and their effect on the steel.

To give a proper background to the subject, recent developments in the steel

industry are presented and discussed. The reason for this is that it is not possible

with traditional methods to control the inclusion characteristics during ladle

refining. The commercially available methods are not fast enough to be able to

determine the characteristics so that these can be used as on-line tools to

optimize the steelmaking processes.

Today it is possible to make on-line determination of dissolved elements, such as

the alloying elements Si, Mn, Cr and impurities such as S, H, P, and Cu. The

analyses of these elements are readily available within about 7 minutes after

sampling. Another quality parameter is temperature, which can be measured

truly in real-time. Finally, the third quality parameter is inclusion

characteristics. As previously mentioned, these are normally determined with

optical and electron microscopes. The time consumption for these analytical

methods prevents a rapid feedback to the production line, but allows for a

complete picture. An example on this kind of characterisation is shown in

Figure 3. Here, the micro- and macro-inclusions have been assessed by

SS111116 and ultrasonic scanning (UST), respectively. The presented

assessment gives information both size distribution and content of inclusions.

However, new techniques for determination of inclusion characteristics have
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recently been developed in the steel industry. These tools will help the steel

producers to optimise the inclusion characteristics appropriately for each steel

grade and the desired material properties. One method is an on-line

determination method for micro-inclusion content and composition called the

modified OES technique or OES-PDA.[6,7,15] Basically it is a spark-induced optical

emission spectroscopy (OES) method that has been modified to determine the

number and analyses of inclusions present in a specimen. This method is

currently being studied by several research groups around the world and it will

probably also be tested in a number of steel plants in the near future.

As steelmakers are able to get on-line information on inclusion characteristics,

the steelmaking processes can be even further optimised with respect to

inclusions. Another parallel development is that the demands for even cleaner

steels, in order to promote the material properties, will continue to increase. As

an effect of these parallel developments, new demands on ferroalloys will be

created.

One of the possible scenarios is an increasing demand from producers focusing on

making clean steel. These demands will probably result in that the ferroalloys
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Figure 3. Comparison of results in inclusion assessments using optical

microscopy and US-scanning, from Hansen et al.[14]
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producers in the future will have to inform about the inclusion characteristics of

the ferroalloy in question. Today it is a usual requirement on the ferroalloys

producer to specify contents of dissolved elements and physical data, e.g. density,

melting range, heat capacity, and heat of melting. In the future, it is possible

that the information also have to include specifications on quantity, average size,

shape and composition of inclusions in the ferroalloy.

As an indirect result of the increasing requirements on given information about

the ferroalloys, the demand for cleaner ferroalloy grades will probably increase.

The reason is that it is known from previous research that the addition of

ferroalloys may influence the inclusions in steel. As an example, Figure 4

illustrates how the steel cleanness varies when using three different ferrosilicon

grades. In this figure, the average number of inclusions per cm² in tool steels for

plastic applications is shown for a granulated, standard and a high purity FeSi

grade.[9] Considering these results, it is reasonable to assume that there will be a

demand for cleaner ferroalloys. The use for these will be primarily for late

additions during ladle refining and/or for the production of clean steel. The

cleaner more refined ferroalloys will probably command a higher price than

normal refined grades.

Another possible scenario is that the steelmakers will use the cost advantage

achieved from buying less refined grades with the intent of using them earlier in

the steelmaking production line. If the characteristics are well known, then the

steelmakers can learn how to use these alloys in a cost-effective manner. For

Figure 4. Number of inclusions per cm² in tool steels, from Wijk and Brabie.[9]
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example by adding more ferroalloys at the electric arc furnace instead of at the

ladle furnace station, and thereby allowing a longer period for removal or

modification of the inclusions. It should be noted that development towards using

cheaper ferroalloys has happened before. That time it was the stainless steel

industry started to use a less refined cheaper ferrochrome grade at the electric

arc furnace instead of adding a more expensive and more refined grade at the

AOD converter.

Finally, it should be pointed out that the ferroalloy industry has made some work

with characterising the ferroalloys but that even more work remains. The

performed work is outlined more in detail in Supplement 1. Most, if not all,

ferroalloy suppliers today supply information regarding trace and impurity

elements in connection to a delivery of a product or on demand. The inclusion

characteristics for some ferroalloys have also been studied but are not yet a part

of the provided information.

It is possible to find general information about total oxygen content, size

distribution and composition of inclusions for some ferroalloys in literature. The

majority of these studies have focused on determining the inclusion compositions

in ferroalloys, but very few have presented information about inclusion size

distributions. In order to meet the coming demands, the research that provides

this information should to be continued and extended to include most or all of the

commercially available ferroalloys.

There still is time to meet the expected demands since few of the steel companies

have access to the recently developed methods. One possible way to increase the

knowledge would be by co-operating with the companies that dispose over the

cutting edge technology to gather information on inclusion characteristics in

ferroalloys. This would be beneficial for both the ferroalloys industry and the

steel industry. It is probable that a majority of the steelmakers will follow the

ones that lead the development. By acting now, the ferroalloy industry can stand

prepared for the demands of the future.
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3.2. Supplement 2 : Inclusions in Commercial Low and Medium Carbon

Ferromanganese

The objective with this investigation, presented in Supplement 2, was to increase

the knowledge about the microstructure of commercial low- (max. 0.5 wt-% C)

and medium-carbon (max. 1.5 wt-%-C) ferromanganese with emphasis on non-

metallic inclusions. Current knowledge on this subject includes studies that

mainly have been concentrated on commercial high-carbon ferromanganese.[16-19]

As an example, Balbi et al. investigated non-metallic inclusions present in

commercial ferromanganese containing up to 7.4 wt-% C.[18,19] They concluded

that MnO and SiO2 inclusions are the most common non-metallic inclusions in

ferromanganese.

Three normal refined grades were chosen for this study with the aim of

establishing how the inclusion characteristics changes with carbon content. As a

complement, three low-oxygen ferromanganese grades were also chosen for

comparison. The compositions of the examined grades are presented in Table 1.

Ferromanganese grades A to D are produced in Sauda, while grades E and F are

produced in Porsgrunn, Norway.

The results of the inclusion assessment in optical microscope using the SS111116

method are presented in Figure 5. Note that these assessments were made in a

microscope with a different viewing field diameter than what is stated in the

Table 1. Compositions in weight-% of examined low- and medium-carbon

ferromanganese as supplied by Eramet AS, Norway.

No. Grade Mn Fe C S O N P Si

A LC 0,5% C 79.6 17.7 0.34 0.004 1.11 0.14 0.17 0.01

B MC 1,0% C 81.1 16.5 0.77 0.005 0.89 0.06 0.17 0.12

C MC 1,5% C 81.5 15.9 1.52 0.003 0.01 0.07 0.16 0.04

D MC 1,5% C(1) 81.0 16.1 1.38 0.003 0.02 0.07 0.16 0.39

E LC 0.5% C(1) 81.4 17.3 0.48 0.003 0.04 0.04 0.16 0.32

F MC 1.5% C(1) 80.6 16.8 1.41 0.003 0.12 0.06 0.16 0.29
(1) Low-oxygen ferromanganese grades.
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standard. Consequently, the accurate sizes of the different size-groups are

defined in the figure.

The results of the assessment show that normal refined low-carbon

ferromanganese has the highest inclusion content of all the studied grades.

Larger inclusions (DH) contribute to almost half of the total volume fraction in

samples A and B, while they are rare or absent in samples C to F. It can also be

seen that for normal refined ferromanganese, grades A to C, the inclusion

content increases as the carbon content decreases. This is probably a

consequence of a shorter decarburisation period, and thus less oxygen in the

melt, for normal refined MC FeMn compared to LC FeMn. Furthermore, the

difference in inclusion content between the examined low-oxygen grades (D to F)

is very low although the carbon content varies between 0.5 and 1.5 wt-%.

Another result from the assessment is an apparent relationship between
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inclusion mean diameter and carbon content. This relationship is illustrated in

Figure 6, where the squares represents normal refined grades and the triangles

represents low-oxygen ferromanganese. The standard deviation between the

assessments is indicated by vertical error-bars, and estimated errors from the

chemical analyses are represented by horizontal error bars. From Figure 6, it

can be discerned that normal refined grades on average contain larger inclusions

than the low-oxygen grades.

The compositions of the present inclusions were studied in an electron

microprobe unit. It was found that the most common inclusion composition is

manganese oxide (MnO), followed by complex inclusions that in addition might

contain manganese sulphide (MnS) and/or silicon oxide (SiO2). The complex

inclusions were mostly smaller than 6.7 µm. As mentioned above, Balbi et al.

concludes that the most common non-metallic inclusions in ferromanganese

consist of MnO or SiO2.[18,19] Furthermore, they state that SiO2 inclusions

constitute the majority when the silicon content is above 1 wt-% and suggest that

the silicon content governs the formation of MnO and SiO2 inclusions. This

0

5

10

15

0 0.5 1 1.5 2

Carbon content [wt-%]

A
ve

ra
g

e 
in

cl
u

si
o

n
 d

ia
m

et
er

 [
µm

]

Figure 6. Difference in average inclusion diameter between the studied

ferromanganese grades.



Influence of Ferrochromium and Ferromanganese Additions on Inclusion Characteristics in Steel

- 16 -

relationship could not be verified since the ferromanganese grades in the present

study at most contained about 0.4 wt-% silicon.

Manganese oxide inclusions were found present in two different shapes, dendritic

and rhombic. Both types were present in all of the examined samples. In an

attempt to explain the difference between these two types, several analyses were

made. A summary of these analyses is presented in Table 2. The element

analyses shows that the rhombic type of manganese oxide has a slightly higher

content of silicon and titanium. Microprobe element mappings of these two

inclusion types are presented in Figure 7a and b. The colour-scale is relative to

the content of each individual element. A high content of an element is presented

as red, and a low content as black. Visible in Figure 7a (to the left) is a dendritic

MnO inclusion present in an MC max. 1.0 wt-% ferromanganese. Figure 7b (to

Figure 7. Element mappings of inclusions in ferromanganese.

a) Dendrite shaped MnO found in grade B FeMn.

b) Rhombic shaped MnO found in grade C FeMn.
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the right) show a rhombic MnO inclusion from a sample of a MC max. 1.5 wt-%

ferromanganese

In summary, more than 85% of the identified inclusions were found to consist of

MnO. These MnO inclusions were present in two shapes, either dendritic or

rhombic. The rhombic inclusions were found to have a slightly higher level of

contaminating elements compared to dendritic MnO inclusions. Another finding

was that the complex inclusions contained mainly MnO, SiO2 and MnS. The

majority of these complex inclusions were found smaller than 6.7 µm.

Table 2. Microprobe element analyses of MnO inclusions in low- and

medium-carbon ferromanganese.

Composition in at-%

Type of MnO Mn Al Si O Ti

Dendritic Average 48.5 0.02 0.01 51.3 0.0

Std. Dev. 0.2 0.01 0.01 0.2 0.0

Rhombic Average 47.8 0.06 0.34 51.3 0.19

Std. Dev. 1.0 0.05 0.31 0.7 0.07
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3.3. Supplement 3 : Inclusions in Commercial High-Carbon Ferrochromium

The objective with this investigation was to increase the knowledge about

inclusion characteristics for commercial high-carbon ferrochromium. The

complete study is presented in Supplement 3. Earlier studies on high-carbon

ferrochromium have shown that there exists many different types of inclusions in

ferrochromium.[20-24] Retelsdorf et al. showed that different types of Cr-Mn

spinels were present depending on the silicon content in the alloy.[21,22]

Koloyartsev and Rusakov studied the formation of sulphides in synthetic Cr-Fe

alloys.[20] Their results were later confirmed by Metcalfe et al. in their research

on sulphides in industrial high-carbon ferrochromium.[23,24]

For the purpose of metallographical examinations, one normal high-carbon grade

and one low-phosphorous grade were chosen for examination. The ferrochromium

samples were supplied from industrial stockpile by Elkem AS. The chemical

analyses of the samples are presented in Table 3. The first alloy is the normal

high-carbon ferrochromium (HC FeCr) and the second is the low-phosphorous

high-carbon ferrochromium (LP FeCr). Three samples from each of these grades

were studied. Characterisation of the present inclusions was made in an optical

microscope and electron microprobe. The inclusion contents and size distribution

were assessed according to the Swedish Standard SS111116. Element analyses

and mappings were made using the electron microprobe unit.

The results of the inclusion content assessment is presented in Figure 8, where

the number of inclusions is plotted for the different size groups and also in total.

The error bars represent the standard deviation between the different

assessments. It can be seen that mostly small or medium sized inclusions, up to

Table 3. Chemical analyses of the studied ferrochromium in wt-%.

Element Cr Si C S P Mn Ti Ni V N O Fe

HC FeCr 59.7 5.57 7.48 0.012 0.017 0.29 0.28 0.3 0.13 0.02 0.02 26.1

LP FeCr 62 1.89 7.33 0.028 0.01 0.18 0.13 0.37 0.13 0.043 0.21 27.7
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11.2 µm, are present in both grades. The difference in content between the two

grades is most obvious for DT and DH type inclusions. Here, the difference is

well outside of the standard deviation between samples, thus making the

variation more certain. It was therefore concluded that LP ferrochromium

contains more inclusions than HC FeCr does, and that the difference in content

was most notable for inclusion sizes between 2.8 and 5.6 µm.

The inclusion content was also compared to the content in ferromanganese. The

previous study on commercial medium-carbon ferromanganese (1.5 wt-% C)

showed that this grade contains about 3 to 5 inclusions per mm². Figure 8 shows

that commercial high-carbon ferrochromium contains about 22 inclusions per

mm². Consequently, it could be concluded that the inclusion content is much

higher in HC FeCr than in the earlier studied MC FeMn.

Element analyses of the present inclusions show that the three most common

constituent phases are, chrome-titanium carbonitrides, manganese sulphides

and aluminium oxides. The majority of the present inclusions were found to be
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chrome-titanium carbonitrides. The manganese sulphides were found both as

singular inclusions and as a precipitation on the surface of aluminium oxide

inclusions. All these inclusion types are illustrated in element mapping

presented in Figure 9. In an element mapping of this type, high contents are

visible as red and low contents as black. Chrome-titanium carbonitrides are

visible to the left and in the lower part of the mapping. The element mappings of

Ti, C and N show that their respective contents are substantially higher than in

the surrounding area. An aluminium oxide with a manganese sulphide shell can

be seen in the centre of the picture. Similarly, the increased contents of Al and O

are visible in the respective element mappings. The manganese sulphide shell is

also clearly depicted in the figure.

Table 4 shows the averages and standard deviations of the performed analyses.

The average composition of the analysed aluminium oxides is near stoichiometric

Al2O3. Most of these inclusions were about 4 µm in diameter. For these small

Figure 9. Element mapping inclusions present in HC FeCr.
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sizes of inclusions, it is very easy to get a substantial contribution from the

matrix during the analysis. However, the low contents of Fe and Cr indicate that

only a limited amount of beam penetration into the matrix has occurred. The

same conclusion can also be made regarding the analyses of manganese

sulphides in both of the studied ferrochromium grades. The composition is close

to stoichiometric MnS with only a small contamination of Fe and Cr. However,

the contaminating element with the highest content in manganese sulphide

inclusions is carbon.

The chrome-titanium carbonitrides have two different compositions depending on

the grade of ferrochromium. In normal high-carbon ferrochromium, the content

of carbon and chromium is much higher than the corresponding content in low-

phosphorous ferrochromium. In addition, the nitrogen content is reduced from

about 38 at-% to about 21 at-%. The titanium level is at a reasonably equal level

for both types of carbo-nitrides. It was discussed that the carbo-nitrides might

consist of ε-nitride (Cr,Ti)2(C,N)1 and TiN. Nevertheless, it was concluded that

this was not a satisfactory conclusion since the element mappings show uniform

colours for the different elements within the analysed inclusions.

Another interesting feature was discovered during the course of this work. It was

established in accordance with previous studies that the ferrochromium matrix

Table 4. Average compositions in at-% of inclusions in HC and LP FeCr.

Grade Type C S Cr N Al Fe O Si Ti Mn

HC&LP Al2O3 Average 0.5 0.6 0.2 0 34.4 2.3 60.4 1.0 0.0 0.7

Std.Dev. 1.0 0.73 0.35 0 2.1 2.6 1.7 2.3 0.02 0.48

HC (Cr,Ti)(C,N) Average 15.6 0.3 12.6 21.4 0.1 1.3 1.1 0.4 46.8 0.4

Std.Dev. 1.4 0.94 1.9 2.1 0.28 1.8 0.26 0.73 3.2 0.94

LP Average 6.2 0 5.4 37.7 0.0 0.2 2.3 0.0 48.2 0.0

Std.Dev. 0.78 0 1.3 1.8 0.01 0.19 0.69 0.03 1.3 0.01

HC MnS Average 1.7 49.0 0.9 0 0.6 0.8 0 0.1 0.2 46.7

Std.Dev. 2.7 1.9 0.11 0 0.99 0.32 0 0.12 0.16 1.6

LP Average 1.2 48.4 2.4 0 0.4 0.5 0 0.0 0.4 46.6

Std.Dev. 0.17 1.4 0.80 0 1.3 0.14 0 0.15 0.56 1.4
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features one chromium-rich and one iron-rich phase in the matrix.[21-24] In

addition, it was also found that the inclusions are exclusively located in the iron-

rich regions. A closer examination of the present and the previously published

element mappings supported this finding. Figure 10 provides an illustration of

the preferential location for inclusions in high-carbon ferrochromium. It was

concluded that this phenomenon was valid for all inclusions, including

aluminates, manganese sulphides and chrome-titanium carbonitrides. The cause

for this separation was discussed. The most probable explanation was considered

to be that the iron-rich phase is the last solidified area, and that the inclusions

thereby was exclusively located in that phase.

Figure 10. Illustration of inclusion location in studied HC and LP FeCr.
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3.4. Supplement 4 : Effect of Ferromanganese Additions on Inclusion

Characteristics in Steel

This study aimed to show the effect of ferromanganese additions on inclusion

characteristics in steel by means of laboratory experiments with six different

commercial ferromanganese grades. Supplement 4 presents the resulting paper.

From previous research on ferromanganese, Supplement 2, it is known that

different ferromanganese grades have different inclusion characteristics.

Therefore, efforts were made to reveal if the relationships in inclusion

characteristics found in ferromanganese could be observed in the alloyed steel.

Three grades of normal refined ferromanganese were studied. One grade of

LC FeMn with max. 0.5 wt-% C, and two grades of MC FeMn with max. 1.0 wt-%

and 1.5 wt-% C, respectively. In addition, three low-oxygen ferromanganese

grades were also chosen for studies. One of these was a LC FeMn with max.

1.0 wt-% C, and the other two were MC FeMn, both with max. 1.5 wt-% C. In

accordance with Table 1, normal refined ferromanganese are grades A to C, and

grades D to F are low oxygen ferromanganese. Two alloying experiments were

carried out for each of the six ferromanganese grades.

The experiments were carried out in a Balzer VSG50 vacuum induction furnace,

Figure 11. In addition to normal preparations in connection to experiments, the

vacuum induction furnace was completely serviced before any experiments were

carried out. More specifically, all rubber gaskets were replaced, the crucible

holder was refurbished, and the electric supply line from the transformer to the

induction coil was repaired. In addition, the induction and vacuum systems were

checked separately and in combination.

Magnesite crucibles were used to hold a 20 kg melt. Type B thermocouples were

inserted through the wall of the crucible to measure and control the temperature.

Argon was introduced at a rate of 30 Nl/min to the vacuum chamber in order to

keep the atmosphere inert during the experiment. Additions of graphite,

aluminium and ferromanganese were made at six-minute intervals. Liquid steel
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samples were taken three minutes after each addition, followed by a final sample

six minutes after the third sample.

Micro-inclusion size assessments were made on the final steel samples collected

in the laboratory experiments. Since two experiments were made for each of the

grades, the average content of the assessments of the two final steel samples is

shown in Figure 12. The error-bars in the figure represent the difference of the

assessment results between the two samples. The experiments are numbered

according to the grade that was used in the experiment, i.e. grade B was used in

the experiment where sample B4 was collected.

The inclusion content in sample A4 is much higher compared to the content in

the other final steel samples. Sample A4 is from experiments with normal

refined low-carbon ferromanganese. The second highest content in the final steel

samples was found in sample B4, from experiments with MC 1.0 wt-% C FeMn.

Moreover, there is only a slight difference between either of the three low-oxygen

ferromanganese grades D to F, and the normal refined medium-carbon grade C

with max. 1.5 wt-% C. It can also be seen that the content of inclusions larger

than 11.3 µm is low compared to the content of small inclusions. Inclusions

Figure 11. Balzer Vacuum Induction Furnace VSG 50.
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larger than 11.3 µm represent less than 10% of the entire inclusion population in

the final samples except for the experiments with ferromanganese grade E.

The total inclusion contents in the final steel samples were also compared to the

total contents in the used ferromanganese grades. Figure 13 presents the

average total area-% of inclusions in the used ferromanganese. The error-bars

represent the difference between two assessments that were done on each grade.

The average total area-% of inclusions in the final steel samples is shown in

Figure 14. As mentioned above, two experiments were made with each of the

ferromanganese grades. The difference between the assessments of those two

final steel samples is represented with error-bars in Figure 14.

For the steel samples from experiments with grades A, B and C, the total area

fraction of inclusions follow an inverse relationship with the carbon content of

the ferromanganese. This relationship is, however, not true for the three low
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oxygen ferromanganese grades, D, E and F. Here, the contents are at an almost

equal level irrespective of which grade that was used.

It can also be seen that the difference in total inclusion content between the used

ferromanganese grades is maintained in the final steel samples. A high inclusion
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content in the added ferromanganese obviously results in a higher content in the

final steel sample. However, the difference between the highest and lowest area

fraction of inclusions is lower for the steel samples than for the ferromanganese

samples. The conclusion from this study is that the inclusion characteristics, in

terms of total area fraction and number of inclusions per mm², is affected by the

addition of ferromanganese.

The inclusion composition was determined using a scanning electron microscope.

At least 15 inclusions from each of the final steel samples were quantitatively

analysed. Table 5 presents an overview of the analysed inclusions. The results

show that the inclusions mainly consist of MnO and MnS, or combinations of

these. In addition, there were also occasional traces (up to 15 wt-%) of CaO

and/or SiO2 in these inclusions.

The inclusions with a high content of MnO and/or MnS resemble the inclusions

found present in ferromanganese. The main inclusion composition in

ferromanganese is MnO, which has a melting point of about 1844°C. Considering

the experimental temperature of 1600°C there is a strong possibility that MnO

inclusions have been maintained through the alloying procedure.

Table 5. Number of inclusions in each composition group in final steel

samples from laboratory scale experiments with ferromanganese.

Added ferromanganese grade.
Composition group

A B C D E F

80-100 % MnO + 0-20 % MnS 6 5 2 4 6

80-95 % MnS + 20-5 % MnO 9 9 7 11 11 6

70-100 % Al2O3 + 0-15 % MnO + 0-10 % SiO2 3 1 1 1

0-10 % Al2O3 + 70-80 % MnO + 10-30 % MnS 1 1 1 1
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3.5. Supplement 5 : Effect of Ferrochromium Additions on Inclusion

Characteristics in Steel

The purpose with this experimental study was to establish the effect of

ferrochromium additions on the inclusion characteristics in steel. Laboratory

alloying experiments were performed using one normal and one low-phosphorous

grade of high-carbon ferrochromium. The study is fully presented in Supplement

5.

Previously presented research on ferrochromium, Supplement 3, showed that the

studied grades had different inclusion characteristics. Three types of inclusions

were present with different contents. Figure 8 illustrates the variation of

inclusion content in the used ferrochromium. The different compositions of the

present inclusions were chrome-titanium carbonitrides, manganese sulphides

and aluminium oxides. In this laboratory study, efforts were made to ascertain if

these inclusions could be inherited into the steel or if the addition of

ferrochromium would otherwise influence the inclusion characteristics of the

steel.

The studied grades were one normal high-carbon ferrochromium grade

containing about 7.5 wt-% C and a low-phosphorous grades with 7.3 wt-% C.

Their respective analyses are presented in Supplement 3, Table 3. Three

alloying experiments were performed with each of the grades using three

different amounts of ferroalloy, corresponding to about 1, 2 and 3 wt-% Cr in the

alloyed steel. The used experimental setup in this study was almost identical to

the setup in the ferromanganese study. Details are therefore not given here, but

in Supplement 5.

Micro-inclusion content assessments were made on the liquid steel samples that

were acquired in the experiments. The number of inclusions per mm² is

presented in Figure 15 and the total area-% in Figure 16. It is seen that the

total number of inclusions in the reference sample, at time 0, is about the same

for all the experiments. The exception is sample B0, which has a considerably
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higher amount if DH and DP inclusions than the other reference samples. Later

in the experiment, the total number of inclusions is reduced at an almost equal

level in all experiments. Three minutes after the ferrochromium addition, the

number of inclusions is congregated to a level of about 0.9 inclusions per mm²

with the exception of sample D3. Finally, the average total inclusion content in

the six-minute samples is about 0.55 per mm².

Further examination of the results showed that it is mainly the number of larger

inclusions that varies between the individual experiments. For example, samples

B0 and C0 have a higher area-% of inclusions than the other assessed reference

samples does. This is mainly because more DH and DP inclusions are present

compared to the other reference samples. The conclusion is logically that the

main difference in total area-% stems from the presence of more or less DH and

DP-inclusions.

It should be noted that the assessment method SS111116 allows for two different

methods of determination for the content characteristics. One method were at

least 160 mm² is observed for inclusions, and another were at least 30 viewing

fields that contains the type of inclusion in question should be observed. The
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reason for these rules is to gain a significant statistical foundation upon more

accurate conclusions may be drawn. In the current study, only a few viewing

fields contained DH or DP sized inclusions. The examined area was 185 mm² for

each of the samples. Thus, it would be necessary to assess a far larger area in

order for the number and area-% of these larger inclusions should to attain any

higher statistical significance. The difference in DH and DP inclusion contents in

the steel samples for the respective grade is therefore considered as having little

consequence on the overall results.

Micro-inclusion compositions were analysed using SEM with EDS. These

analyses were unfortunately greatly affected by beam penetration into the

matrix, and it was suggested that the analyses should be used with caution. It is,

however, possible to use these analyses in a qualitative manner. The only iron

content that should be considered as being reliable is the content in the iron

sulphides in the reference samples. Other than for those inclusions, the iron

content is probably a consequence of beam penetration. The detected inclusion

types are given in Table 6.

The results indicate that the initial inclusion composition is FeS and Al2O3. The
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presence of alumina inclusions was predicted as a direct result of the aluminium

deoxidation that was performed prior to the ferrochromium addition. In the three

minute samples, the iron sulphides have been modified to being complex

sulphides containing Cr, Fe, Mn and Ti. The content of manganese and titanium

was higher than what could be expected merely from the matrix. Typical

contents were between 1 and 10 at-%. The conclusion is that these sulphides had

the nominal composition of (Cr,Fe,Mn,Ti)S. Finally, the only inclusion type that

could be identified in the six minute samples was the complex sulphide inclusion

The inclusion that were closest to the types present in ferrochromium was the

complex sulphide, (Cr,Fe,Mn,Ti)S. In ferrochromium, MnS type inclusion are

commonly present with a near stoichiometric composition. The MnS inclusions

from ferrochromium could perhaps be inherited to the steel after the dissolution

of the ferroalloy. However, no significant difference in inclusion content could be

detected between experiments with different addition amounts and different

grades. It was therefore concluded that the MnS inclusions first are dissolved

into the liquid steel without affecting the composition of the inclusions in the

steel. It was also suggested that the detected complex sulphides had formed

during solidification.

In conclusion, the content and composition assessments of the inclusions in the

steel samples indicate no influence from the addition of ferrochromium.

Furthermore, it was suggested that supplementary analyses should be performed

in order to confirm and improve the presented results.

Table 6. Types of inclusions present in steel samples from laboratory scale

experiments with ferrochromium.

Sample Number

Type of Inclusion C0 C3 C6 F0 F3 F6

FeS Y N N Y N N

Al2O3 Y Y N Y Y N

(Cr,Fe,Mn,Ti)S N Y Y N Y Y
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3.6. Supplement 6 : Influence of Ferromanganese Additions on Inclusions in

Bearing Steel

With the aim to confirm the findings presented in Supplement 4, plant trials

were carried out at Ovako Steel AB in Hofors, Sweden. This study is fully

presented in Supplement 6. Four ferromanganese grades were selected for these

trials. The grades were chosen among those that previously had been studied

metallographically and in laboratory alloying experiments. The studied grades

were A, B, E and F in accordance with Table 1. Five experiments were

performed at the ladle treatment station for each of the four grades.

The normal praxis of the ladle treatment was somewhat altered during the plant

trials. This was considered as a necessary measure considering the ambition to

confirm or refute the findings from the laboratory scale experiments.

Consequently, the primary additions were made before the addition of

ferromanganese. Reference sampling was then made before the addition of

ferromanganese. This was made as a pre-caution to ensure that any major

differences in content and composition of inclusions between the different

experiments could be determined. Up to six (6) rapid-solidification immersion

samples were taken during each experimental heat. In addition to the rapid

solidification samples, LSHR-sampling was also made during one heat for each of

the tested ferromanganese grades. All sampling were made using an automatic

sampling equipment with a given sampling time and sampling depth into the

molten steel.

Micro-inclusion contents were determined for the acquired samples. Samples

from three heats for each of the used ferromanganese grades were assessed.

Figure 17 shows the average micro-inclusion content in the examined steel

samples. For each of the ferromanganese grades, the average of three heats is

indicated. The included samples are the reference sample, the sample three

minutes after ferromanganese addition, and the final steel sample taken directly

before casting. The error-bars in the figure represent the standard deviation
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between the three assessed samples. Note that only one final steel sample was

examined for each of the used ferromanganese grades. Hence, there is no

standard deviation for those results.

The variation in micro-inclusion content between the reference samples is high.

In fact, only the difference in contents between the grade A samples is larger

than the standard deviation between the samples. For the three other grades,

the difference between the reference and the 3-minute sample is well within the

standard deviation. Thus, only the addition of low-carbon ferromanganese

(grade A) is considered to have an effect on the inclusion content in production

conditions, and that effect is considered to be a short-term effect.

It is evident that the micro-inclusion contents in the samples taken immediately

before casting generally are much lower than even the reference sample. About a

third of the inclusion content in the reference sample remains after completed

treatment. The difference between the final steel samples is low compared to the

initial difference between the reference samples. The conclusion is that in the
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Figure 17. Average total area-% of inclusions in examined steel samples.
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present conditions the ferromanganese additions have no long-term effect on the

micro-inclusion content in steel.

The compositions of the present inclusions in the 3-minute and final steel

samples were analysed in SEM. The inclusion compositions in the 3-minutes

samples are presented in Table 7, while the results from the final steel samples

are presented in Table 8.

Evidently, most of the inclusions contain Al2O3 together with one or more other

constituent phases. Most common as a second constituent phase are manganese

oxide and/or calcium oxide. The presence of alumina inclusions was anticipated

considering that the steel was deoxidised with aluminium before the addition of

ferromanganese. However, the MnO content in the Al2O3-MnO and Al2O3-MnO-

Table 7. Composition of inclusions present in 3-minutes samples from plant

trials with ferromanganese.

Ferromanganese Grade

Type of inclusion A B E F

Al2O3 2 1 1

Al2O3-MnO 4 1 1 4

Al2O3-MnO-MnS 3 2 7 3

Al2O3-CaO-MnO 1 1 1 1

Al2O3-CaO-MnO-MnS 1 2 2

MnO-MnS 2

SiO2 1

Table 8. Composition of inclusions present in final steel samples from plant

trials with ferromanganese.

Ferromanganese Grade

Type of inclusion A B E F

Al2O3-MgO 1 3 3 2

Al2O3-MgO-CaO 2

Al2O3-MgO-MnS 1

MnS 1 1 1 2

SiO2 1
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MnS inclusions is about 5 to 10 at-%. With a high aluminium content in the

steel, it was considered unlikely that MnO would form during solidification. It

was concluded that the presence of MnO in the inclusions indicates that these

originate from inclusions that were introduced with the ferroalloy addition.

The inclusions in the final steel samples evidently have a different composition

compared to the 3-minute samples. Instead of Al2O3-MnO-MnS, the majority is

now represented by Al2O3-MgO. This change in inclusion composition has

previously been reported by L. Huet et al. in their investigation on deoxidation

praxis during bearing steel production.[25] Their results show that the inclusion

composition changes from complex aluminates to Al2O3-MgO after vacuum

degassing. The source of magnesia in these inclusions is believed to be the

refractory material in the ladle. At the low pressures employed during vacuum

degassing, the magnesia in the refractory is reduced which causes an increased

magnesium content in the steel. This in turn modifies the present inclusions to

magnesia containing complexes, such as the Al2O3-MgO spinel.[26] The conclusion

is that, under the present production conditions, the grade of ferromanganese

does not influence the end-composition of the inclusions in the steel.

The macro-inclusion content was determined using the Liquid Sampling - Hot

Rolling method. LSHR samples are first subjected to hot rolling prior to a heat

treatment. Then the sample is milled down to a rectangular plate with level

surfaces and the resulting specimens are then submerged into a water tank.

Ultrasonic scanning is then employed to determine the content of defects larger

than 35 µm. These defects may in some rare cases be pores but are generally

considered as being macro-inclusions since the specimens have been subjected to

hot-rolling. The results of the ultrasonic scanning are presented in Figure 18,

wherein each set of bars represent the results from one heat. Illustrated are

results from the reference sample, and samples taken 3, 6 and 9 minutes after

the ferromanganese addition.

The results show that the number of macro inclusions changes during the course

of the ladle treatment. For grade A, the number of inclusions per mm3 between
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35 and 59 µm remains unchanged throughout the treatment, while the number

of larger sized inclusions (> 60 µm) reaches a peak immediately after the

ferromanganese addition. However, 9 minutes after the addition, the macro

inclusion density is very similar to the content before the addition. For grade B

and E, Figure 18 shows that the macro inclusion density increases between the

reference sample and the samples taken 3, 6 or 9 minutes after the

ferromanganese addition.

Another interesting aspect on the macro-inclusion content is the immediate

increase after the ferromanganese addition. A relative increase in content can be

seen between the reference sample and the next sample. It was therefore

concluded that the addition of ferromanganese may lead to an increased macro-

inclusion content. However, it does not seem likely that the type of

ferromanganese grade has a large influence on the increase in macro inclusion

content. A further investigation based on a larger number of plant trials was

suggested in order to study this aspect more in detail.
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Figure 18. Results from ultrasonic scanning of LSHR samples from plant trials.
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4. DISCUSSION

INCLUSIONS IN FERROCHROMIUM AND FERROMANGANESE

Micro-inclusion assessments have been performed for commercial ferrochromium

and ferromanganese. The results showed that ferrochromium mainly contained

DT and DM sized inclusions, while ferromanganese mainly contained DM and

DH sized inclusions. Figure 19 shows the average total area-% of inclusions and

the average total number of inclusions is presented in Figure 20. The error bars

represent the difference between the assessments of the respective grades.

It obvious that the low-oxygen grades and the normal refined 1.5 wt-% MC

ferromanganese has the lowest content of inclusions. In these grades, the oxygen

level is very low in comparison with the other grades. The total oxygen content is

about 0.01 to 0.12 wt-%. However, the total oxygen content in the studied high-

carbon ferrochromium grades is equally low, 0.02 wt-% for HC and 0.21 wt-% for

LP, but these two grades contains much more inclusions. This indicates that the
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total oxygen content alone is not sufficient to make an assumption on the

inclusion content in a ferroalloy.

The main reason is probably that carbon also may be a potential non-metallic

inclusion former. Especially in the production of high-carbon ferroalloys where

the carbon levels for ferrochromium and ferromanganese is between 6 and 7.5

 wt-% C. At such high contents, there is a considerable driving force for the

formation of carbides and/or carbonitrides during solidification. It was also

established in the study on normal and low-phosphorous ferrochromium that

these grades contained considerable amounts of carbonitrides.

In principle, a similar measure as the concept "total impurity level" should be

employed when it is necessary to predict the inclusion levels in ferroalloys. This

concept is mostly used in the production of cleaner steel and is defined as the

total content of the impurity elements C, S, O, N, H and P. If a steel grade has

an impurity level of less than 100 ppm it can be considered as being very clean.
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Influence of Ferrochromium and Ferromanganese Additions on Inclusion Characteristics in Steel

- 39 -

As an illustration, the total impurity level in the studied ferromanganese grades

is with this measure between 7200 and 18800 ppm.

Finally, it can be noted that of all the studied grades, the studied low-carbon

normal refined ferromanganese has the highest inclusion content, closely

followed by the two studied ferrochromium grades.

LABORATORY ALLOYING EXPERIMENTS

After the assessment of the inclusion levels in the two chosen ferroalloys, both

were subject to controlled alloying experiments with the sole purpose of

investigating if the inclusions in the steel were influence by the addition. The

results from these two experimental series have been presented above.

Consider that the volume fraction of inclusions in normal refined low-carbon

ferromanganese is about 2 percent. If an addition of 400 g is made to 20 kg of

iron, then the maximum inclusion inheritance is about 0.04 volume percent. This

represents the maximum effect that this amount of alloying addition may have

on the inclusion content in the steel. The highest increase in inclusion content in

the ferromanganese study was 0.02 volume percent.

The corresponding experiments with ferrochromium indicated no such

inheritance of inclusions. In addition, the inclusion compositions in the steel were

different from the determined in the ferroalloy. This implied that the inclusions

that are present in ferrochromium, at least to a high extent, are dissolved

together with the ferroalloy.

These two separate results show that there is no easy way to discern if inclusions

are transferred from an ferroalloy to the steel. The high inclusion content in the

studied ferrochromium could have resulted in a significant contribution to the

inclusion content in the steel, but apparently, these were instead dissolved.

In conclusion, the addition of ferromanganese may have an effect on the

inclusion characteristics of steel depending on which grade that is used. If these
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inclusions are present when the steel is cast, the material properties of the steel

are probably impaired.

IMPLICATIONS OF THE PLANT TRIAL RESULTS

It is important to recognise that the presented results mainly are applicable to

the studied conditions, with the investigated steel and ferromanganese grades

and in the studied steel plant. However, these results may, with caution, be used

to indicate how ferromanganese alloys will influence the inclusions in other steel

grades and under other production conditions.

The present study showed that the inclusion content increased three minutes

after the addition of normal refined low-carbon ferromanganese, both in

laboratory and in full-scale experiments. In the following samples, the content

still was elevated compared to corresponding samples in experiments using the

other ferromanganese grades. However, the plant trials included vacuum

degassing treatment of the steel. After this treatment, the inclusion contents

were at an equal level for all the studied samples.

This indicates that the effect on inclusion characteristics remain until a

sufficiently long period has elapsed or the steel is subjected to vacuum degassing.

An increased content of inclusions will in most cases result in a cast steel with an

elevated inclusion level. The effect of using ferroalloys with a high inclusion

content too late in the process will consequently be inferior material qualities.

Thus, material properties like fatigue life and tensile strength will most likely be

reduced.
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5. CONCLUSIONS

Inclusions in commercially available high-carbon ferrochromium and low- and

medium-carbon ferromanganese have been characterised. The effect of the

addition of these ferroalloys was investigated in laboratory scale alloying

experiments. Finally, the influence of adding ferromanganese during ladle

treatment was studied in plant trials. The most important conclusions from these

studies are as follows:

♦ It is probable the ferroalloys industry will be required to specify the inclusion

characteristics of their products in the future. Much in the same way as parts

of the steel industry today supply the corresponding information to their

customers.

♦ The inclusion characteristics are not completely investigated for many of the

commercially available ferroalloys. This needs to be amended.

♦ Commercial low- and medium-carbon ferromanganese contains inclusions

with the compositions MnO, MnS and/or SiO2. Less than 15% of the total

number of inclusions are complex inclusions.

♦ In the studied normal refined ferromanganese, the inclusion content is

proportional to the carbon content in the ferroalloy.

♦ Commercial normal and low-phosphorous high-carbon ferrochromium

contains inclusions with the compositions Al2O3, MnS and (Cr,Ti)(C,N). The

chrome-titanium carbonitrides were in majority of the present inclusions in

both grades.

♦ The average number of inclusions per mm² in the studied high-carbon

ferrochromium grades is much higher than in the studied medium-carbon

ferromanganese. HC FeCr contains 22 per mm² compared to about 3 to 5 per

mm² in MC FeMn. The respective area fractions are, however, at a more

equal level.
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♦ Laboratory scale experiments with ferromanganese show that the difference

in inclusion content between the used ferroalloys is maintained in the steel.

However, the difference between maximum and minimum level is reduced.

♦ Alloying with medium-carbon ferromanganese (max. 1.5 wt-%) resulted in a

considerably lower amount of inclusions in the steel compared to

corresponding experiments using low-carbon normal refined (max. 0.5 wt-%)

ferromanganese.

♦ Laboratory scale experiments with ferrochromium showed that the addition

did not significantly influence the inclusion content or composition in the

steel.

♦ A short-term effect on the micro-inclusion content could be observed during

plant trials when normal refined low-carbon ferromanganese was used. The

assessed inclusion contents after vacuum degassing were at an equal level for

all tested ferromanganese grades.

♦ Ferromanganese grades with low oxygen and/or inclusion contents do not

significantly influence the micro-inclusion population in steel.
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6. FUTURE WORK

During the course of this work, a number of ideas for further work have been

considered. Some have been mentioned in the presented supplements in this

thesis and others still are not yet formulated. The objective with this section is to

present and discuss some of these ideas. Both general and specific suggestions

will be given.

The inclusion characteristics have not been completely investigated for many of

the commercially available ferroalloys. This field of research may become very

important for the ferroalloys industry during the coming years. As the

requirements on material properties increases, the demands on clean steel will

also increase. In order to meet these demands, the steel industry may turn

towards using cleaner ferroalloys. At least, the producers will require

specifications on the inclusion characteristics of the ferroalloys. To meet these

coming demands, further characterisation of inclusions present in commercial

ferroalloys is suggested.

It has been concluded that normal refined low-carbon ferromanganese contains

much more inclusions and, in addition, influences the inclusions in steel more

than the other studied ferromanganese grades. It can be assumed that the

content of oxide inclusions in other commercially available low-carbon

ferroalloys, without having studied them, in a similar manner is higher than in

the corresponding medium- and high-carbon grades. The reason for containing

more oxidic inclusions may be that the decarburisation of the ferroalloy is

performed directly before the casting of the material. If the specified analyses

permits, a deoxidation operation followed by a stirring and removal period should

be allowed in order to decrease the content of inclusions. This will, of course,

increase the cost per unit mass of ferroalloy. However, if the ferroalloy is

supposed to be used in for example clean steel production, a cleaner ferroalloy

will also command a higher price per unit mass. It may even be possible to

increase the margin of profit for such a special ferroalloy. This is only one
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example on how cleaner ferroalloys can be achieved. In conclusion, it is proposed

to the ferroalloys industry to increase the research on how to produce cleaner

products with respect to inclusion characteristics.

Another major conclusion from this work was that the inclusions in steel are

affected for at least a shorter period. The length of this period should be very

interesting to determine. The reason is that virtually all steelmakers do last

minute additions before allowing the ladle to go to the casting station. The worst

case occurs if the additions are made within a too short period before casting. In

this case, the casted material will suffer the peak of the effect on inclusions that

this last-minute ferroalloy addition had. The laboratory scale studies performed

with ferromanganese indicated that this period may be of substantial length. It

is suggested that further studies, preferably based on a large number of plant

trials, should be made in order to determine the length of this period.

LSHR samples was in the full-scale study examined with ultrasonic scanning in

order to determine the macro-inclusions characteristics. With this method, the

nature of the inclusions is only determined with respect to size distribution and

content. The compositions of the detected inclusions remain unknown with the

current technique. To determine these compositions and to relate them to the

UST results is a very time consuming operation. It includes identifying the depth

of an individual inclusion, grinding down to this level, detecting this particular

inclusion in SEM or MEA, and then finally perform the analysis. This procedure

is easily recognised as being very time consuming, but would nonetheless be very

interesting to perform. A co-ordinated study with SEM and/or EMA on inclusions

in UST assessed LSHR samples is therefore suggested as an interesting

complement to the published studies.

During the studies on inclusions in ferrochromium, it was established in

accordance with previous studies that the matrix mainly is divided into a

chrome-rich and an iron-rich phase. Furthermore, it was also discovered that the

preferred location for inclusions irrespective of composition is in the iron-rich

phase. This was further investigated by studying previous research on
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ferrochromium and it was concluded that this finding is in accordance with all

the studied element mappings. It would be interesting to study the mechanism

that governs this separation. The conclusion in the presented study was that this

probably was connected to the solidifying conditions. This conclusion needs to be

confirmed, and it is therefore suggested that this mechanism should be further

investigated.
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ABSTRACT

Within the steel industry an increased knowledge of how size, distribution and composition of inclusions
change during steelmaking has been gained during the recent years. Some of the reasons for this will be
discussed in the paper. One example is a new method (OES) for on-line determination of micro inclusion
characteristics that has been developed by Ovako Steel. This enable, for the first time, the steel producers
to follow the change in micro inclusion characteristics during steel making. Another example is a new
method for determining macro inclusions during steelmaking. The method is named Liquid Sampling
and Hot Rolling (LSHR), after the procedure of preparing the samples before analysis. Here, immersed
ultrasonic testing is used to determine the macro inclusion content in the samples. The effect of this new
knowledge on the demands on ferroalloys is discussed. One possible scenario is that specifications on
inclusion characteristics in ferroalloys will be a requirement from the steel producers focusing on clean
steel. Thus, specifications on average size, shape, quantity and composition might be added to the
existing specifications on dissolved element content in ferroalloys. Another scenario is that new
ferroalloy products will be needed in the steel industry. Examples of such products will be discussed.

1. INTRODUCTION

Recently new techniques for determination of
inclusion characteristics have been developed
in the steel industry. These will give the
steelmakers tools which can help them to
optimize the inclusion characteristics so it is
appropriate for each steel grade and results in
desired material properties.

Today, it is not possible to control the micro-
inclusion characteristics during ladle refining
using traditional methods, when adding, for
example, ferroalloys to the steel. This is more
obvious if one studies the example in Table I.
Here the three quality parameters that are used
for control in the production of “clean steel” are
compared throughout the process.

The first quality parameter is the content of
elements dissolved in the liquid steel. These are
alloying elements such as Si, Mn, Cr, etc. and
impurities such as S, H, P, Cu, etc. These
contents are relatively simple to determine by
taking a ladle, tundish or mold sample followed
by chemical analysis. Usually, an analysis can
be ready within 7 to 10 minutes from sampling.

Thus, the operator has a chance to make
adjustments during liquid steel treatment in the
ladle. After the steel is solidified the chemical
composition does not usually change much and
further process control is unnecessary. The
second quality parameter is temperature. This
can easily be determined with a rapid response
time during liquid steel treatment and
metalworking. Thus, temperature can also be
controlled throughout the process. The third
quality parameter pertains to inclusions
characteristics. This includes total oxygen
content, composition and size. Based on size,
inclusions are also normally categorized as
micro-inclusions (here defined as smaller than
22 µm) and macro-inclusions (>22 µm). For the
majority of steel companies, rapid feedback of
inclusion characteristics during liquid steel
making is not available and steel cleanness can
therefore not be controlled with respect to
inclusion content. The total oxygen content,
composition and size are normally determined
using melt extraction, scanning electron
microscopy (SEM) combined with energy
disperse spectroscopy (EDS), and light optical
microscopy (LOM) and classification according
to a standard such as SS111116 (JK II)1,
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respectively. None of these methods are able to
provide a rapid enough feedback to the process
so that the information can be used for on-line
monitoring or control of the process. However,
recently one company, Ovako Steel AB, has
reported2-4 that they are currently testing a
modified OES (optical emission spectroscopy)
method for on-line determination of micro-
inclusion size distribution. This method is also
currently studied by other research groups
around the world and will probably also be
tested in other steel plants in the near future.

Ladle Tundish Mold Metal
working

Elements
that
dissolve
in steel

yes yes yes yes, not
necessary

Temp. yes yes yes yes
Micro and
macro
inclusions

no no no yes, off-
line

Table 1. Possibilities to control steel quality
parameters during production.

As steelmakers are able to, for the first time, get
on-line information regarding inclusion
characteristics, new demands on ferroalloys will
be created. This paper will discuss possible
scenarios. The first part of the paper gives more
detailed information regarding the new
developments to achieve new information on
inclusion characteristics, which have taken
place in the steelmaking community.
Thereafter, the effect of these new
developments on the demands on ferroalloys
and the ferroalloy producers are discussed.

2. DEVELOPMENTS IN THE STEEL
INDUSTRY

Steel is made in either an integrated
steelmaking route or a scrap-based route, where
the raw material is iron ore and scrap,
respectively. However, the finished products in
both cases have the same strict demands on
material properties, which, of course, varies
with application. The inclusion characteristics
has major impact on the material properties and

is therefore very important to control. In
general the larger the inclusion the more
harmful effect on the material properties. Thus,
macro inclusions are more important to remove
from the steel than micro inclusions.

So far the control is done on finished material
from the metal working mill. The total oxygen
content and size distribution are analyzed on a
regular basis using melt extraction and LOM,
respectively. Often also the inclusion
compositions are determined using SEM
combined with EDS. Most companies with
strict customer demands on material properties
have carried out these inclusion determinations
for decades. Thus, a large amount of
information has been gathered. This is also
used to optimize the steelmaking process before
casting when steel is in liquid state. However,
this is difficult to do with a great accuracy since
no information is available during the
steelmaking. Therefore, steelmakers carry out
special investigations where samples are taken
during different parts of the process and
thereafter the inclusion characteristics is
determined.5-7 This does not provide on-line
information, since the determination of the
inclusion characteristics for a single heat may
take weeks. However, it is the best approach
available today for most steelmakers.

2.1 Micro Inclusion Characteristics

It represents a minor revolution in steelmaking
when a method for determination of micro
inclusion characteristics is being tested on-line
today during steelmaking. The method being
tested is the sparc-induced optical emission
spectroscopy (OES) method and it is developed
at Ovako Steel.2,3 The principle is shown in
Figure 1. A steel sample, taken in liquid steel
(or in finished material) is hit by an electric
discharge. This creates light intensities, which
are divided by a grating into respective
wavelength and detected by separate units for
each element (Al, Mg, Ca, etc). From this
information it is possible to determine the total
oxygen content, size distribution and
composition of inclusions. At the same time, it
is possible to determine the dissolved element
contents.
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Figure 1 The basic principles of the OES
method.

In order to show the usefulness of the method
some examples will be given. Figure 2 shows
the change in micro inclusion content during
the following four production steps: i) at the
ladles arrival to the ASEA-SKF ladle furnace,
ii) before vacuum degassing (after alloying),
iii) after vacuum degassing, and iv) at the end
of the ladle treatment. As can be seen, the
number of inclusions of all sizes decreases
from the beginning of the ladle treatment to
after vacuum degassing. After vacuum
degassing almost no inclusions larger than 6
µm are left in the steel and during the final
treatment period the size distribution stays
almost the same.

Figure 2. The number of inclusions in samples
taken during different parts of the ladle refining
operation.7

Figure 3 shows the inclusion composition in
steel samples taken after deoxidation and alloy
addition but before vacuum degassing. The
steel grade is an aluminum-deoxidized bearing

steel. The inclusions were sorted into the
following groups: i) alumina inclusions (A)
with at least 95% Al2O3, ii) alumina inclusions
with MgO (M-A), iii) alumina inclusions with
CaO (C-A), and iv) alumina inclusions with
both CaO and MgO (C-M-A). From the
information it can be concluded that the
majority of the inclusions are pure alumina
inclusions, which most likely derive from the
deoxidation process. The complex inclusion
containing MgO and CaO might derive as a
result of the alloy with addition or due to
reactions with slag.
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Figure 3. Average composition of different
types of inclusions found before vacuum
degassing8

Currently, the Ovako OES method can only be
used for determination of inclusions up to a size
of approximately 13 µm and it does not account
for the Si content in the inclusions. It also
requires special rapid solidifying sampler. Still,
it represents a major step forward in obtaining
on-line information regarding inclusion
characteristics. It has a great future potential for
improving the steel process so the optimum
steel can be produced to assure the desired
material properties for each customer.

2.2 Macro Inclusion Characteristics

As mentioned earlier, macro inclusions are in
general more harmful to material properties
than micro inclusions. Therefore, it is very
important to decrease the number of macro
inclusions during steelmaking. One problem is
that currently no methods exist to obtain on-
line information of macro inclusions. Another
problem is that the number of macro inclusions
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in steel grades of high cleanness is very small.
However, the few remaining can still be very
harmful to the material properties for steel
products with high demands on performance.
These macro inclusions are very difficult to
find in the LOM, because of the relatively
small sample areas (i.e. 200 mm2). It is also
very unlikely that an inclusion is cut exactly in
the middle when preparing the sample for
microscopic analysis. The classification of
macro inclusions according to the SS111116,
P-type inclusions larger than 22.4 µm, can
account for these difficulties if more than 30
inclusions are found. Then the effect of section
on the determination of the size distribution of
macro inclusions is less pronounced. Therefore,
it is necessary to analyze a large enough sample

Figure 4. The Flowchart describing the LSHR
method.

area, which requires a larger sample volume.
Analyzes of macro inclusions in clean steel
therefore becomes very time consuming.

For the above reasons the liquid sampling and
hot rolling (LSHR) method has been
developed.9,10 It is illustrated in Figure 4. A
special sampler with the dimensions
150x25x15 mm has been developed. This can
be used for sampling in the ladle, tundish or
mold. The sample pin can be used for total
oxygen analysis. The bar can be used for
determination of macro as well as micro
inclusion size and compositions. A new
development is the analysis of the macro
inclusion sizes using an immersed ultrasonic
scanning (US) technique combined with a high
frequency detector. This requires a careful
sample preparation as illustrated in Figure 4,
including deformation of the sample by rolling.
A step that illustrates an advantage with the
method. It is possible to deform the sample at
the same temperature and reduction degree as
for standard samples normally taken in the
rolling mill. Thus, a more realistic comparison
of the inclusion morphology between samples
taken in liquid steel and finished material can
be done.

Figure 5 shows an ultrasonic scanning picture
of a rolled LSHR sample, which has been taken
before vacuum degassing. The grade is bearing
steel of high cleanness. The sample size is 26 x
50 mm and the inspected zone depth is 1.3 mm
in the center part of the sample. The color
corresponding to 100% in the figure has been
set by calibration using a measurement on a
200 µm hole, which has been drilled in a
calibration steel sample. Thus, the typical
inclusion found in the picture is about 30-40
µm. It is also obvious from the figure that the
sample edges give rise to unrealistic indications
of inclusions. It should also be pointed out that
the number of macro inclusions in the steel
sample is very small, which should be expected
in a bearing steel at this stage of the refining
operation.



Future Demands on Ferro Alloys from the Customers in the Steel Industry

- 5 -

Figure 5. Example of ultrasonic scanning of a rolled LSHR sample.10

The use of the LSHR methodology in
combination with immersed ultrasonic scanning
provides new information as compared to when
determining inclusions using LOM. Tests
showed that no inclusions larger than 25 µm
could be found using LOM, despite looking for
hours. However, rather than seing LSHR in
combination with US analysis as a competitive
method to LOM and OES, it should be seen as a
complement. This is illustrated in Figure 6. The
number of inclusions per unit volume is plotted
versus the inclusion size. The inclusions smaller
than 45 µm were analysed by LOM and
classified according to SS111116 and the larger
inclusions with US. The steel samples were
taken at three different stages of the refining
process. Thus, the figure illustrates that it is
possible to receive information on both the
micro and macro inclusion characteristics
during ladle refining.

Finally, it should be once more stressed that the
LSHR method in combination with the US does
not provide on-line information of macro
inclusion sizes. However, as today it is the best
that is available. It can be used for some process
optimization.
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3. DEMANDS ON THE FERROALLOY
INDUSTRY

The discussion of future demands on ferroalloys
is partly based on information gathered in
discussions with representants from the
steelmaking community in August 199611 and
May 2000.

3.1 Today

During the discussions with the personnel at the
steelworks the following general demands on
ferroalloy producers were suggested:

1. More comprehensive analysis of dissolved
elements in ferroalloys. Today, information
often is lacking especially with respect to
impurity and trace elements such as P and
Sb, Sn, Pb and Bi, respectively.

2. Help with optimisation of the storage and
handling systems of ferroalloys at each
steelworks. This is necessary, for example,
to avoid problems of increased moisture in
the ferroalloys during production stops.

3. Information on inclusion characteristics of
the ferroalloys.

There are also additional demands on the
ferroalloy suppliers, which are more specific for
certain steel grades. In general, it is
advantageous to have low or well known
contents of strong deoxidizers such as Al, Ca,
Mg and Ce. It is also necessary to have low
contents of Si in steels where aluminium is the
deoxidiser and low amounts of Al in steels
where silicon is used as deoxidiser. The content
of Ti in ferroalloys should also be kept low for
most steel grades, since Ti will react with C and
N and form hard carbo-nitrides that will
negatively affect material properties such as
fatigue in the finished steel. The P content
should also be kept low since it has a tendency
to migrate to the grain boundaries, which makes
the steel brittle.

3.2 The Ferroalloy Industries Efforts

In many cases the ferroalloy suppliers meet the
first two demands in section 3.1. Information
regarding trace and impurity elements are

supplied in connection with delivery of the
product or on demand. There are also some
cases where steel companies have received help
to optimize the storage and handling systems.
However, due to cut down on personnel in the
steel companies it is very likely that suppliers
of, for example, ferroalloys will have to provide
the knowledge of how to handle the ferroalloys
in the future.

The ferroalloy producers have also studied the
inclusion characteristics for some ferroalloys. A
review of the open literature showed that total
oxygen content, size distribution and
composition of inclusions have been reported
for some ferroalloys, Table 2. These studies
have been carried out to determine the inclusion
characteristics in a particular ferroalloy grade or
compare the inclusion characteristics in
different steel grades. Also, the majority of the
studies have been focused on determining the
inclusion compositions in ferroalloys. Very few
investigations have been aimed at providing
information on inclusion size distributions.

Otot Size Composition
FeCr 12, 13 14, 15 12, 14, 16, 13, 17, 18, 19
FeMn 20, 21 20, 21 19, 20, 21, 22
FeMo 19
FeSi 23, 24 23, 24, 19
FeTi 19, 25
SiMn 26
Table 2. References to literature about
inclusion characteristics in ferroalloys.

One example of a size distribution is shown in
Figure 7. The area fraction of inclusions in
steel samples are plotted as a function of the
carbon content in the ferroalloy. The results are
for laboratory experiments carried out in a 20
kg scale. It is seen that the fraction of inclusions
in the steel decreases with an increased carbon
content in the added FeMn-alloy. Additional
determinations of the inclusion characteristics
in the different FeMn alloys showed that the
inclusion fraction also decreased with an
increased carbon content in the alloy. Thus, the
higher inclusion content in the low-carbon
FeMn also resulted in a higher inclusion content
in the steel.
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Figure 7. The effect of carbon content in FeMn
on inclusion content20.

Another example of determined size
distributions in ferroalloys is shown in Figure
8. Here, the average area-% of inclusions in tool
steels for plastic applications is shown for a
granulated, standard and a high purity FeSi
grade. The high purity FeSi grade contains <
0.03 %Al, 0.04 %Ca, and <0.03 %Ti and the
standard FeSi grade contains less than 1.5
%Al.23

Figure 8. Average area-% of inclusions in tool
steels23.

It is obvious that more studies are needed to get
a comprehensive picture of the inclusion
characteristics in ferroalloys. It is important to
provide information of total oxygen content and
inclusion compositions as well as of micro and
macro inclusion size distributions. In this way,
the demands from the customers in the steel
industry can be met.

3.3 In the Future

It is very likely that in the future very strict
demands on inclusion characteristics in

ferroalloys will be required from the customers
in the steel industry. It is possible that
specifications on inclusion size distributions
and compositions will be a demand, very
similar to the specification of the alloy or
carbon content in the ferroalloys supplied today.

In the future, it will also most likely be a
demand for ferroalloys containing quite many
inclusions, but of a well known specific
composition, and of a lower price. The reason is
that if steelmakers can control the inclusion
characteristics during production better, they
will learn how to handle ferroalloys containing
more inclusions. Therefore, there is a cost
advantage if they can buy cheaper less refined
ferroalloy grades. In order to use these grades,
the majority of the ferroalloy additions will
have to be moved to earlier in the process.
Instead of adding the ferroalloys at the ladle
treatment station, more additions will take place
during tapping from an electric arc furnace or a
converter. In this way inclusions that are
supplied from ferroalloys will have the chance
to get separated to the top slag. Later, this top
slag can be raked away, before a synthetic slag
is added in the ladle treatment station.

The addition of cheaper ferroalloys earlier in
the process is not a new development. It has
happened before in the production of stainless
steel. Stainless steelmakers used to buy a more
refined and more expensive FeCr grade and add
it in the AOD converter. Nowadays, they buy a
cheaper and less refined FeCr grade and add it
in the process step before the AOD, namely the
electric arc furnace.

There is another additional development of
ferroalloys that can be expected in the future.
Namely, cleaner ferroalloy grades containing
few inclusions and of a very specific
composition. They can be more expensive than
ferroalloys on the market today. The use of
these will primarily be for late additions during
ladle refining. One example is if the
specification of an alloy content has not been
met, more needs to be added. Since, this late in
the process the steel is very clean with respect
to inclusions, the extra addition should not be
allowed to contaminate the steel more than
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necessary. If a ferroalloy with a higher inclusion
content is used, additional stirring is necessary
in order to promote the separation of inclusions.
This will result in lower productivity and higher
production costs.

The new and more clean ferroalloys to be
developed can also be used for grain refining of
steel, which is discussed in another paper
presented at the conference.27

4. CONCLUDING REMARKS

The ferroalloy industry has supported research
to increase the knowledge of inclusion
characteristics for some ferroalloys. However,
this needs to be done for all ferroalloys. The
inclusion determination also need to be done on
a regular basis. In principle, it needs to be done
for each heat. In the near future the customers in
the steel industry will expect to receive
information regarding size and composition of
inclusions as a complement to the analyses of
the elements that are dissolved in the ferroalloys
and that are provided today.
It is also possible that the customers in the steel
industry will demand upper and lower
specification limits on inclusion sizes of micro
and macro inclusions as well as compositions.

The new possibilities in the steel industry to
obtain more information of micro and macro
inclusion characteristics can lead to two major
scenarious. The first is that ferroalloys of lower
cost and with a higher but fairly well known
inclusion characteristics will be attractive. This
is under the assumption that they can determine
the inclusion composition after alloy addition
and can compensate for the higher inclusion
content by a process change. That process
change can, for example, be to add the
ferroalloys earlier in the process and prolong
the stirring in order to promote collisions and
removal of inclusions. Secondly, that a very
clean grade of ferroalloy will be demanded with
strict specifications of inclusion characteristics.
This grade is to be used for late additions in the
process when the alloy specification in the steel
is not met. Furthermore, it is for use as grain
refiners.

Finally, it should be pointed out that the
ferroalloy industry still has the time to act to
meet future expected demands from the
customers in the steel industry. Only a few steel
companies have access to the latest technology
to obtain information on inclusion
characteristics. If the ferroalloy industry work
together with these steel companies, which use
the cutting edge technology to gather
information on inclusion characteristics, both
parties will benefit. The majority of the
steelmakers in the world will follow the ones
leading the new development. Therefore, the
ferroalloy industry can be prepared to meet their
future demands when they ask for it.

5. ACKNOWLEDGEMENTS

The authors wish to thank the following persons
for fruitful discussions during this work: M.
Andreasson of Scana Björneborg AB, H. Berg
of Eramet AS, A. Gustafsson of Ovako Steel
AB, M. Göransson of Ovako Steel, T. Hansen
of MEFOS, H. Issal of Uddeholm Tooling AB,
O.S. Klevan of Elkem, G. Runnsjö of Avesta-
Sheffield AB, and O. Sundqvist of Sandvik
Steel AB.

REFERENCES

1. Svensk Standard SS111116. Steel – Method
for Assessment of the Content of Non-
metallic Inclusions. Swedish Institute for
Standards, Jun. (1987), 1-16.

2. Reinholdsson F, Lind A, Nilsson R,
Sjödin P and Jönsson P. A Metallurgical
Tool for Rapid Determination of Micro
Inclusion Characteristics in Bearing Steel
Production. ISIJ Int., (1997), 637-640

3. Reinholdsson F, Jönsson P, Lind A,
Göransson M, Johansson BM and
Nilsson R. Ovako Steel’s Efforts to
Introduce an On-line Technique for
Determination of Inclusion Characteristics
in the ASEA-SKF Ladle during Bearing
Steel Production, Proc. IAS Seminar,
Buenos Aires, Nov. (1997).

4. Göransson M, Reinholdsson F and
Willman K. Evaluation of Liquid Steel
Samples for the Determination of
Microinclusion Characteristics by Spark-



Future Demands on Ferro Alloys from the Customers in the Steel Industry

- 9 -

Induced Optical Emission Spectroscopy,
Iron & Steelmaker, (1999), 53-58.

5. Sjödin P, Jönsson PG, Andreasson M and
Winqvist A. Oxidic Steel Cleanness in
High-carbon Chromium Bearing Steel.
Scand. J. Met., (1997), 41-46.

6. Huet L, Jönsson P and Reinholdsson F. The
Effect of Deoxidation Practise on Inclusion
Characteristics in Bearing Steel Production.
Steel Times Int., (1997), 47-50.

7. Jönsson P, Karlsson L and Reinholdsson F.
The Effect of Final Induction Stirring
Practice on Inclusion Characteristics in
Bearing Steel Production. Proc. Clean Steel
Conf., Hungary, (1997), 218-226.

8. Göransson MK, Leray U and Andersson M.
The Influence of Top-Slag Composition on
Inclusion characteristics in Bearing-Steel
Production, Proc. 6th Int. Conf. Molten,
Slags, fluxes and Salts, Stockholm-Helsinki,
June (2000).

9. Hansen T, Jönsson P, Törresvoll K and
Wahlberg B. The LSHR Method for
Determining Inclusion Characteristics
During Steelmaking and Casting. Proc. 5th

Int. Conf. On Progress in Analyt. Chem.,
Luxemburg, (1998).

10. Hansen T, Jönsson P, Törresvoll K and
Runnsjö G. The LSHR Method for
Determining Inclusion Characteristics
During Steelmaking and Casting.Proc. 83rd

Steelmaking Conf., Pittsburgh, Mar. (2000),
207-217.

11. Persson F. Ferroalloys and their Influence
on Slag Cleanliness of Steel. Div. of process
Metallurgy, KTH, TRITA-TPM 11/96, Aug.
(1996).

12. Schöberl A and Straube H. Über den
Einfluß oxydischer Verunreinigugnen im
Ferrochrom auf den Reinheitsgrad
chromreicher Stähle, Radex-Rundschau,
1 (1966), 35-49.

13. Retelsdorf HJ, Reinhard H, Winterhager, H.
Type of Inclusion and the Phase Structure of
High-Carbon Iron-Chromium Alloys,
Metall, 1 (1970), 33-40.

14. Landova J, Skalova M and Stransky K.
Inclusion Content, Morphology and
Analysis of Some Phases in Ferrochromium,
Hutnicke Listy, 35 (1980), 541-549.

15. Kosan V, Kuncl F and Ricl P. Micropurity
and Microstructure of Ferrochromium and
Ferrotitanium in Application to Pure Steel
Production, Hutnicke Listy, 38 (1983),
36-41.

16. Retelsdorf HJ, Reinhard H and
Winterhager H. The Nature of Inclusions
and Structure of Technically Produced
Ferro-Chromium Alloys Having High
Carbon Contents, METALL, 23 (1969),
459-463.

17. Metcalfe B and Slatter D. Desulphurization
of High-C Ferro-Cr by Addition of Reactive
Materials, Ironmaking Steelmaking,
5 (1978), 103-106.

18. Metcalfe B, Fernandes TRC and
Thirlwall JJ: Electron Microprobe
Investigation of Sulphide Inclusions in
High-Carbon Ferrochromium, Met.
Technol., 7 (1980), 317-322.

19. Balbi M and Caironi G. Non metallic
inclusions in ferroalloys used in stainless
steel manufacture, Avesta Stainless
Bulletin, no. 4 (1982), 14-19.

20. Sjöqvist T. Effect of Ferromanganese and
Calcium Carbide Additions on Inclusion
Characteristics in Steel. Lic. Thesis, Dept.
of Metallurgy, KTH, TRITA-MET 045,
(1999).

21. Sjöqvist S and Jönsson P. Effect of
ferromanganese additions on inclusion
characteristics in steel, 57th Electric
Furnace Conference, 57 (1999), 383-392.

22. Balbi M, Silva G and Roja R. Contribution
to the knowledge about non-metallic
inclusions in ferrometallurgical products
and manganese alloyed steels, La Fonderia
Italiana, no. 11 (1975), 350-352.

23. Wijk O and Brabie V. The purity of
ferrosilicon and its influence on inclusion
cleanliness of steel, ISIJ International
(Japan), Suppl. Science and Technology of
Steelmaking, 36 (1996), 132-135.

24. Tuset JKS. The Refining of Silicon and
Ferrosilicon, Infacon 6, 1 (1992).

25. Balbi M, Zoja R, Borile F, Giometto C and
Masi A. Non-Metallic Inclusions in Iron and
Steel Products--Ferro-Ti as a Source, Met.
Ital., 10 (1972), 459-469.

26. Hoel EG and Tuset JK. Solidification of MC
SiMn segregation, structures and strength,



Future Demands on Ferro Alloys from the Customers in the Steel Industry

- 10 -

8th International Ferroalloys Congress,
(1998)

27. Grong Ö, Jönsson P and Klevan OS. The
Future Role of Ferroalloys in iron and
Steel. Proc. Infacon 9 Conf., Quebec.



TRITA-MET 039

Inclusions in Commercial Low and
Medium Carbon Ferromanganese

Thobias Sjöqvist, Pär Jönsson and Öystein Grong

STOCKHOLM
August 1999

DEPARTMENT OF METALLURGY
ROYAL INSTITUTE OF TECHNOLOGY
SE - 10044 STOCKHOLM



Inclusions in Commercial Low and Medium Carbon
Ferromanganese

THOBIAS SJÖQVIST, PÄR JÖNSSON, and ÖYSTEIN GRONG

The microstructures of commercial low and medium carbon ferromanganese have been studied by
optical microscopy and electron microprobe techniques. Element analysis and mapping have been
performed on impurities in the matrix and nonmetallic inclusions present. The results show that the
most common nonmetallic inclusion is manganese oxide, followed by complex compounds of manga-
nese oxide, silicon oxide, and manganese sulfide. The different inclusions have been assessed according
to the SS 111116 method. It follows that over 85 pct of the present nonmetallic inclusions are
manganese oxides and that the amount of manganese oxide inclusions is inversely proportional to
the carbon content in standard refined ferromanganese.

I. INTRODUCTION II. METHODS AND PREPARATIONS

A. SamplingFERROALLOYS are commonly used in the steel man-
ufacturing industry to alloy or deoxidize the steel. Experi- Considering that the aim of the study was to examine the
ence shows that the additions of ferroalloys influence the quality of ferromanganese reaching the customers, sampling
cleanliness of the steel, and hence the material properties of were made from cast ferromanganese after cooling. Sam-
the end product.[1] To determine the influence of different pling were made at Elkem’s production sites in Norway. All
alloys, controlled alloying experiments are necessary. Such samples were collected in the form of solid pieces from
experiments have been performed with ferrochromium[2] and cast material.
ferrosilicon,[3] but are lacking for ferromanganese. Before
establishing the influence of ferromanganese on steel clean-

B. Chemical Analysisness, it is essential to obtain relevant information about
the microstructure and, in particular, impurity elements and From each sample, three pieces were taken. One was used
inclusions present in ferromanganese. for chemical analysis and the other two for microscopic

In a study of carbide formation in commercial high carbon examination. The chemical analyses were made on 50 g of
ferromanganese with typically maximum 6 wt pct C, Mihok each sample using two different methods. These samples
et al.[4,5] showed that carbides mainly precipitate as small were analyzed for C and S by combustion using a LECO*
irregular particles at low cooling rates. Balbi et al.[6,7] investi-

*LECO is a trademark of LECO Corporation, St. Joseph, Ml.gated nonmetallic inclusions present in commercial ferro-
manganese containing up to 7.4 wt pct C, concluding that

CS444 unit with a relative accuracy of �1 and �10 pct,MnO and SiO2 inclusions are the most common ones. Fur-
respectively. A LECO TC136 unit was used to analyze Othermore, they state that SiO2 inclusions are in majority
and N with a relative accuracy of about �5 pct. Thewhen the silicon content is above 1 wt pct.
remaining part of the sample was crushed, ground, andThese investigations have concentrated on high carbon
pressed into a disc suitable for X-ray fluorescence analysis.ferromanganese with high contents of silicon, rather than
Thereafter, the contents of Mn, Fe, Al, Mg, Ca, Si, and Pon low and medium carbon ferromanganese. The present were determined.

investigation aims to extend the knowledge about the micro-
structure of commercial low carbon (maximum 0.5 wt pct
C), denoted LC, and medium carbon (maximum 1.5 wt pct C. Sample Preparation
C), denoted MC, ferromanganese with emphasis on inclu-

After chemical analysis, the remaining pieces of eachsions present. Therefore, the presented results include char-
sample were manually crushed to a size more suitable foracterization and counting of inclusions present in six
microscopic investigations, e.g., 10 to 15 mm. These smallerqualities of ferro-manganese.
pieces were then encapsulated in cold-hardening plastic and
subsequently polished. Two different techniques of polishing
were used. Initially, silicon carbide paper was used. This
resulted in an uneven surface; all pores were apparently
enlarged by this technique, e.g., by chipping. Later, a dia-THOBIAS SJÖQVIST, Doctoral Student, and PÄR JÖNSSON, Professor,

are with the Department of Materials Science and Engineering, Division mond-polishing disc was used, and this resulted in a much
of Metallurgy, Royal Institute of Technology, SE-10044, Stockholm. smoother surface, with fewer large pores. Polishing was
ÖYSTEIN GRONG, Professor, is with the Department of Materials Tech- done down to 10 �m either on silicon carbide paper ornology and Electrochemistry, Norwegian University of Science and Tech-

diamond polishing disc. Then a textile disc and diamondnology, N-7491 Trondheim, Norway.
Manuscript submitted March 13, 2000. spray was used until the surface had no marks from the
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previous polishing step. This was done down to a surface Table I presents the chemical analysis of all samples studied.
The presented values for oxygen and nitrogen are averagesfinish of 3 �m. After completed polishing, the samples were

stored in a dessicator with a moisture absorbing agent. of six different analyses. All other element contents given
in Table I are averages from three analyses.

Samples A to F were taken for both the present study
D. Inclusion Assessment and a forthcoming study on the effect of ferromanganese

additions on inclusion characteristics in steel.[11] From theAssessment of the inclusions in all samples has been
performed according to the Swedish standard SS 111116 results presented in Table I, it is obvious that the oxygen

content fluctuates considerably depending on the type ofmethod.[8] This method was developed to ensure that all
operators counting inclusions from the same sample would ferromanganese grade studied. This, in turn, suggests that

samples A and B will contain more oxide inclusions thanobtain the same results.[9,10] When using this method, all
inclusions are characterized by their geometry and size samples C to F. However, it is difficult to obtain representa-

tive oxygen analyses from as-cast ferromanganese samples,according to a picture chart presented in the SS 111116.[8]

Geometrically, there are four classes, from A to D. However, as these are porous and thus have a high contribution of
oxygen from surface oxidation. Here, the oxygen data inall inclusions were noted as class D in this investigation. In

this class, all inclusions are considered spherical and their Table I do only partly reflect the inclusion level in the
different ferromanganese grades.respective sizes are classified into one of four size categories

according to inclusion diameter. Size category T comprises The nitrogen solubilities reported by Raghavan[12] for liq-
uid and austenitic binary iron-manganese alloy with manga-diameters between 3.4 and 6.7 �m, M diameters between

6.7 and 13.4 �m, and H diameters between 13.4 and 26.9 nese content of 80 wt pct are about 0.86 wt pct N (1550
�C) and 2.0 wt pct N (1200 �C), respectively. Since the�m. For inclusions with a diameter larger than 26.9 �m, a

special category, P, is used. nitrogen content in all samples is much lower, it is reasonable
to assume that nitrides do not form in the present samples.A computer software named “PC MIC” was used to assess

the collected data. This program allows the user to set the
visual field diameter, the number of scale divisions within

B. Identification of Inclusionsthe visual field diameter, and magnification. Throughout
the investigation, the light optical microscope was set to a Before assessing the area fraction and number of inclu-
magnification of 100 times and 160 scale parts were used sions per square millimeter in the samples, the different
in a visual field of 1.9 mm. After the inclusions in a given types of inclusions present in the ferromanganese samples
sample had been assessed, the program calculated the charac- were identified. Many of these samples contained a high
teristic parameters for the different geometrical classes of degree of pores and other components, which belong to
inclusions according to the algorithms presented in SS the iron-manganese matrix. While the optical microscopic
111116.[8] Parameters used in this study are the number and investigation only revealed the number of inclusions present,
area percentage per square millimeter of the geometrical microprobe analysis also made it possible to accurately
class D inclusions. Finally, the inclusions were analyzed determine the constituent elements of the different inclu-
using a JEOL* JXA-8900M WD/ED combined microprobe. sions. Microprobe analysis was performed on different inclu-

sions with respect to the content of several elements. Element*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
mapping was later done for manganese, silicon, oxygen,

The analysis of the inclusions included both qualitative anal- carbon, iron, and sulfur.
ysis (element mapping) and quantitative microarea analysis.

1. Manganese oxide
Inclusions composed of manganese and oxygen were

III. RESULTS found in all ferromanganese samples studied. In the optical
microscope, they appear as medium gray particles, either

A. Element Analyses with a crystalline rhombic shape or a dendritic morphology.
Their size varies typically between 3 to 180 �m. Figure 1In the following, the results from studies of industrially

produced LC and MC ferromanganese will be presented. shows an element mapping of a dendritic manganese oxide

Table I. Sample Compositions of LC and MC Ferromanganese from Elkem, Norway (All Contents Are Given in Weight
Percent)

Number Grade Mn Fe C S O N P Al Si Cr

A LC 0.5 pct C 79.6 17.7 0.34 0.004 1.11 0.14 0.17 0.05 0.01 0.08
B MC 1.0 pct C 81.1 16.5 0.77 0.004 0.89 0.07 0.17 0.03 0.12 0.05
C MC 1.5 pct C 81.5 15.9 1.52 0.003 0.01 0.07 0.16 0.03 0.04 0.06
D MC 1.5 pct C* 81.0 16.1 1.38 0.003 0.02 0.07 0.16 0.03 0.39 0.04
E LC 0.5 pct C* 81.4 17.3 0.48 0.003 0.04 0.04 0.16 0.04 0.32 0.17
F MC 1.5 pct C* 80.6 16.8 1.41 0.003 0.12 0.06 0.16 0.02 0.29 0.10

*Low oxygen ferromanganese.
The elements Ca, Mg, and Ti were detected in all samples with contents below 0.01 wt pct, while V, Ni, As, and Cu were also present,

but with contents below 0.05 wt pct.
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inclusion in MC ferromanganese (sample B). Evidently, the both in the optical microscope as well as in the element
mappings.iron, silicon, and carbon contents are lower in the inclusion

than in the matrix, while the oxygen content is much higher. Presented in Figure 2 is the element mapping of a rhombic-
shaped manganese oxide present in MC ferromanganeseQuantitative analyses of dendritic manganese oxides, as pre-

sented in Table II, support this conclusion and show that it (sample C). Similar to the dendritic oxide, the rhombic oxide
shows the characteristic peak in oxygen intensity in thecontains less than 0.33 pct of elements other than manganese

and oxygen. inclusion combined with a corresponding lowered intensity
for iron, silicon, and carbon. Moreover, in the lower part ofConsidering that the oxygen content is slightly higher

than 50 at. pct, it is possible that higher order manganese the element mapping in Figure 2, both silicon and carbon
show an increased intensity, indicating a silicon carbideoxides are present in the inclusion. However, there is no

other evidence that supports the presence of a second phase compound. Considering that the size is about 6 �m, it is
not very likely that the carbide originates from the samplein manganese oxide inclusions. On the contrary, all manga-

nese oxides examined reveal a uniformly colored surface

Fig. 1—Element mapping of dendrite-shaped manganese oxide found in Fig. 2—Element mapping of a rhombic-shaped manganese oxide present
in MC ferromanganese, sample C. The average composition of this inclusionMC ferromanganese, sample B. The average composition of this inclusion

is 48.5 pct Mn and 51.2 pct O. is 47.8 at. pct Mn and 51.3 at. pct O.

Table II. Element Analyses in Atomic Percent of Dendritic Shaped Manganese Oxide Inclusions

Analysis Number Mn Fe Al Mg Si O S P At. Pct Total Wt Pct Total

1 48.6 0.25 0.03 0.02 0.02 51.1 0.01 0.00 100 100.4
2 48.4 0.24 0.01 0.01 0.01 51.3 0.00 0.00 100 99.2
3 48.5 0.25 0.02 0.00 0.01 51.2 0.00 0.00 100 99.7
4 48.1 0.22 0.04 0.03 0.00 51.6 0.00 0.00 100 99.6
5 48.7 0.24 0.00 0.01 0.00 51.0 0.01 0.00 100 100.4

Minimum 48.1 0.22 0.00 0.00 0.00 51.0 0.00 0.00 — 99.2
Maximum 48.7 0.25 0.04 0.03 0.02 51.6 0.01 0.00 — 100.4
Average 48.5 0.24 0.02 0.01 0.01 51.3 0.00 0.00 — 99.8

Standard deviation 0.2 0.01 0.01 0.01 0.01 0.2 0.00 0.00 — 0.5
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Table III. Element Analyses in Atomic Percent of Rhombic Shaped Manganese Oxide Inclusions

Analysis Number Mn Fe Al Mg Si O Ti V Cr At. Pct Total Wt Pct Total

1 48.5 0.19 0.03 0.00 0.03 51.1 0.12 0.02 0.05 100 95.2
2 49.2 0.15 0.03 0.00 0.03 50.4 0.11 0.03 0.04 100 94.8
3 46.4 0.21 0.10 0.00 0.93 52.2 0.11 0.03 0.07 100 95.0
4 48.6 0.18 0.02 0.01 0.10 50.7 0.29 0.03 0.05 100 100.6
5 47.4 0.27 0.17 0.01 0.42 51.4 0.24 0.03 0.06 100 98.4
6 46.3 0.16 0.04 0.02 0.55 52.6 0.21 0.05 0.07 100 97.7
7 48.3 0.14 0.03 0.00 0.32 50.9 0.24 0.05 0.06 100 96.4

Minimum 46.3 0.14 0.02 0.00 0.03 50.4 0.11 0.02 0.04 — 94.8
Maximum 49.2 0.27 0.17 0.02 0.93 52.6 0.29 0.05 0.07 — 100.6
Average 47.8 0.19 0.06 0.01 0.34 51.3 0.19 0.03 0.06 — 96.9

Standard deviation 1.0 0.04 0.05 0.01 0.31 0.7 0.07 0.01 0.01 — 2.0

preparation, although silicon carbide papers were used dur-
ing the sample preparation. Therefore, it is concluded that
this is an endogenous silicon carbide inclusion.

Table III presents the results of microprobe analyses of
inclusions similar to the inclusion displayed in Figure 2. A
comparison between Tables II and III shows that dendritic
and rhombic inclusions contain different levels of constitu-
tive elements. For example, the silicon content of the rhom-
bic oxide is higher compared with the dendritic oxide.

Inclusions in commercial LC, MC, and HC (0.8 to 6.1
wt pct C) ferromanganese have also been studied by Balbi
et al.[6,7] While the results from their investigations reveal
the presence of single and groups of rhombic manganese
oxides, they state that these inclusions are common only in
samples with a silicon content between 0.3 to 0.5 wt pct.
In samples with higher silicon contents, manganese oxides
are rare or not present. In addition, they state that if the
silicon content is high, transparent silicon oxysulfides are Fig. 3—Example of an inclusion containing MnS and MnO-SiO2-MnS

found in MC ferromanganese, sample C.formed instead of manganese oxides.
Considering the results presented by Balbi et al.[6,7]

combined with the results of the present investigation, the
following sequence of manganese oxide formation in ferro-

dark gray ring contains 11.8 pct Si, 3.3 pct S, 49.4 pct O,manganese is suggested. At silicon contents below 0.3 wt
and 35.0 pct Mn. Evidently, the center of this inclusionpct, both dendritic and rhombic oxides may form. When the
consists of nearly pure manganese sulfide.content increases to somewhere between 0.3 and 0.5 wt pct

In order to compare the approximate melting points ofSi, only rhombic oxide inclusions may form. Finally, for
silicon contents above 0.5 wt pct, the inclusions formed are the two phases, the composition of the outer ring is recalcul-
rarely pure manganese oxides, but instead complex com- ated into contents of SiO2, MnO, and MnS. This gives a
pounds containing Mn, Si, S, and O. Furthermore, it is composition of about 29 pct SiO2, 63 pct MnO, and 8 pct
suggested that the dendritic manganese oxides form at the MnS. Discarding the sulfide content gives a compound with
end of solidification. If the dendrites form earlier, transfor- the composition of about 68 pct MnO and 32 pct SiO2.
mation to a spherical shape is more probable due to the According to the phase diagram of MnO-SiO2,[13] this com-
driving force provided by a decreased surface area. pound has a melting point of approximately 1350 �C. This

value should be compared to the melting point for pure MnS,2. Manganese sulfide
which is 1657 �C.[13] Considering that pure MnS has a higherManganese sulfides in ferromanganese are easily detected
melting point than the surrounding compound, it is suggestedin optical microscope by their characteristic light gray color.
that manganese sulfide is the primary precipitation in thisThese have been found present either as a separate phase in
inclusion followed by the formation of complex (Mn, Si, O,conjunction with another inclusion or as a constituent phase
S) at some lower temperature.in a complex or compound of MnO, SiO2, and MnS. In

addition, some very small MnS inclusions were detected in
3. Complex inclusionsthe light microscope. Unfortunately, these are too small to
As discussed in the previous section, manganese andbe analyzed with microprobe.

oxygen are present not only as pure manganese oxides butPresented in Figure 3 is an inclusion containing the two
also as complex inclusions containing other elements. Thesephases MnS and (Mn, Si, O, S) present in MC ferromanga-
complex inclusions have been detected to some extent in allnese (sample C). Microprobe analyses reveal that the light

gray center contains 50.2 pct Mn and 49.6 pct S, and the grades studied with a size typically between 3 to 20 �m.
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pct. Phosphorous was also analyzed, resulting in less than
0.01 at. pct.

While a number of complex inclusions have been found,
most of these are not the apparent result of collision as the
inclusion presented in Figure 5. This particular inclusion is
an agglomerate of a manganese oxide and a MnO-SiO2-
MnS inclusion. The analysis of the single-phase manganese
oxide in this inclusion corresponds to that of a single manga-
nese oxide, i.e., about 50 at. pct Mn and 50 at. pct. O.

Balbi et al.[6,7] have previously reported complex inclu-
sions with a composition and morphology similar to the
complexes discovered in this investigation. Their investiga-
tion discovered two main morphologies of silicate inclu-
sions: single phase and amorphous. While the amorphous
silicate was reported to be rare, the amount of single-phase
silicates followed the silicon content. In the present investi-
gation, no such relationship has been established by studies
in either optical microscope or microprobe. The samples
studied in this investigation contained between 0.06 to 0.39
wt pct Si, while the samples in Balbi’s investigation con-
tained between 0.34 to 1.83 wt pct Si. Therefore, it is proba-
ble that the relationship described by Balbi et al. does not
hold at very low silicon levels.

C. Inclusion Assessment

Using the SS 111116 method, the amount and fraction
of inclusions per square millimeter have been assessed for
samples A to F. In the following, it has been assumed that
the measured area fraction of inclusions is equal to the
volume fraction. Figure 6 presents the average of results
obtained for each sample, and Table V includes the results
obtained for each of the samples.

Fig. 4—Element mapping of complex inclusion containing Mn, Si, O, and Apparently, the volume fraction of inclusions inversely
S present in LC ferromanganese, sample A.

follows the carbon content of the sample in the studied
standard refined ferromanganese grades, grades A to C. Fur-
thermore, large-sized inclusions (DH) contribute to almost
half of the total volume fraction of inclusions in samples AAll analyzed complex inclusions contain the constituent ele-

ments Mn, Si, O, and S, including inclusions that have been and B, while they are rare or absent in the other samples.
Combining the results from Figure 6 with Table I revealsformed either by collision or precipitation.

Complex inclusions have been found with two different that the samples of commercial ferromanganese with a total
oxygen content less than 0.12 wt pct (samples C to F) containcharacteristic morphologies. Some of these appear to be

single-phase inclusions, whereas others are multiphase parti- only a small number of inclusions larger than 6.7 �m. Also,
small inclusions between 3.4 and 6.7 �m are present in allcles. In the latter case, two distinct phases are clearly present,

i.e., MnO-SiO2 and MnO-MnS. Figure 4 presents an example samples and provide a large contribution to the volume
fraction of inclusions in samples with a total oxygen contentof such a multiphase inclusion present in LC ferromanganese

(sample A). less than 0.12 wt pct. Studies on the ternary system Fe-Mn-
O report an oxygen solubility between 0.03 and 0.08 wt pctDuring analysis of different locations within a number of

inclusions, it was found that the color of each area indicates in liquid ferromanganese with about 80 wt pct Mn.[14,15]

Considering the solubility of oxygen and the total oxygendifferent levels of silicon and sulfur. Therefore, microprobe
analyses of these differently colored areas in several multi- content in some of the ferromanganese grades studied, it is

almost certain that the inclusions in ferromanganese withphase inclusions have been performed. Results from these
analyses are presented in Table IV. Apparently, the silicon, an oxygen content above 0.1 wt pct (sample A and B) have

formed in the liquid melt. Thereafter, these are also allowedoxygen, and sulfur content fluctuate considerably between
different inclusions. However, the silicon and oxygen con- to grow during solidification, which, in turn, is indicated

by the amount of larger sized inclusions present in hightents are lower in the light gray areas compared to the dark
gray or black areas. Correspondingly, the manganese and oxygen ferromanganese.

A further characterization of the inclusions includes asulfur contents are higher in the dark gray or black areas
compared to the light gray areas. This indicates that the light comparison between the mean diameter and total oxygen

and carbon content. The mean diameter of inclusions in eachgray areas mainly consist of MnO and MnS, while the dark
gray areas mainly consist of SiO2 and MnO. It should be sample was calculated by assuming that the average size in

each category was representative. That is, inclusionsnoted that Mg, Ti, Ni, Cu, and Co also have been analyzed,
but the levels of these elements are typically below 0.03 at. between 3.4 and 6.7 �m were all assumed to have a diameter
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Table IV. Element Analysis of Different Areas in Several Different MnO-MnS-SiO2 Inclusions

Light Gray Areas in Complex Inclusions

Number Si S O Mn Al Fe At. Pct Total Wt Pct Total

1 0.15 27.52 21.41 49.69 0.88 0.34 100.0 96.29
2 0.16 27.44 21.51 50.20 0.50 0.19 100.0 95.73
3 0.49 24.12 25.52 48.55 1.07 0.24 100.0 94.93
4 1.11 21.32 27.69 47.79 1.81 0.28 100.0 94.81
5 1.67 30.96 17.29 49.67 0.14 0.21 99.9 89.90
6 3.33 24.61 24.58 47.16 0.16 0.17 100.0 90.84
7 2.87 24.41 25.35 46.90 0.18 0.23 99.9 92.18

Average 1.4 25.8 23.3 48.6 0.7 0.2 — —

Dark Gray Areas in Complex Inclusions

Number Si S O Mn Al Fe At. Pct Total Wt Pct Total

8 5.30 18.92 31.94 42.63 1.00 0.21 100.0 93.23
9 5.91 12.92 45.38 33.93 1.67 0.16 100.0 94.11

10 13.19 5.46 48.89 31.97 0.29 0.15 100.0 92.93
11 15.71 0.70 52.37 31.00 0.02 0.21 100.0 88.54

Average 10.0 9.5 44.6 34.9 0.7 0.2 — —

Fig. 6—Volume fraction inclusions in six different grades of LC and
MC FeMn.

Figure 7 is a comparison between the mean diameter of
inclusions and the total oxygen content of the sample. The
bars from each point represent the distribution of the results
obtained from assessing the inclusions. Figure 7 shows that
there is a direct relationship between the mean diameter and
the total oxygen content, indicating correspondence between
the oxygen analyses and the inclusion content.

It is also possible to observe a similar trend in a compari-
son between the mean diameter of present inclusions and
carbon content of the sample. This is presented in Figure 8.
These results have been divided into two groups; the lower
group represented by a dotted line (samples D to F) has
been treated to decrease the oxygen content, while the upper
group represented by a dashed line (samples A to C) has
not. Since there is a clear difference in mean diameter

Fig. 5—Element mapping of agglomerated MnO and MnO-SiO2-MnS between treated and not treated ferromanganese, it is hereby
inclusions present in MC ferromanganese, sample B. suggested that this treatment changes the composition and/

or morphology, and thereby density, of the inclusions, so
that the inclusion removal rate increases. As a result, only
smaller sized inclusions remain in treated ferromanganese.of 5.05 �m. Subsequently, this mean diameter was multiplied

by the number of inclusions in that size category and a mean This is further supported by the results previously presented
in Figure 6, where the samples D to F represent the gradesdiameter for the entire sample was obtained. Presented in
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Table V. Results from Inclusion Assessment of Commercial LC and MC FeMn

DT DM DH DP

Sample Number Number Number Number
Number Area (Pct) (mm2) Area (Pct) (mm2) Area (Pct) (mm2) Area (Pct) (mm2)

A-1 0.077 10.8 0.51 17.9 0.97 8.6 0.47 1.2
A-2 0.028 4.0 0.37 13.2 0.74 6.2 0.22 0.42
B-1 0.027 3.7 0.13 4.7 0.18 1.6 0 0
B-2 0.041 5.8 0.20 7.0 0.16 1.4 0.11 0.21
C-1 0.004 2.4 0.012 1.7 0.0094 0.33 0 0
C-2 0.010 1.3 0.016 0.50 0.010 0.081 0 0
D-1 0.032 4.5 0.024 0.84 0.0015 0.013 0 0
D-2 0.030 4.2 0.015 0.53 0.0014 0.012 0 0
E-1 0.017 2.2 0.031 1.0 0.0006 0.0046 0 0
E-2 0.009 1.3 0.018 0.65 0.0052 0.046 0 0
F-1 0.018 2.3 0.010 0.32 0 0 0 0
F-2 0.027 3.8 0.019 0.66 0.0007 0.0061 0 0

Fig. 8—Inclusion mean diameter as a function of the carbon content of
Fig. 7—Inclusion mean diameter as a function of the total oxygen content the sample.
of the sample.

spherical. These complexes had three main constituent
phases, including manganese oxide, silicon oxide, and man-with the lowest total oxygen content. These results indicate

that treating ferromanganese to reduce the oxide content not ganese sulfide. No other significant phases could be detected
in any of the analyzed inclusions.only decreases the number of inclusions but also reduces

the mean diameter. It is reasonable to assume that this rela- Manganese sulfide was frequently present in complex
inclusions and at the surface of manganese oxides, but rarelytionship will have impact on the influence on the inclusions

in steel. as single inclusions. In the latter case, they were always
smaller than about 3 �m.

Results from using the SS 111116 method show that the
IV. CONCLUSIONS dendritic manganese oxides are in majority among inclusions

in ferromanganese, followed by rhombic oxides and complexThis investigation has shown that two different configura-
tions of manganese oxide inclusions may be present in com- inclusions. Also, the volume fraction of inclusions follows

an inverse relationship with the carbon content of the sample.mercial LC and MC ferromanganese. The two configurations
include the dendritic and the previously reported[6,7] rhombic This relationship is most evident in standard refined ferro-

manganese, grades A to C. Furthermore, the complex inclu-oxide. It was also shown that nearly pure MnO constituted
the dendritic oxide, while the rhombic oxide was found to sions contribute to less than 15 pct of the total number of

inclusions, with most of them being smaller than 6.7 �m,have a higher content of silicon and aluminum. This implies
that a higher degree of local contamination might result in and rarely larger.

A direct linear relationship between the total oxygen con-a rhombic oxide rather than a dendritic type.
Single- or multiphase complex inclusions were also pres- tent and the inclusion mean diameter has been established,

as would be expected if the oxygen analyses reflect theent in all samples examined, with a majority of these being
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Inclusions in Commercial High-Carbon Ferrochromium

Thobias Sjöqvist and Pär Jönsson

Division of Metallurgy, Department of Materials Science and Engineering,
Royal Institute of Technology, SE10044 Stockholm, Sweden

ABSTRACT

Inclusions present in commercial high-carbon ferrochromium have been studied.

In addition, a standard high-carbon grade has been compared to a low

phosphorous grade. The number of inclusions per area unit was assessed

according to the Swedish Standard SS111116 using a light optical microscope.

Element analyses and mappings were made with an electron microprobe unit.

Results show that high-carbon ferrochromium contain a large amount of

inclusions compared to ferromanganese. Furthermore, the low-phosphorous

grade contained more small-sized inclusions compared to the normal high-carbon

grade. The results from element analysis show that the three most common

types of inclusions are, in order, chrome-titanium carbonitrides, manganese

sulphides and aluminium oxides. Of these three main types, the chrome-titanium

carbonitrides are in majority of the present inclusions. Although some

manganese sulphides were found as singular inclusions, most of these were

present as precipitations on the surface of another inclusion. It was also

established that ferrochromium features chromium-rich and iron-rich regions in

the matrix. In addition, the inclusions were exclusively located in the iron-rich

regions.
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1. INTRODUCTION

Ferrochromium is commonly used as an alloying agent in steel production. For

example in production of tool steel, stainless steel and bearing steel. Increasing

requirements on the material properties of the steel will in a near future result

in demands on a more controlled process environment. For producers of clean

steels this means that, for instance, alloying additions will have to be controlled

with respect to inclusion content and chemistry. Furthermore, the actual

influence of ferroalloy additions on the inclusions in steel will also have to be

investigated. These investigations should be performed in both laboratory and

production environment. The aim of this study is to lay a knowledge foundation

upon which such experiments can be done.

Earlier studies have shown that there exists many different types of inclusions in

ferrochromium.[1-11] As an example, Balbi et al. studied low-carbon grades and

reported that chromium oxides and manganese sulphides were present.[1] They

also found silicates and complex oxy-sulphides in their samples. In a study on

high-carbon ferrochromium, Retelsdorf et al.[6] showed that different types of Cr-

Mn spinels were present depending on the silicon content in the alloy. At high

silicon contents, above 0.7 wt-%, spherical Cr-Mn-Si spinels were predominant.

Formation of sulphides in synthetic Cr-Fe alloys was studied by Koloyartsev and

Rusakov.[5] They suggested that sulphide inclusions in industrial ferrochromium

should consist mainly of the Cr5S6 phase with small amounts of iron sulphide

present. If the manganese content in the alloy exceeds 5 wt-%, the sulphide

phase should instead be α -MnS. This is in agreement with the results in a study

done by Metcalfe et al.[2] on industrial high-carbon ferrochromium with a

manganese content of about 0.18 wt-%. Their results showed that the present

sulphides essentially had two different configurations, Mn2CrS3 and MnCr2S3.

The inclusion content in ferrochromium have also been investigated by Topchii et

al.[3,4] They showed that a low-carbon alloy with 0.1 wt-% Si had a lower
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inclusion content compared to an alloy with 1.5 wt-% Si.[4] Furthermore, it was

shown that the content of inclusions was highest at the top of the ingot and

lowest in the centre.

The above mentioned investigations have been concentrated on ferrochromium

with low contents of silicon, i.e. 0.1 to 1.5 wt-% Si, and mostly on low-carbon

ferrochromium. Therefore, the present study is concentrated on high-carbon

ferrochromium alloys containing 1.9 to 5.6 wt-% Si. Alloy samples have been

analysed in optical and electron microscope with respect to size distribution and

chemistry, including element mappings.
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2. METHODS AND PREPARATION

Two different industrially produced high-carbon ferrochromium grades were

sampled after casting and crushing. The chemical analysis of the samples is

presented in Table 1. The first alloy is a normal high-carbon ferrochromium

(HC FeCr) and the second is a low-phosphorous high-carbon ferrochromium

(LP FeCr). Three samples from each of these grades were studied.

Before optical and scanning electron microscope examination, the samples were

encapsulated in a conducting phenolic mounting compound, Buehler®

Konductomet® I. The surface was then grinded and subsequently polished to a

surface finish of 1 µm.

The inclusion assessment was conducted according to the Swedish Standard

SS 111116.[12-14] Since the majority of the inclusions were nearly spherical, only

class D was used in this investigation. In this class, all inclusions are considered

as being spherical. All inclusions are also categorised by size. Size category T

includes inclusions with diameters between 2.8 and 5.6 µm, M with diameters

between 5.7 and 11.2 µm, and H diameters between 11.3 and 22.6 µm. For

inclusions with a diameter larger than 22.6 µm a special category, P for

particular, is used. These are individually assessed with respect to size.

A computer software, PC-MIC©, was used to calculate the different inclusion

characteristics, including size distribution and area fraction of inclusions. These

calculations are performed according to the algorithms described in the Swedish

standard SS 111116.[12] During the present investigation the magnification was

200 times with a visual field diameter of 0.8 mm.

Table 1. Chemical analyses of the studied ferrochromium in wt-%

Element Cr Si C S P Mn Ti Ni V N O Fe

HC FeCr 59.7 5.57 7.48 0.012 0.017 0.29 0.28 0.3 0.13 0.02 0.02 26.1
LP FeCr 62 1.89 7.33 0.028 0.01 0.18 0.13 0.37 0.13 0.043 0.21 27.7
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Analyses of inclusions were performed using a combined electron microprobe

unit, JEOL JXA-8900M WD/ED. WD denotes Wavelength Dispersive and ED

denotes Energy Dispersive analytical technique. These analyses included both

quantitative microarea analyses as well as qualitative element mapping analyses

of the present inclusions.
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3. RESULTS

Characterisation of the present inclusions were made by means of both optical

and electron microscopy. It was evident that mainly three types of inclusions

were present in the studied samples. These three types were found in both of the

studied grades. Illustrations of these inclusions are presented in Figures 1 and 2.

The individual compositions of the analysed inclusions are presented in Tables 2

to 4. It should be noted that while the individual sizes of the analysed inclusions

are included in the tables, these sizes are in no way representative for the size

distribution of the respective inclusion type. On the contrary, the analyses were

made on a first detected basis. Furthermore, the analyses of the different

inclusion types have been sorted in order of increasing content of contaminating

elements. The analytical results have been normalised to 100 % for each

individual inclusion. In the following, the three main types of inclusions will be

further discussed.

3.1. Aluminium oxides

Aluminium oxides were found present either as the core of a two-phase

inclusions or as singular inclusions. In both cases these were rather small

compared to other types of inclusions with diameters up to about 4 µm. An

example of aluminium oxide as the core of an inclusion is shown in the centre

part of the element mapping presented in Figure 1. According to the element

analyses, Table 2, these oxides have a composition close to stoichiometric Al2O3.

The analytical results show that the aluminium content in these aluminates is

about 34 at-% with a variation of ± 2 at-% and the oxygen content is 60 ± 2 at-%.

This means that the aluminium and oxygen levels are, in essence,

complementary in the inclusions.
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Table 2. Analyses of Al2O3 inclusions in HC and LP FeCr in at-%

No. C S Cr N Al Fe O Si Ti Mn Total other
elements Size

1 0.0 0.6 0.2 0.0 37.4 0.1 60.9 0.0 0.0 0.9 1.8 4

2 0.0 0.0 0.0 0.0 35.7 1.5 62.3 0.3 0.0 0.2 2.0 6

3 0.0 0.5 0.0 0.0 33.7 2.9 62.1 0.0 0.0 0.6 4.2 2

4 2.6 2.0 0.2 0.0 33.9 0.1 59.7 0.0 0.0 1.5 6.4 3

5 0.2 0.5 0.9 0.0 31.3 1.7 59.3 5.6 0.1 0.5 9.4 2

6 0.0 0.0 0.0 0.0 34.6 7.2 57.9 0.0 0.0 0.2 7.6 3

Average 0.5 0.6 0.2 0 34.4 2.3 60.4 1.0 0.0 0.7 5.2

Std.Dev. 1.0 0.73 0.35 0 2.1 2.6 1.7 2.3 0.02 0.48 3.0

Figure 1. Element mapping of (Cr,Ti)(C,N) inclusion in HC FeCr
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3.2. Manganese sulphides

Manganese sulphides were found either as singular inclusions or as the outer

shell on an oxide. In the case of singular inclusions, the individual diameters

were between 3 and 10 µm. Figure 1 shows an example of manganese sulphide

as the outer shell of an aluminium oxide. An example of a singular manganese

sulphide is visible in the upper right corner of the element mapping in Figure 2.

This type exhibits a variety of shapes in the different samples, the majority

having a polygonal outline.

The chemical analyses of these inclusions, Table 3, are very close to

stoichiometric MnS with a manganese content of 47 ± 2 at-% and a sulphur

content of 49 ± 2 at-%. Only a few of the analyses show a content of elements

Figure 2. Element mapping of (Cr,Ti)(C,N) inclusion in LP FeCr



Inclusions In Commercial High Carbon Ferrochromium

- 11 -

other than manganese and sulphur above > 5 at-%. Note that analyses no. 7 to

13 are from HC FeCr samples and no. 14 to 25 from LP FeCr. Other observed

features in the analytical results includes:

• Manganese and sulphur contents remain constant for all analysed inclusions.

This is indicated by the average and standard deviation of the contents in

Table 3.

• In each individual inclusion, the contents of manganese and sulphur are

complementary.

• The two most common contaminating elements are chromium followed by

carbon.

3.3. Chrome-titanium carbo-nitrides

Chrome-titanium carbonitrides was observed to be the most common inclusion

type in high-carbon ferrochromium. These were detected in the size range of 3 to

60 µm in diameter and the majority had a polygonal shape. Table 4 presents the

analyses of the individual inclusions. Analyses no. 26 to 42 are from HC FeCr

samples and no. 43 to 55 from LP FeCr. For this type of inclusion, there is a

distinct change in composition depending on whether it is present in HC or LP

FeCr. In the first case the average composition is 47 at-% Ti, 21 at-% N,

16 at-% C, and 13 at-% Cr. However, in LP FeCr the contents of carbon and

chromium are much lower, having an average composition of 48 at-% Ti,

38 at-% N, 6 at-% C, and 5 at-% Cr. For both of these groups, the typical content

of elements other than Cr, Ti, C and N were 1 to 3 at-% with few exceptions.

Examples of the carbo-nitride inclusions are presented in Figure 1 and Figure 2.

In Figure 1, two carbo-nitrides are present close to a manganese sulphide with

an aluminium oxide core. Figure 2 shows a very large carbo-nitride, about 40

§µm to the side. As can be seen in the titanium and nitrogen mapping, the

contents are reasonably uniform over the inclusion. It is also possible to notice a

distinct difference in chromium content between the upper and the lower part of
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the chromium mapping. This phenomena will be further discussed in the next

section of this paper.

A further characterisation was made with respect to the inclusions visible in

Figure 1. A linescan was performed from the top of the two-phase inclusion in the

figure, to a point right below the carbo-nitride inclusion in the lower part. These

quantitative micro-analyses were made in steps of 2 µm. For reasons of clarity,

the results have been plotted into two figures with only the constituent elements

of the respective inclusion shown in each figure. Figure 3 shows how the content

of sulphur, aluminium, oxygen and manganese varies within the inclusion.

Table 3. Analyses of MnS inclusions in HC and LP FeCr in at-%

No. C S Cr N Al Fe O Si Ti Mn Total other
elements Size

HC 7 0.0 50.5 1.1 0.0 0.0 0.6 0.0 0.0 0.2 47.6 1.9 8
8 0.0 49.5 0.8 0.0 0.0 0.7 0.0 0.0 0.4 48.5 2.0 9
9 1.3 49.6 0.9 0.0 0.0 0.9 0.0 0.0 0.0 47.3 3.1 7
10 1.6 48.7 0.8 0.0 0.0 0.8 0.0 0.0 0.4 47.6 3.7 10
11 1.3 50.3 0.9 0.0 0.5 0.8 0.0 0.1 0.2 45.8 3.9 6
12 0.0 49.3 0.7 0.0 2.7 0.6 0.0 0.0 0.0 46.7 4.0 10
13 7.6 44.9 1.0 0.0 1.0 1.5 0.0 0.3 0.2 43.6 11.5 11

Average 1.7 49.0 0.9 0 0.6 0.8 0 0.1 0.2 46.7 4.3
Std.Dev. 2.7 1.9 0.11 0 0.99 0.32 0 0.12 0.16 1.6 3.3

LP 14 1.3 47.9 1.1 0.0 0.0 0.8 0.0 0.0 0.1 48.8 3.3 6
15 1.1 49.1 1.8 0.0 0.0 0.4 0.0 0.0 0.1 47.4 3.5 20
16 1.3 47.2 1.8 0.0 0.0 0.6 0.0 0.0 0.1 48.9 3.8 12
17 1.0 49.4 2.4 0.0 0.0 0.5 0.0 0.0 0.1 46.6 4.1 14
18 1.1 49.2 2.4 0.0 0.0 0.4 0.0 0.0 0.1 46.7 4.1 15
19 1.2 49.0 2.2 0.0 0.0 0.6 0.0 0.0 0.1 46.8 4.2 8
20 1.3 49.0 1.7 0.0 0.0 0.5 0.0 0.0 1.0 46.4 4.6 7
21 1.2 49.2 3.2 0.0 0.0 0.8 0.0 0.0 0.1 45.6 5.3 6
22 1.0 50.0 3.8 0.0 0.0 0.5 0.0 0.0 0.2 44.4 5.6 8
23 1.6 47.1 2.3 0.0 0.0 0.3 0.0 0.0 1.8 46.8 6.1 6
24 1.1 49.3 3.6 0.0 0.0 0.5 0.0 0.0 1.0 44.5 6.2 8
25 1.0 44.9 2.4 0.0 4.5 0.6 0.0 0.5 0.1 46.0 9.1 10

Average 1.2 48.4 2.4 0 0.4 0.5 0 0.0 0.4 46.6 5.0
Std.Dev. 0.17 1.4 0.80 0 1.3 0.14 0 0.15 0.56 1.4 1.6
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Analytical values are indicated by points, while the lines indicates an

approximation of values between the analytical points.

Table 4. Analyses of (Cr,Ti)(C,N) inclusions in HC and LP FeCr in at-%

No. C S Cr N Al Fe O Si Ti Mn
Total other

elements
Size

HC 26 14.7 0.0 13.3 23.4 0.0 0.2 1.2 0.0 47.3 0.0 1.3 7
27 14.2 0.0 11.7 24.1 0.0 0.3 0.9 0.0 48.7 0.1 1.3 6
28 14.5 0.0 11.3 23.7 0.0 0.4 0.9 0.0 49.2 0.0 1.4 6
29 14.2 0.0 12.5 25.1 0.0 0.3 1.2 0.0 46.7 0.0 1.5 10
30 15.6 0.0 13.8 19.8 0.0 0.4 1.1 0.0 49.2 0.0 1.5 10
31 14.3 0.0 13.1 22.7 0.0 0.3 1.3 0.0 48.4 0.0 1.5 7
32 15.4 0.0 14.7 18.8 0.0 0.2 1.4 0.0 49.6 0.0 1.6 9
33 15.0 0.0 14.8 20.7 0.0 0.4 1.3 0.0 47.7 0.0 1.7 10
34 17.1 0.0 12.9 19.1 0.0 0.5 1.1 0.0 49.2 0.1 1.7 8
35 15.1 0.0 13.5 21.8 0.0 0.6 1.1 0.0 47.8 0.1 1.8 8
36 15.1 0.0 15.4 22.3 0.0 0.5 1.1 0.1 45.4 0.0 1.8 10
37 17.0 0.2 12.0 18.9 0.0 0.6 1.4 0.0 49.8 0.2 2.3 8
38 15.8 0.0 14.2 19.1 0.0 1.3 1.3 0.4 47.8 0.0 3.1 12
39 14.9 1.0 13.4 22.9 0.0 0.8 1.4 0.2 44.3 1.1 4.6 10
40 18.5 1.0 8.9 21.3 0.0 4.5 0.4 1.8 42.7 0.9 8.6 8
41 18.9 0.0 9.2 19.0 0.0 6.1 0.9 2.2 43.7 0.1 9.2 8
42 15.6 3.8 10.4 21.2 1.2 4.1 0.8 1.7 37.5 3.8 15.3 8

Average 15.6 0.3 12.6 21.4 0.1 1.3 1.1 0.4 46.8 0.4 3.5
Std.Dev. 1.4 0.94 1.9 2.1 0.28 1.8 0.26 0.73 3.2 0.94 3.9

LP 43 5.8 0.0 7.2 38.6 0.0 0.1 1.0 0.0 47.3 0.0 1.1 20
44 5.1 0.0 7.4 39.8 0.0 0.2 1.1 0.0 46.3 0.0 1.3 16
45 4.5 0.0 3.8 40.8 0.0 0.1 1.8 0.0 49.0 0.0 2.0 20
46 6.7 0.0 7.3 37.5 0.0 0.1 2.3 0.0 46.1 0.0 2.4 22
47 6.1 0.0 4.2 39.8 0.0 0.2 2.2 0.0 47.4 0.0 2.5 55
48 6.4 0.0 5.8 38.2 0.0 0.1 2.4 0.0 47.1 0.0 2.5 30
49 6.4 0.0 5.8 37.6 0.0 0.1 2.4 0.0 47.7 0.0 2.5 20
50 6.7 0.0 5.2 36.0 0.0 0.1 2.6 0.0 49.4 0.0 2.7 30
51 5.4 0.0 4.0 38.2 0.0 0.2 2.5 0.0 49.5 0.0 2.8 8
52 6.4 0.0 5.8 36.6 0.0 0.1 2.7 0.0 48.3 0.0 2.9 15
53 6.9 0.0 5.2 35.8 0.0 0.1 2.9 0.0 49.1 0.0 3.0 15
54 7.1 0.0 4.6 36.0 0.0 0.1 3.0 0.0 49.2 0.0 3.0 60
55 6.9 0.0 3.8 34.9 0.0 0.8 3.4 0.1 50.1 0.0 4.3 3

Average 6.2 0 5.4 37.7 0.0 0.2 2.3 0.0 48.2 0.0 2.5
Std.Dev. 0.78 0 1.3 1.8 0.01 0.19 0.69 0.03 1.3 0.01 0.80
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It is clear that manganese and sulphur have a substantially higher content in

the area surrounding the aluminium oxide. Thus, it is concluded that the core of

the inclusion consists of aluminium oxide and that the shell consists of

manganese sulphide. Furthermore, the contents of manganese and sulphur

complement each other at each of the analytical points. This indicates that MnS

is a constitutive phase of the entire inclusion, not only present as the only phase.

Figure 4 shows the variation of carbon, nitrogen, titanium and chromium

contents within the inclusion. Again, the analytical values are indicated by

points, while the lines are approximate indications of the values between the

different analytical points. The vertical dotted lines indicate where border of the

inclusion is in the secondary electron image (see Figure 1). The chromium

content within the inclusion is seen to be at its highest level in the centre. On the

edges, the content is slightly less. The same pattern can also be seen for the

titanium content. Nitrogen and carbon, on the other hand, have a reasonably

stable content over the entire inclusion diameter.

3.4. Inclusion Density

The number of inclusions per mm² in HC and LP ferrochromium is presented in

Figure 5 and 6. Contents are given for the different size categories DT, DM, DH

and DP. The total number of inclusions per mm² are included in the figures. It

can be seen that the total number of inclusions per mm² of inclusions is lower in

HC FeCr compared to LP, about 22 per mm² in HC and about 28 per mm² in LP.

Although the difference is high, comparison shows that most of the variance lies

within the smallest size group. Furthermore, in both grades the content of large

inclusions (DH and DP) is significantly lower than the content of small inclusions

(DT and DM). This suggests that the production process of the alloys allows for

an efficient removal of large inclusions.
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Figure 7 illustrates the average number of inclusions in both alloys. The error

bars in the figure represents the standard deviation between the studied

samples. This graph emphasises what have previously been concluded. The

difference in total inclusion content is well outside of the standard deviation

between samples, thus making the variation more certain. It can also be seen

that the largest contribution to the difference in inclusion content originate from

the smallest sized inclusions. The other variations between the two

ferrochromium grades are well within the standard deviation.

Finally, the inclusion content of ferrochromium can be compared with the

content in ferromanganese. Commercial medium-carbon ferromanganese with

1.5 wt-% has an inclusion content of about 3 to 5 inclusions per mm².[15] The

present study has shown that commercial high-carbon ferrochromium contains

about 22 inclusions per mm². It is concluded that the inclusion content is higher

than in ferromanganese.
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4. DISCUSSION

4.1. Manganese Sulphides

The findings in the present study concerning manganese sulphide seems to

disagree with the findings of Metcalfe et al.[2] In their study of sulphides in

HC FeCr, they found that sulphides were present with a composition close to

stoichiometric Mn2CrS3 and MnCr2S3. The first type, Mn2CrS3, was found in

standard HC FeCr while the second type, MnCr2S3, was found in desulphurised

HC FeCr. The initial ferrochromium used in their studies contained 0.063 wt-% S

and 0.18 wt-% Mn before the desulphurisation[2,9]. After desulphurisation with

commercial lime, the sulphur content in the alloy was reduced to about

0.030 wt-%.[9] In the present study, the sulphur content was lower than in

Metcalfe's study, about 0.012 wt-% in HC and 0.028 wt-% in LP FeCr.[9] In

addition, the manganese content was at about the same level as in their study,

about 0.29 wt-% in HC and 0.18 wt-% in LP FeCr.

The high contents of Mn and S in the studied ferrochromium should give a high

driving force for formation of pure manganese sulphides rather than (Cr,Mn)S.

The results presented by Metcalfe et al. shows, however, no evidence of pure

MnS inclusions present in the material. In an attempt to explain the present

sulphides, they compared the relative stabilities of different Cr, Fe and Mn

sulphides on basis of available thermodynamic data for different temperatures[16-

18]. It appeared that the most stable phase between 1100 and 1600°C was MnS

followed by CrS and FeS. This fact indicated that MnS would be the expected

sulphide phase. As an attempt to explain their analytical results, they proposed

that the high chromium content in the chromium-rich phase of the matrix would

result in such a high chemical activity of chromium that CrS is formed in

preference to MnS. However, several studies have shown that inclusions are

preferably present in the low-chromium regions of the solid chrome-iron
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matrix.[2,7,9] Consequently, the above reasoning by Metcalfe et al. is not entirely

acceptable.

In the following, another reasonable mechanism of sulphide formation in

ferrochromium is suggested. Sulphides are normally formed during solidification.

At this stage, sulphur's solubility is drastically reduced which thereby forces

sulphur to react and form a stable compound. As indicated by the values of Gibbs

energy of formation for temperatures between 1100 and 1600°C, the order of

preference is MnS followed by CrS and FeS.[16-18] In ferrochromium, manganese

levels are high enough to allow MnS to form at the beginning of solidification.

After solidification the formation and growth of sulphides is probably controlled

by diffusion rather than by chemical equilibrium. Since the diffusion rate of

manganese in a chromium-iron alloy can be assumed to be low, only manganese

in the immediate neighbourhood of the sulphide will react to form more MnS.

When the region closest to the formed sulphide is depleted with manganese, any

residual sulphur will react with chromium. In this way, the (Cr,Mn)S inclusions

will have different amounts of the constituent phases CrS and MnS depending on

the content of Mn and S in the immediate vicinity of the inclusion.

However, the suggested mechanism is insufficient to explain the results in the

this study. The present study showed that sulphide inclusions forms with a lower

CrS content in HC FeCr than in LP FeCr. This is in agreement with the

mechanism described above since the sulphur content in HC FeCr is about three

times lower than in LP FeCr. However, the CrS content in sulphur inclusions in

LP FeCr is also very low, about 5 at-%. If the suggested mechanism was

satisfactory, LP FeCr would have as much CrS in the sulphides as the

desulphurised ferrochromium in the study by Metcalfe et al.

Since the different speculations both are incomplete, it is concluded that further

work is required to discover which mechanisms that govern the formation of

sulphides in ferrochromium. However, it is concluded that the sulphides

discovered in this study are MnS inclusions.



Inclusions In Commercial High Carbon Ferrochromium

- 20 -

Finally, a low iron content was observed in the analysed sulphide inclusions.

This is concluded to be in agreement with studies performed by Metcalfe et al.

and Koloyartsev and Rusakov.[2,5]

4.2. Titanium inclusions

The analysed chrome-titanium carbonitride inclusions have many different

compositions. In an attempt to determine which constituent phases that might

be part of the inclusion, binary and ternary phase diagrams can be consulted.

Considering the binary phase diagrams for the systems C-Cr, C-Ti, Cr-N, and

N-Ti, the following nitrides and carbides might be present in the analysed

inclusions: TiC, TiN, Cr23C6 and Cr7C3.[19,20] From the ternary system C-Cr-N, it

is seen that the phases Cr2(C,N) may exist.[19] Also, the phase Cr2N can exist as

indicated by the Cr-Fe-N system. The average compositions of the chrome-

titanium carbonitride inclusions found in the present study are as follows:

• HC FeCr - 47 at-% Ti, 21 at-% N, 16 at-% C, and 13 at-% Cr

• LP FeCr - 48 at-% Ti, 38 at-% N, 6 at-% C, and 5 at-% Cr

If the analyses of the individual inclusions are taken into account, the most

probable constituent phases are Cr2N, Cr2(C,N), TiC, and TiN. The two different

chromium carbide phases, Cr23C6 and Cr7C3, are discarded because their

chrome/carbon ratio is not consistent with the present analyses. A study by

S. Hertzman on the quaternary system Fe-Cr-C-N presents the possibility of a

phase called ε-nitride consisting of (Cr,Fe)2(C,N)1.[21] This ε-nitride would in the

C-Cr-N-Ti quaternary system consist of (Cr,Ti)2(C,N)1. None of these presented

phases does, however, individually correspond with the presented analyses. This

is not entirely satisfactory since the element mappings show that carbon,

chrome, nitrogen and titanium levels are uniform within the entire inclusions.

It is possible to speculate further about the constituent phases in this type of

inclusions by, for example, reviewing the formation energies of the phases. It is

also possible to perform a more thorough thermodynamical analysis of phase
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stability and formation, similar to the study by B. Ozturk et al. on inclusion

stability in Fe-Cr-Ti-N alloys.[22] However, such calculations would be restricted

by a number of assumptions and would therefore remain speculative.

Consequently, the chrome-titanium carbonitrides that were observed in the

present study is concluded to have the nominal composition of (Cr,Ti)(C,N). It is

also concluded that additional investigations are necessary to determine the

constituent phase(s) in this type of inclusion. For this purpose, X-ray diffraction

or TEM studies might be usable techniques.

4.3. Matrix Analyses

Metcalfe and Slatter ascertained in their study that the chromium-iron matrix is

inhomogeneous.[9] Later, Metcalfe et al. confirmed these findings in their study

on manganese sulphides in high-carbon ferrochromium.[2] The results showed

that the matrix is in fact divided into two distinct phases, one chromium-rich and

the other iron-rich. A closer examination of an earlier study by Retelsdorf et al.

reveals that their results also indicates this phenomena.[7] In essence, earlier

presented results provides element mappings of different inclusions where the

chromium-rich and iron-rich regions in the matrix are visible. These results have

been confirmed in the current study. Unfortunately, it was at the time of

analyses considered as out of the scope of this study to extensively analyse the

matrix. The few analyses that were made are, however, presented in Table 5.

Most of these seems to have been performed in the iron-rich areas. It can also be

seen that analyses no. 56 to 63 shows an increased silicon content compared to

the material analysis.

In addition to the separation of the Cr-Fe matrix into two separate phases,

another very interesting feature was discovered. It seems that the inclusions are

preferably situated in the iron-rich phase and not in the chromium-rich phase.

Examples of this can be seen in Figures 1 and 2. The inclusions are without

exceptions situated in regions that have a significantly lower chromium intensity

than the chromium-rich areas. A closer examination of the results in earlier
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publications shows that these results also indicate this preference for inclusion

location.[2,7,9] Previously published results only provides element mappings of

different inclusions where the inclusion location in relation to the chromium

and/or iron content is visible. These element mappings show that the inclusions

are without exceptions located in the iron-rich phase of ferrochromium, as

illustrated in Figure 8 These observations were found valid for all of the different

types of inclusions that were found present; MnS, Al2O3 and (Cr,Ti)(C,N).

The reason for this separation is suggested to be connected to the solidification of

the alloy. The Cr-Fe binary system has complete solubility at higher

temperatures with a minimum melting point. This congruent melting point is at

1516°C and 80 at-% Fe.[20] Thermocalc© calculations using the TCFE database

were made for the composition 7.5 wt-% C, 0.2 wt-% Mn, 2 wt-% Si, and

0.2 wt-% Ti.[23] These calculations show that a similar minimum melting point

still is present in this multi-component system. This means that the last

solidified area should correspond to the iron-rich region that is visible in the

element mappings. It is probable that inclusions form during the last sequence of

solidification due to, for example, increased contents of non-soluble elements in

the remaining melt. The nucleated inclusions would then end up in the iron-rich

regions. On the other hand, if the inclusions have already been formed, the

inclusions may have been pushed into the last solidified region, i.e. the iron-rich

Table 5. Analyses of the matrix in HC FeCr in at-%

No. C Cr Fe Si Ti Mn S N Al Ca O Mg

56 0.6 6.2 66.3 26.4 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0
57 5.3 9.4 58.8 23.8 0.1 1.4 1.2 0.0 0.0 0.0 0.1 0.0
58 8.2 25.9 44.2 20.4 0.8 0.4 0.0 0.0 0.0 0.0 0.0 0.0
59 0.0 34.5 45.9 19.0 0.2 0.4 0.0 0.0 0.0 0.0 0.0 0.0
60 11.0 36.2 33.6 18.5 0.2 0.4 0.1 0.0 0.0 0.0 0.0 0.0
61 9.3 36.3 35.0 18.6 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0
62 7.4 37.2 35.9 18.8 0.2 0.5 0.0 0.0 0.0 0.0 0.0 0.0
63 11.3 50.9 16.3 20.5 0.7 0.3 0.0 0.0 0.0 0.0 0.0 0.0
64 16.4 68.2 14.8 0.0 0.1 0.4 0.0 0.0 0.0 0.0 0.0 0.0
65 0.0 83.8 15.8 0.1 0.1 0.3 0.0 0.0 0.0 0.0 0.0 0.0
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region. In that case, the mechanism is compliant with a recent study performed

by Kimura et al., in which they showed that aluminate-magnesia inclusions in

low-carbon steel are pushed by the advancing solidification front.[24]

4.4. Analytical Reliability

The many electron microprobe analyses presented in this study have a certain

degree of uncertainty. These analyses have been performed with a 15 kV

excitation potential. This means that the electron beam penetrates the surface of

the specimen with between 1 and 2 µm in depth, depending on the density of the

excited material. In comparison, the dimensions of the examined inclusions

varied between 2 to 60 µm in diameter. This means that the smaller inclusions

almost are of the same size as the so called analytical volume of the excitation

beam. An indication of beam penetration into the matrix of the specimen would

be an increased content of both iron and chromium in the inclusion. Since only a

few of the presented analyses has these characteristics, it is concluded that beam

penetration has had only a limited influence on the analytical results.

Figure 8. Illustration of inclusion location in studied HC and LP FeCr
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5. CONCLUSIONS

The inclusions in high-carbon ferrochromium have been studied. The content and

composition in normal HC and in low-phosphorous ferrochromium has been

compared. Results show that both grades contain a number of different types of

inclusions. These have been identified by optical and electron microscopy. The

analyses established that the individual compositions corresponded to

aluminium oxides, manganese sulphides and chrome-titanium carbonitrides.

These findings are mainly in agreement with previous investigations. The

specific conclusions are:

• Three types of inclusions were found present in HC and LP ferrochromium.

These are Al2O3, MnS and (Cr,Ti)(C,N)

• Inclusion assessment in optical microscope established a higher content of

inclusions in LP FeCr compared to HC FeCr. The difference was most notable

among inclusions between 2.8 and 5.6 µm.

• The inclusion content is much higher than in commercial medium-carbon

ferromanganese.

• The ferrochromium matrix is inhomogeneous and divided into one chromium-

rich and one iron-rich region.

• All studied element mappings show that the inclusions are located in the iron-

rich regions.
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ABSTRACT

The effect of ferromanganese additions on
inclusion characteristics in steel have been studied.
The aim is to show the effect of commercial low and
medium carbon ferromanganese on the composition
and size distribution of inclusions in steel. This study
is based on laboratory experiments using six different
low and medium carbon ferromanganese alloys.
Optical microscopy, using the assessment method
SS 11 11 16, and SEM with EDS was used to
determine the inclusion characteristics in the steel
samples. The high inclusion content in standard
refined low and medium carbon ferromanganese
results in steels with high amounts of inclusions.
Alloying with low oxygen ferromanganese results in
fewer inclusions than with standard refined
ferromanganese. Most of the analysed inclusions
contained MnO, MnS or Al2O3.

INTRODUCTION

Requirements on steel properties are continually
becoming more rigorous as the applications becomes
more demanding. Steel properties are influenced by
non-metallic inclusions, and as solid steel cannot
dissolve oxygen, inclusions will always be present in
commercial steel products. Depending on the
demands on the steel, the effect of the inclusions can
be beneficial or detrimental to the steel properties. A
typical example of beneficial inclusions are

manganese sulphides in machining steels, where their
presence facilitates a higher machining rate and/or
extends the tool life(1). In contrast, detrimental
inclusions may even override any improvement in
physical and mechanical properties obtained by
having an optimal microstructure(2). For instance,
non-deformable inclusions are detrimental to
properties of deep drawing steels(1). Both rail and ball
bearing steels have high demands on fatigue strength
and are thus sensitive to inclusions like magnesia-
aluminates, calcia-aluminates and titanium-
carbonitrides(3-5). Stainless thin sheet steels are
sensitive to brittle silicates because of the
requirements on surface finish, and tool steels, which
have high demands on both fatigue strength and
surface quality, are, in essence, sensitive to all the
inclusions mentioned above(6).

In recent years, research on inclusions in steel has
mainly concentrated on deoxidation practise, slag-
metal reactions, inclusion removal and inclusion
modification(1,7-9). However, there is only a limited
number of investigations concerning the effect of
ferroalloy additions on inclusion characteristics
during secondary steelmaking. Two exceptions to be
mentioned are the work done by Wijk and Brabie(10),
who studied the effect of ferrosilicon additions on
inclusion cleanness in steel, and the work by Molins
et al.(11) who concentrated on evaluating the effect of
impurity elements present in different ferroalloys.
Reviews in this area indicate a general need for more
information about the influence of ferroalloys on
inclusions in steel(12,13).

The aim of this investigation was to show the
effect of ferromanganese additions on inclusion
characteristics in steel during secondary steelmaking
by means of laboratory experiments with six different
commercial ferromanganese grades. From recent
research on ferromanganese, it is know that different
ferromanganese grades have different inclusion
characteristics(14-18). Therefore, efforts have also been
made to reveal if there is a relationship between the
inclusion characteristics in the steel samples
compared to the ferromanganese grade used.
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EXPERIMENTAL PROCEDURE

In principle three different commercial grades of
refined ferromanganese, namely LC FeMn with max.
0.5 wt-% C, and two grades of MC FeMn with max.
1.0 wt-% and 1.5 wt-% C, respectively, have been
studied. Two of the MC-grades with max 1.5 wt-% C
and one of the LC-grades used in the experiments has
gone through special treatment to reduce the oxide
content. Hence, a total of six different types has been
tested and their respective chemical compositions are
shown in Table I. Grade A to D are from Eramet
Sauda in Norway, whereas grade E and F are
produced at Eramet Porsgrunn, Norway. A total of
12 experiments have been carried out, i.e. two
experiments for each of the six ferromanganese
grades studied.

The experiments were carried out in a Balzer
VSG50 vacuum induction furnace as presented in
Figure 1. A magnesite crucible with an inside height
of 260 mm and inside diameter of 220 mm was used.
The temperature was monitored by a thermocouple of
type B inserted through the wall of the crucible at
about 25 mm above the bottom. A PID regulator was
connected to the thermocouple to control the
temperature within ± 1°C. At the start of each
experiment, 20 kg of pure iron (see Table II for X-ray
analysis) was placed in the crucible and thereafter the
vacuum chamber was sealed and evacuated down to
about 0.09 torr (~ 1.2·10-4 atm).

After completed evacuation, the chamber was
purged with pure argon (< 5 ppm O2 and < 5 ppm
H2O) and induction heating was started. When the

temperature in the crucible reached approximately
400°C, the vacuum chamber was again evacuated to
about 0.12 torr (~ 1.6·10-4 atm) to further decrease
the oxygen content in the atmosphere surrounding the
crucible. Thereafter, argon was introduced at a rate of
30 Nl/min to the vacuum chamber to keep the
atmosphere inert during the experiment. After
melting of the pure iron, the melt was heated to and
kept at a temperature of 1873 K.

Figure 1. Experimental setup.

Table I. Chemical composition of studied ferromanganese grades. Element contents are given in weight-%.
No. Site Grade Mn Fe Al Si O S C P N
A Sauda LC 0,5% C 79.6 17.7 0.045 0.01 1.11 0.004 0.34 0.17 0.142
B Sauda MC 1,0% C 81.1 16.5 0.028 0.12 0.89 0.005 0.77 0.17 0.056
C Sauda MC 1,5% C 81.5 15.9 0.027 0.04 0.01 0.003 1.52 0.16 0.069
D Sauda MC 1,5% C(*) 81.0 16.1 0.030 0.39 0.02 0.003 1.38 0.16 0.069
E Porsgrunn LC 0.5% C(*) 81.4 17.3 0.035 0.32 0.04 0.003 0.48 0.16 0.039
F Porsgrunn MC 1.5% C(*) 80.6 16.8 0.023 0.29 0.12 0.003 1.41 0.16 0.058

(*) Reduced oxide content
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Table II. X-ray analysis of pure iron used in the 
experiments.

Element Wt-%
C 0.0061
Si 0.0089

Mn 0.0644
P 0.0034
S 0.0032
Al 0.0019
Ni 0.0229
Cr 0.0105
V 0.0000

Mo 0.0000
Cu 0.0124
W 0.0011
Ti 0.0000

SUM 0.13

Since the additions container is evacuated and
purged with argon, additions could be made under
inert atmosphere. All steel sampling was made
through an airlock to preserve the inert atmosphere
inside the vacuum chamber. The pressure and
temperature in the crucible were monitored
throughout the whole experiment, and values from
one experiment are shown in Figure 2.
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variations during experiments.

Figure 3 presents the time schedule for additions
and sampling together with the variation of chemical
composition in the melt during one of the
experiments. At time zero, 37.5 ± 0.5 g pure graphite
( > 99.97 wt-% C), corresponding to 0.18 wt-% C,
was added. Nine minutes later, an addition of
47.4 ± 0.1 g aluminium ( > 99.6 wt-% Al) was made,
corresponding to 0.14 wt-% Al. At 15 minutes from
the start of the experiment, ferromanganese
corresponding to 1.45 to 1.60 wt-% Mn was added.
During the experiment, four liquid steel samples
were taken by suction with quartz tubes with an inner
diameter of 5.8 mm. These samples were taken at
six-minute intervals, i.e. at 6, 12, 18 and 24 minutes.
Each sample rod was then cut into small cylinders
with a length between 5 to 10 mm in preparation for
either chemical analysis or metallographic
examination.
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Figure 3. Additions, sampling and chemical 
composition during experiments

Analyses

The samples were analysed for total oxygen
content by combustion (Rosemont NOA 5003) with a
relative accuracy of ± 1% and for aluminium by
Atomic Absorption (Pye Unicam SP 9-Philip) with a
relative accuracy of ± 5%. Carbon and sulphur were
analysed by combustion (Rosemont CSA 5003) with
a relative accuracy of ± 1% or ± 3%, respectively.
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Manganese was analysed by spectrophotometry
(Pye Unicam PU-8650-Philip), using the standard
Jernkontoret 1B (0.10 wt-% Mn) for low contents
and Domnarvet E (1.02 wt-% Mn) for high contents.
The relative accuracy for low manganese contents is
± 10% and for high contents ± 3%.

Seven cylinders from each sample, having a total
area of about 185 mm², were mounted in a
conducting phenolic mounting compound (Buehler®
Konductomet® I) for examination in optical and
scanning electron microscopes. For all samples taken
during the experiments, area fraction and number per
mm² of inclusions have been determined according to
the non-metallic inclusion assessment method
defined in the Swedish Standard SS 11 11 16(19).
Previously, the ferromanganese grades used in this
study have been assessed using the same method(18).
During the assessment, all inclusions are graded into
four types according to Jernkontoret's inclusion chart
II, where type A are ductile, type B are brittle
stringers, type C are brittle-ductile and type D are
undeformable inclusions. Type A, B and C are
measured both in width and total length, while type D
are considered as spherical and thus measured in
diameter and number of inclusions within the visual
field. These four types are then divided into four
groups according to width/diameter, thin (T),
medium (M) or heavy (H), e.g. DT, DM or DH. The
fourth group, P, is for individual particles which need
a closer specification, e.g. a large brittle-ductile
inclusion measuring 25 scale parts long and 16 scale
parts wide, will be denoted as "CP 25-16". A rating
for total length, type A to C, or number of inclusions,
type D, between 1 to 5 is also used. Thus, two (2)
thin (T) undeformable (D) inclusions are denoted as
DT2(2,20).

The SS 11 11 16 method was originally designed
to determine the area fraction of inclusions in worked
steel. However, by only considering the morphology
of the inclusions, this method can also be used for
liquid steel samples. This is facilitated by
disregarding the original connection between
morphology and typical chemical composition of the

inclusion. In other words, a spherical inclusion found
in liquid steel samples is not necessarily an
undeformable calcium-aluminate inclusion.

For the present study, magnification was set to
200 with a visual field diameter of 0.8 mm. A total
area of 185 mm² was examined on each of the
samples.

A scanning electron microscope, JEOL JSM6300
with EDS, was used to determine the chemical
composition of the inclusions present in the samples.
Regular calibrations against a cobalt species were
made after each three-hour period during the analyses
of the samples. When analysing inclusions with
SEM, the acceleration voltage was set to 20 kV with
a working distance of 25 mm. Also, the live time for
each analysis was set to 75 seconds, during which a
so called dead time was allowed in the range between
20 and 30%.

RESULTS AND DISCUSSION

Chemical Analyses

In order to illustrate how the content of Al, C, Mn
and O typically varies during the experiments, data
relevant to FeMn grade A is presented in Figure 3.
The total oxygen content follows the now classic
example from any deoxidation practise and decreases
after the aluminium addition and reaches in the end a
level of about 35 ppm. Aluminium increases rapidly
from below 0.01 to 0.14 wt-% between the first and
second sample. Thereafter, the aluminium content
decreases slightly, which indicates that aluminium is
still being oxidised. As expected, the carbon content
is stable throughout the experiment at a level of about
0.14 wt-%. The manganese content sharply increases
to a level of about 1.4 wt-% Mn after the
ferromanganese addition. According to predicted
dissolution rates(21) and dissolution experiments(22),
the ferromanganese used in the present study should
have been dissolved in no more than one minute after
the addition. This should allow a homogenisation
period of the liquid steel melt of no less than two
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minutes before sample 3 is taken. Given the
analytical results of sample 3 and 4, this may be valid
since the variation of the manganese content is within
the given error range of the analytical method used.

Chemical analyses of liquid steel samples taken
during one of the experiments for each of the six
studied ferromanganese grades are presented in
Table III. There is no chemical analysis for sample
D1, since the weight of the sample was too low. In
samples No. 1 and 2 for the respective experiments,
the manganese contents are between 0.03 and 0.06
wt-%, which agrees well with the content of 0.06
wt-% in pure iron, see Table II above. After the
ferromanganese addition, between sample No. 2 and
3, the Mn-content increases sharply for all
experiments. Thereafter, it maintains the level
reached in the respective sample No. 3. The variation
between samples 3 and 4 is within the given error
range for the analytical method used.

Although the same amount of graphite has been
added in all experiments, the carbon content varies
slightly more than would be expected from analytical
errors. One possible reason for this variation is that
some of the carbon has been oxidised after the
graphite addition, as is indicated by a comparison
between carbon and total oxygen content. This
comparison shows that the carbon efficiency of the
graphite addition is, as can be expected, affected by
the total oxygen content in the melt. For instance, the
highest total oxygen content of all No. 1 samples
corresponds to the lowest carbon content in the same
sample, namely sample E1.

Sulphur is present at a level of about 0.03 wt-%,
corresponding to the value obtained in the X-ray
analysis of the pure iron used, see Table I. Since this
level is preserved in all experiments, it is assumed
that the main sulphur source in these experiments is
the pure iron used. For aluminium, it is obvious that
the initial level obtained directly after the aluminium
addition is being reduced throughout the whole
experiment. Since this is valid for all experiments it

is concluded that aluminium is being oxidised from
the time of the addition until the last sampling.

Table III. Chemical analysis of liquid steel 
samples.

FeMn
grade

Sample
No.

wt-%
Mn

wt-%
C

wt-%
S

wt-%
Al

ppm
O

A 1 0.06 0.13 0.030 < 0.01 209
2 0.06 0.14 0.030 0.15 193
3 1.37 0.14 0.030 0.10 69
4 1.39 0.14 0.033 0.09 35

B 1 0.06 0.15 0.029 < 0.01 122
2 0.06 0.15 0.027 0.16 128
3 1.52 0.16 0.027 0.13 39
4 1.52 0.17 0.027 0.12 70

C 1 0.05 0.14 0.029 < 0.01 201
2 0.06 0.14 0.029 0.15 90
3 1.40 0.16 0.028 0.13 68
4 1.41 0.16 0.031 0.12 118

D 1 - - - - -
2 0.06 0.16 0.028 0.17 32
3 1.49 0.18 0.025 0.15 36
4 1.51 0.18 0.025 0.14 27

E 1 0.03 0.11 0.033 < 0.01 246
2 0.05 0.11 0.034 0.14 110
3 1.55 0.12 0.032 0.12 137
4 1.57 0.12 0.030 0.11 58

F 1 0.06 0.16 0.029 < 0.01 195
2 0.06 0.15 0.029 0.15 61
3 1.45 0.18 0.029 0.13 21
4 1.45 0.18 0.027 0.14 60

Inclusion Content

In order to determine the level of inclusions in the
melt before the ferromanganese addition, samples
taken directly after deoxidation in each of the
experiments were compared. Table IV shows these
results as well as the average number of inclusions
per mm² and the standard deviation. The number per
mm² of DM inclusions, 5.7 to 11.2 µm in diameter, is
in good agreement for all samples, with an average of
1.5 and the standard deviation 0.16. The average
value and standard deviation of DT inclusions, 2.8 to
5.6 µm in diameter, are 6.8 and 2.5, respectively. The
high standard deviation is caused by one sample, A2,
which contained almost twice as many DT inclusions
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as the other samples. The most probable reason for
this deviation is that the inclusions formed during
deoxidation have not been removed at the same rate
as during the other experiments. This is also
indicated by the total oxygen content in the sample,
see Table III. However, in general, contents of DT
and DM inclusions before the FeMn addition are very
similar in all the experiments. Overall, the conclusion
is that the deoxidation practise with aluminium
resulted in consistent inclusion contents in all
experiments. Thus, it is possible to compare the
effect of different FeMn grades on the inclusion
content in the steel.

Table IV. Number of inclusions per mm² in post-
deoxidation samples, DT and DM type 
inclusions according to SS 11 11 16.

Sample No. DT
2.8-5.6 µm

DM
5.7-11.2 µm

A2 12 1.6
B2 5.3 1.6
C2 6.7 1.5
D2 5.2 1.5
E2 6.2 1.4
F2 5.7 1.2

Average 6.8 1.5
Std.Dev. 2.5 0.16

The results of the inclusion counting of final
samples are presented in Figure 4. For the steel
samples A4 to D4, the total area fraction of
inclusions follow an inverse relationship with the
carbon content of the ferromanganese. This
relationship is, however, not true for the three low
oxygen ferromanganese grades, samples D4 to F4. In
this instance, sample F4 shows the highest area
fraction of inclusions while sample D4 shows the
lowest of these three. It should be noted that
inclusions of type B and C have been excluded in the
presented results since these at most represent four
occurrences of the respective inclusion type in the
same sample. Therefore, their omission have little or

no effect on the presented results. In Figure 4, the
error bars represent the difference in result between
inclusion counting done on final samples from two
different experiments for each of the ferromanganese
grades studied. Since these are in good agreement,
with the exception of sample E4, it is assumed that
these results are easily reproducible. Inclusions larger
than 11.3 µm represent less than 10% of the entire
inclusion population in the final samples except for
the experiments with ferromanganese grade E. A low
area fraction of large inclusions is expected in
laboratory experiments, since it has been shown that
larger inclusions have a tendency to separate to the
top of melt or to the refractory due to convection
currents(23).
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Sample number

2.8-5.6 µm 5.7-11.2 µm 11.3-22.5 µm 22.6 µm - 

Figure 4. Area fraction of type D inclusions in 
final steel samples.

Figure 5a presents the total area fraction and
number of inclusions per mm² for each
ferromanganese grade used in the present study(18),
and Figure 5b provides the same information for the
final steel samples. The presented values in both
Figure 5a and 5b, are average values from two
assessments.

From the assessment of ferromanganese grades in
Figure 5a, it is evident that low carbon
ferromanganese have a higher area fraction of
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inclusions than other grades studied. Moreover, there
is only a slight difference between either of the three
low oxygen ferromanganese grades D to F, and the
regular medium carbon grade C with max. 1.5
wt-% C. The conclusion is that total area fraction and
number of inclusions per mm² is inversely
proportional to the carbon content in regular FeMn.
In addition, the low oxygen content in medium
carbon FeMn (1.5 wt-% C), seems to have little or no
effect on the inclusion content. In the previous study
on ferromanganese inclusions, it was also determined
that inclusions larger than 13 µm represented more
than about 50% of the total area fraction of inclusions
in standard refined ferromanganese with 0.5 or 1.0
wt-% C(18).
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Figure 5a Area fraction and number of inclusions 
per mm² in used ferromanganese grades.

0.00%

0.01%

0.02%

0.03%

0.04%

A4 B4 C4 D4 E4 F4

Steel sample number

A
re

a 
fr

ac
ti

on
 o

f i
nc

lu
si

on
s

0

5

10

15

20

N
um

be
r 

pe
r 

m
m

²

Total area fraction inclusions Number of inclusions per mm²

Figure 5b Area fraction and number of inclusions 
per mm² in final steel samples.

To determine if there is a relationship between
the inclusion content in ferromanganese (Figure 5a)
and steel samples (Figure 5b), the respective results
were compared. It is evident that the above
mentioned relationship between carbon content in
each ferromanganese grade and its inclusion content
is inherited to the steel. However, the difference
between the highest and lowest area fraction of
inclusions is lower for the steel samples than for the
ferromanganese samples. There is a notable
difference between the two low carbon grades with
max. 0.5 wt-% C, grade A and E. In this case, low
oxygen ferromanganese with max. 0.5 wt-% C result
in a considerably lower amount of inclusions in the
steel (0.014 area-%) compared to corresponding
experiments using standard refined ferromanganese
with max. 0.5 wt--% C (0.038 area-%). The overall
conclusion is that if FeMn contains more inclusions,
it will result in a higher inclusion content in the steel
compared to a cleaner FeMn alloy. Furthermore, the
results indicate that the manufacturing process of
FeMn influences, not only the inclusion content in
FeMn, but also the content in the steel. A comparison
of the results from experiments with regular and low
oxygen MC 1.5 wt-% C ferromanganese, grade C and
D, indicates that low oxygen FeMn results in an
equal number of inclusions per mm², but a slightly
higher area fraction of inclusions.
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Figure 6. Area fraction of inclusions during alloy-
ing experiments with ferromanganese grade A and C.
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Figure 6 presents the area fraction variation of
type D inclusions in samples from two experiments
using low and medium carbon ferromanganese, grade
A and C. The ratio between small and medium sized
inclusions, 2.8 - 5.6 µm and 5.7 - 11.2 µm,
respectively, is fairly constant for both of the
ferromanganese grades studied. However, there is an
increase in inclusion area from sample 2 to 3 for the
LC FeMn which is probably due to the much higher
oxygen and inclusion content in LC FeMn
(1.11 wt-% O) than MC FeMn (0.02 wt-% O). After
this initial increase, the area of inclusions decreases
slightly between sample 3 and 4. For MC FeMn the
inclusion density has reached its peak before the
FeMn addition. Three minutes after the addition
(sample 3) the inclusion content has reached the final
level. As pointed out earlier, it is evident that

inclusions larger than 11.3 µm represent only a very
small portion of the total area fraction of inclusions.
In fact, so few inclusions of this size have been found
that it no conclusions can be drawn from the findings
in this study alone.

Inclusion Composition

Quantitative SEM analyses of 15 to 20 inclusions
in samples 2, 3 and 4 from experiments with
ferromanganese grades A to F have been made.
Presented in Table V is an overview of analysed
inclusions in the experiments with FeMn grades A
and C. From these results it is evident that mainly
FeS-MnS and Al2O3-MnO inclusions are present in
the steel after deoxidation.

Table V. Number of inclusions in each composition group in steel samples taken during experiments with 
ferromanganese grades A and C.

Inclusion analysis A2 A3 A4 C2 C3 C4
90-100% FeS + 0-10% MnS 7 8
80-100% MnO+0-20%MnS 4 7 3 4 4
80-100%MnS + 0-20% MnO 9 8 6 5
85-95% MnO + 5-15% CaO 1 1
80-90% MnO + 10-20% SiO2 1 3
85-95%MnO + 5-15%Al2O3 1 1 1
95-100%Al2O3+0-5%MnO 4 3

Table VI.Number of inclusions in each composition group in final steel samples.
Sample No.

Inclusion analysis A4 B4 C4 D4 E4 F4
80-100% MnO+0-20%MnS 6 5 2 4 6
80-95%MnS+20-5%MnO 9 9 7 11 11 6
70-100%Al2O3+0-15%MnO+0-10%SiO2 3 1 1 1
95-100%Al2O3+0-5%MnO 1 1
0-10%Al2O3+70-80%MnO+10-30%MnS 1 1 1 1
80-90%MnO-10-20% SiO2 1 1 3 1
CaO-MnO-MnS-SiO2(1) 1 1 2
70%CaO+30%MnO 1
Al2O3-CaO-MnO-MnS-SiO2(2) 1 2

(1) 0-55%MnO+0-30%SiO2+0-50%CaO+20-40%MnS
(2) 15-45%MnO+0-20%Al2O3+10-45%SiO2+5-25%CaO+5-35%MnS
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Later, after the ferromanganese addition, FeS-
containing inclusions are absent. This is due to the
high manganese content in the steel, which instead
favours the formation of MnO-MnS inclusions. This
is reasonable since pure iron has a very low alloy
content and will therefore contain mainly FeS
inclusions (see Table I). Furthermore, mainly
alumina inclusions will be formed during the
deoxidation. Table V also shows that the very few
CaO-containing inclusions are removed sometime
between sample 3 and 4.

Another observation is that there is a lack of high
MnO - low MnS inclusions in the samples from the
experiments with low oxygen ferromanganese,
sample D4. This is probably because the steel
samples D2, D3 and D4 contains less oxygen than the
corresponding samples from the other experiments.
Thus, there is less dissolved oxygen available to react
with dissolved manganese to form MnO, according
to reaction (1):

Mn  +  O  =  MnO (s) (1)

Finally, from the results in Table VI it is seen that
a few CaO containing inclusions are found even
though the calcium content of the steel is low
(< 0.0001 wt-%). This is reasonable since calcium is
a very strong deoxidiser and calcium is present in
small amounts in ferroalloys.

It is of interest to compare the composition of
inclusions found in the steel to see if they have some
resemblance with those found in ferromanganese. In
the literature, inclusions in ferromanganese have
been reported to mainly consist of MnO, MnS and
SiO2

(14-18). Over 85% of the total number of
inclusions have been found to consist of pure
MnO(18). Table V and VI shows that the inclusion
compositions in the steel samples are similar to those
in ferromanganese. The only exception is alumina
inclusions, which are present in steel but very scarce
in ferromanganese. This is expected since the steel
has been deoxidised with aluminium.

Knowing that inclusions found in ferromanganese
are similar in composition to those found in the steel,
it is of interest to ascertain if the inclusions found in
steel originate from ferromanganese or if they are
dissolved and later formed in the steel. As mentioned
above, over 85% of the inclusions found in
ferromanganese consist of pure MnO(18). Since the
melting point of pure MnO is 1844°C(24) and the steel
temperature during the experiments was fixed at
1600°C, there is a good chance that the MnO
inclusions from the ferromanganese will remain in
the steel after the addition. However, then the larger
inclusions will probably rapidly be separated the top
of the melt and to the refractory, as mentioned above.
It should also be noted that if the MnO inclusions are
not pure and, for example, contain MnS, the melting
point will decrease rapidly. It can be concluded that
pure MnO inclusions in the ferromanganese might
remain in the steel after alloying. However, a more
in-depth study is necessary to examine this
phenomenon in more detail.

CONCLUSIONS

The influence of cleanness of six ferromanagnese
grades on steel cleanness has been studied by
laboratory experiments. Inclusion size distributions
and compositions have been determined using optical
microscopy following the SS 111116 standard and
SEM combined with EDS, respectively. Analyses of
chemical composition and inclusion size distribution
in samples taken before ferromanganese addition
have shown that similar conditions exist. The
experimental procedure has proven that it is possible
to evaluate the effect of carbon and silicon content in
ferromanganese as well as special treated
ferromanganese on cleanness in steel. The overall
conclusion is that if there are many inclusions in the
ferromanganese there will also be many inclusions in
the steel. However, the great difference in inclusion
content between different grades of ferromanganese
is reduced to a more limited range in steel.
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The more specific conclusions from this study
are:

• The total area fraction of inclusions in steel
follow an inverse relationship with the carbon
content of the ferromanganese for refined
standard grades.

• Low oxygen ferromanganese with max. 0.5 wt-%
C result in a considerably lower amount of
inclusions in the steel (0.014 area-%) compared
to corresponding experiments using standard
refined ferromanganese with max. 0.5 wt--% C
(0.038 area-%).

• The majority of the inclusions found in steel
contain MnO and MnS or mixtures of those.
Alumina inclusions are also quite frequent.

• A comparison between inclusion compositions in
ferromanganese and steel samples shows that
they are very similar. Inclusions in
ferromanganese consist of approximately 85%
MnO, but the inclusion population in steel
contains more MnS as well as alumina inclusions.

• Pure MnO inclusions in ferromanganese might
remain in the steel after addition, because the
melting point is 1844°C and the steel temperature
is 1600°C.

To confirm these findings regarding the influence
of different ferromanganese grades on the steel
cleanness, plant trials will be carried out at Ovako
Steel AB in Sweden.
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ABSTRACT

The influence of commercial high-carbon ferrochromium additions on inclusions

in steel has been studied. The study was performed on normal and low-

phosphorous high-carbon ferrochromium grades. The aim of the study was to

show if the addition of these ferroalloys had any measurable effect on the

inclusion characteristics in steel, i.e. composition, shape and size distribution.

The basis for the study is alloying experiments in a 15 kg laboratory scale.

Liquid steel was sampled during the experiments for purposes of chemical

analyses and metallographical examination. The non-metallic inclusion

assessment method SS111116 was used to determine the content and size

distribution of inclusions in the steel samples. Results from the assessment show

that a majority of the inclusions fits into the smallest size group, i.e. between 2.8

and 5.6 µm. The inclusion content in the three minute samples was about 0.004

area-%. The composition of a majority of the inclusions changed from being FeS

and Al2O3 before alloying to Al2O3 and complex sulphides after alloying. In

conclusion, there were no indications of inheritance of inclusions from the

ferrochromium to the steel.

Key Words: Ferrochromium, FeCr, Ferroalloy, Steel, Inclusions, Cleanness,

Laboratory Experiments, SS111116, Microscope
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1. INTRODUCTION

Inclusions in steel have been a topic for investigation for many decades. Many of

these investigations have focused on inclusions in the end-product, while others

have studied how the inclusion characteristics change during the production of

steel. Most of the latter investigations have focused on areas such as slag-metal

reactions, inclusion removal and inclusions modification.[1-4] These areas have in

common that the effect on inclusion characteristics in steel is mostly intentional.

Another area of interest is the unintentional effect of additions that have another

primary objective, such as ferroalloys additions. Here, the primary objective is to

increase the content of the added element, e.g. chromium in ferrochromium. It is

not always anticipated that in addition to the wanted primary effect, this

addition may also influence the inclusions in the steel. In this field of study,

there have only been a limited number of investigations.

The effect of ferrosilicon and ferromanganese on steel cleanness has previously

been studied.[5,6] Wijk and Brabie performed a study on the effect of low-carbon

ferrosilicon additions on steel cleanness.[5] This study showed that the addition of

high-purity ferrosilicon resulted in fewer inclusions in the steel compared to

when using standard ferrosilicon. The effect of adding ferromanganese on

inclusion characteristics in steel has been studied by Sjöqvist and Jönsson.[6]

They showed that normal refined low-carbon ferromanganese gives a higher

contribution to the inclusion content in the steel compared to medium-carbon

ferromanganese. Although some research have been performed, reviews in this

field indicates an interest for further investigation concerning the effect of

ferroalloy additions on the inclusion characteristics in steel.[7,8]

The objective of the present study is to investigate the effect of commercial high-

carbon ferrochromium additions on inclusion characteristics of steel. The

intentions are to determine if the inclusions present in ferrochromium are

inherited by the steel after dissolution of the alloy, and to determine if the size

distribution and compositions of the present inclusions are changed. For this
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purpose, two grades have been studied in laboratory scale alloying experiments.

These were a normal and a low-phosphorous high-carbon ferrochromium. In

order to determine the relative effect of these, three different amounts of

ferrochromium were used in the experimental series.
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2. EXPERIMENTAL

Two different grades of commercial high-carbon ferrochromium have been

studied in a series of laboratory alloying experiments. Three experiments for

each of the alloys were performed. Each alloy was tested with a 250, 500 and 750

g addition to 15 kg of deoxidised steel. The studied ferroalloys were supplied by

Elkem ASA from an industrial stockpile. The first ferroalloy is a normal high-

carbon ferrochromium (HC FeCr) and the second is a low-phosphorous high-

carbon ferrochromium (LP FeCr). The chemical compositions of these grades are

found in Table 1.

2.1. Materials

The following materials were also used during the alloying experiments.

Aluminium wire (99.7 wt-% pure) was supplied by Ovako Steel AB. AGA Gas AB

supplied argon gas with a maximum impurity level of less than 5 ppm of oxygen

and less than 5 ppm of moisture. Carbon with a purity of 99.97 wt-% C was

supplied by Le Carbone. The refractory material, KERMAG 982 with > 97.5%MgO,

was supplied by Lafarge Svenska Höganäs.

2.2. Experimental Procedure

The experiments were performed in a Balzer VSG50 vacuum induction furnace.

The furnace setup is presented in Figure 1. In preparation for the experiments,

a magnesite crucible (KERMAG 982) with an inside height of about 260 mm and

an inside diameter of about 220 mm was placed inside the coil. Thermal

insulation was used between the coil and the crucible to protect the coil from

Table 1. Chemical analyses of studied ferrochromium in wt-%.

Element Cr Si C S P Al Mn Ti Ni V N O Fe

HC FeCr 59.7 5.57 7.48 0.012 0.017 <0.01 0.29 0.28 0.3 0.13 0.02 0.02 26.1

LP FeCr 62.0 1.89 7.33 0.028 0.010 <0.01 0.18 0.13 0.37 0.13 0.043 0.21 27.7
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damage. A thermocouple of type B was inserted through the wall of the crucible

at about 25 mm above the bottom. The thermocouple was then connected to a

PID regulator in order to measure and control the temperature with an

approximate accuracy of ± 1°C. Before the experiment was started, aluminium

and ferrochromium were put in the additions container, whereas iron and carbon

were put into the crucible.

In each of the experiments, 15 ± 0.1 kg of pure iron was placed in the crucible.

The analysis of the iron is presented in Table 2. In addition, 37.5 ± 0.5 g of pure

carbon was also put into the crucible. Thereafter the vacuum chamber was

sealed and evacuated to about 0.1 torr (~1.2·10-4 atm). Induction heating was

started during the evacuation. The first purging of the vacuum chamber with

argon was initiated after the chamber had been evacuated. When normal

pressure (about 1 atm) was reached in the vacuum chamber, a second evacuation

was started. This time with an aim pressure of about 0.2 torr (~ 2.6·10-4 atm).

Thereafter, argon was introduced at a rate of 30 Nl/min to the chamber. The

Figure 1. Experimental setup.

Table 2. Chemical analyses of addition materials in wt-%.

Element C Si Mn P S Al Ni Cr Cu W

Pure Iron 0.0061 0.0089 0.064 0.0034 0.0032 0.002 0.023 0.011 0.012 0.0011

Aluminium - 0.053 0.004 - - 99.67 0.004 0.002 0.038 -
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procedure with evacuation and purging was considered as a necessary precaution

to limit oxidation of the melted iron by reducing the oxygen content in the

atmosphere. The pressure in the chamber and the temperature in the crucible

were monitored throughout the experiments. An example of a time-temperature-

pressure cycle is shown in Figure 2.

The pure iron was melted and heated to 1600°C. Approximately 5 minutes was

allowed for the added carbon to completely mix into the melt. At this time

45.7 ± 0.5 g of aluminium wire was introduced to the melt. Six minutes after the

aluminium addition, additions of commercial ferrochromium were made. Since

the additions container also was evacuated and purged with argon, the additions

of aluminium and ferrochromium could safely be made in an inert atmosphere.

Sampling of the steel was made through an airlock to preserve the inert

atmosphere inside the vacuum chamber. A reference sample was taken about

three minutes prior to the ferrochromium addition. Samples were also taken 3, 6,

12 and 18 minutes after this addition. The different samples will hereafter be

denoted according to their respective sampling time after the ferroalloy addition,
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i.e. sample 0, 3, 6, 12, and 18. All sampling was done by suction into quartz tubes

having an inner diameter of 5.8 mm. The part of the sample that was intended

for metallographic examination was mounted in a conducting phenolic mounting

compound (Buehler® Konductomet® I) for the purpose of examination in optical

microscope and scanning electron microscope.

Three different amounts of ferrochromium were used in the experimental series;

250, 500, and 750 g. The experiments with HC FeCr is numbered from A to C,

and the experiments with LP FeCr is numbered D to F. Table 3 outlines the

amounts of the different additions that were made during the experiments.

2.3. Chemical Analyses

The liquid steel samples were analysed for carbon, sulphur and oxygen by the

method described in ASTM E1019-00.[9] All other elements were determined

using ASTM E415-99a.[10] Oxygen and nitrogen was determined with a inert gas

fusion method. Carbon and sulphur was determined by combustion. Remaining

elements were determined by optical emission spectroscopy.

2.4. Optical Microscopy

The steel samples have been assessed according to the Swedish Standard

SS111116.[11] Area fraction and number of inclusions per mm² have been

determined according to the non-metallic inclusion assessment method. The

Table 3. Additions made during experiments

Experiment No. Aluminium
[g]

Carbon
[g]

Ferrochromium
[g]

A 45.7 37.5 250 g
B 45.7 37.5 500 g
C 45.7 37.5 750 g
D 45.7 37.5 250 g
E 45.7 37.5 500 g
F 45.7 37.5 750 g
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method prescribes that all inclusions are graded into four types according to

Jernkontoret's inclusion chart II. Here, type A inclusions are ductile, type B are

brittle stringers, type C are brittle-ductile and type D are undeformable

inclusions. Type A, B and C are measured in width, total length and number per

visual field. Type D are considered as being spherical and thus measured in

diameter and number of inclusions within the visual field.

These four types are then divided into four size groups according to their

respective width or diameter. The size groups are; thin (T), medium (M) or heavy

(H). There is also a fourth group, P, for individual particles that are larger than

the heavy inclusions. This method has been thoroughly described in previous

publications.[11-13] It should be noted that the SS111116 method was originally

designed for assessment of inclusions in wrought steel. In such specimens some

of the inclusions have been deformed into the inclusion types A, B or C. The

inclusions in liquid steel samples have naturally not been deformed and are

mostly spherical. Hence, only class D is being used for comparison in this study.

The magnification was set to 200x with a visual field diameter of 0.8 mm in the

present study. A total area of 185 mm² was examined on each of the samples.

2.5. Inclusion Composition Assessment

With the objective to characterise which compositions that was most common in

the acquired steel samples, inclusions were quantitatively analysed using SEM.

For this study, a JEOL© JSM840 with ED spectrometer was used in combination

with LINK ISIS© quantification software from Oxford Instruments.

An acceleration voltage of 20 kV was used at a working distance of 15 mm. Only

elements matching an energy peak were considered in the quantification

software. Finally, each individual analysis was ZAF-corrected and then

normalised.
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3. RESULTS

3.1. Chemical Analyses

The compositions of all analysed samples are given in Table 4. There is no

composition given for sample A0 since this sampling failed. Figure 3 illustrates

how the contents of aluminium, carbon and chromium varied in the liquid steel

during two experiments. The diagram shows the variation for experiments with

HC and LP ferrochromium. 750 grams of the respective ferroalloy was added in

these experiments.

It can be seen in Figure 3 that the content of carbon and aluminium initially is

at a level of about 0.2 wt-% and 0.3 wt-%, respectively. Carbon and aluminium

was added before sample 0. The content of the two elements is fairly consistent

between the two experiments. Aluminium also maintains a steady level for the

duration of the experiment. The chromium content is at a very low level in the

beginning of the experiment, between 0.008 and 0.012 wt-%. This is because only
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pure iron, carbon and aluminium have been used prior to the addition of

ferrochromium.

The ferrochromium is added three minutes after the reference sampling is made.

Three minutes later, the chromium content has increased to about 2.8 wt-%. The

chromium content in the experiment with HC FeCr is slightly lower compared to

the experiment with LP FeCr owing to the difference in chromium content

between the two grades, Table 4. After the initial sharp increase, the chromium

content remains at a steady level for the remainder of the experiments.

Figure 3 also shows that the carbon content increases slightly after the addition

of ferrochromium. The carbon content in the used ferrochromium is 7.5 wt-% for

HC and 7.3 wt-% for LC. An addition of 750 g of HC FeCr with 7.5 wt-% C would

Table 4. Chemical analysis of liquid steel samples.

FeCr
Grade

Sample
No. wt-% C wt-% S wt-% Cr wt-% Al ppm N ppm O

HC A3 0.35 0.021 0.977 0.29 30 38
A6 0.36 0.021 1.01 0.29 29 31

HC B0 0.21 0.028 0.008 0.30 33 26
B3 0.47 0.030 1.94 0.36 39 36
B6 0.44 0.026 1.95 0.31 40 37

HC C0 0.20 0.018 0.008 0.30 26 12
C3 0.46 0.016 2.67 0.32 40 22
C6 0.50 0.016 2.83 0.29 37 41

C12 0.51 0.020 2.72 0.32 41 >100
C18 0.61 0.020 2.74 0.33 37 60

LP D0 0.30 0.031 0.012 0.31 25 18
D3 0.22 0.015 1.03 0.32 29 7
D6 0.31 0.020 1.03 0.31 24 6

LP E0 0.15 0.040 0.008 0.31 34 11
E3 0.47 0.057 1.91 0.32 41 16
E6 0.38 0.032 1.90 0.31 45 15

LP F0 0.16 0.026 0.010 0.28 50 8
F3 0.51 0.030 2.85 0.28 36 107
F6 0.46 0.027 2.89 0.32 51 >100

F12 0.49 0.029 2.84 0.29 52 101
F18 0.50 0.026 2.85 0.30 39 36
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increase the carbon content in the steel melt with 0.35 wt-%. In the illustrated

experiments, the carbon content increased with 0.26 and 0.35 wt-% for HC and

LP FeCr, respectively. After the initial increase, the carbon contents remain at a

steady level for the remainder of the experiments. An exception is the 18-minute

sample for the experiment with HC FeCr. There is, however, no explanation to

this deviation at this point.

3.2. Inclusion Content

The number and area fraction of inclusions was assessed for liquid steel samples

taken before alloying (0), and 3 and 6 minutes after alloying. For easier reference

the determined values are presented in Table 5 and Table 6, respectively. The

total number of inclusions per mm² is illustrated in Figure 4, and the total area

percentage is presented in Figure 5. The dotted lines represent values from the

experiments with the normal high-carbon ferrochromium and the solid lines

represents the low-phosphorous grade experiments. Sample A0 is missing simply

because this sampling failed during the experiment.
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Table 5. Number of inclusions per mm² in liquid steel samples.

Sample DT DM DH DP Total
A0
A3 0.72 0.10 0.03 0.02 0.87
A6 0.46 0.08 0.01 0.55
B0 1.65 0.35 0.05 0.02 2.07
B3 0.66 0.19 0.04 0.02 0.90
B6 0.45 0.07 0.01 0.52
C0 1.06 0.28 0.03 0.01 1.38
C3 0.72 0.26 0.04 0.01 1.03
C6 0.42 0.09 0.02 0.53
D0 1.32 0.14 0.01 1.46
D3 0.41 0.11 0.04 0.01 0.57
D6 0.48 0.11 0.58
E0 1.30 0.22 0.01 1.52
E3 0.70 0.12 0.02 0.01 0.84
E6 0.38 0.08 0.01 0.46
F0 0.98 0.28 0.02 0.01 1.29
F3 0.77 0.16 0.03 0.01 0.96
F6 0.55 0.09 0.01 0.64

Table 6. Area-% of inclusions in liquid steel samples.

Sample DT DM DH DP Total
A0
A3 0.00090 0.00052 0.00065 0.0015 0.0035
A6 0.00058 0.00041 0.00026 0.0012
B0 0.0021 0.0018 0.00098 0.0011 0.0059
B3 0.00083 0.00095 0.00076 0.00092 0.0035
B6 0.00056 0.00035 0.00011 0.0010
C0 0.0013 0.0014 0.00065 0.00084 0.0042
C3 0.00090 0.0013 0.00076 0.00080 0.0038
C6 0.00053 0.00046 0.00033 0.0013
D0 0.0017 0.00068 0.00026 0.0026
D3 0.00052 0.00057 0.00076 0.00051 0.0024
D6 0.00060 0.00054 0.0011
E0 0.0016 0.0011 0.00011 0.0029
E3 0.00088 0.00060 0.00033 0.00080 0.0026
E6 0.00048 0.00038 0.00040 0.0013
F0 0.0012 0.0014 0.00043 0.00040 0.0035
F3 0.00096 0.00079 0.00065 0.00026 0.0027
F6 0.00069 0.00043 0.00026 0.0014
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The number of inclusions in sample B0 is unusually high, about 45% higher than

in the other reference samples that are well congregated at a level of about 1.5

inclusions per mm². It can be seen that the number of inclusions decreases

between the reference sample and the three minute sample. This trend is kept

between the three minute and six minute samples. Note, however, that the

number of inclusions in sample D3 deviates.

The total area-% of inclusions is presented in Figure 5. The figure shows that

the inclusion content is consistently lower in the three minute samples for the

experiments with HC FeCr compared to LP FeCr. However, the content is at an

equal level in all the studied six minute samples.

3.3. Inclusion Composition

With the objective to establish the typical compositions of the inclusions present

in the steel during the experiment, steel samples representing both of the used

grades were examined. These are steel samples C0, C3, C6, F0, F3, and F6 from

the experiments with grades C and F. The acquired analyses are presented in

Table 7. It should be realised that the sum of elements is not always 100% due

to rounding off errors.
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Table 8 shows a summary of which types of inclusion compositions that was

found in the study. Aluminium oxides and iron sulphides are both present in the

reference samples, samples C0 and F0. The composition types then changes after

alloying to being mainly aluminium oxides and a multi-component sulphide,

(Cr,Fe,Mn,Ti)S. This last type is also present in the samples taken six minutes

after the ferrochromium addition.

Table 7. Individual SEM analyses in at-%.

Sample No. O Al S Ti Cr Mn Fe Mg P Type
C0 25 1 74 FeS
C0 36 64 FeS
C0 23 76 FeS
C0 36 2 63 FeS
C0 1 31 1 67 1 FeS
C3 29 26 2 43 Al2O3

C3 16 4 12 1 66 (Cr,Fe,Mn,Ti)S
C3 15 3 12 69 (Cr,Fe,Mn,Ti)S
C6 1 26 1 23 6 43 (Cr,Fe,Mn,Ti)S
C6 40 10 24 2 25 (Cr,Fe,Mn,Ti)S
C6 1 25 5 14 1 54 (Cr,Fe,Mn,Ti)S
F0 1 29 1 70 FeS
F0 30 1 69 FeS
F0 41 1 58 FeS
F0 27 29 13 1 27 4 Al2O3

F3 1 39 3 22 3 31 (Cr,Fe,Mn,Ti)S
F3 40 4 31 2 22 (Cr,Fe,Mn,Ti)S
F3 2 33 2 24 2 36 (Cr,Fe,Mn,Ti)S
F3 39 36 1 23 Al2O3

F3 1 34 3 19 1 43 (Cr,Fe,Mn,Ti)S
F6 36 3 35 26 (Cr,Fe,Mn,Ti)S
F6 45 5 40 2 8 (Cr,Fe,Mn,Ti)S
F6 50 4 37 3 6 (Cr,Fe,Mn,Ti)S
F6 32 2 23 2 42 (Cr,Fe,Mn,Ti)S
F6 37 3 28 3 28 (Cr,Fe,Mn,Ti)S
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Table 8. Type of inclusions present in steel samples.

Sample Number

Type of Inclusion C0 C3 C6 F0 F3 F6

FeS Y N N Y N N

Al2O3 Y Y N Y Y N

(Cr,Fe,Mn,Ti)S N Y Y N Y Y
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4. DISCUSSION

4.1. Chemical Analyses

The analysed aluminium content in the steel is about 0.3 wt-% for all the

analysed samples. The addition of aluminium was 45.7 ± 0.5 g, which

corresponds to 0.298 ± 0.003 wt-%. This indicates an efficiency of in some cases

over 100% of the added aluminium. Other possible sources of aluminium include

pure iron, carbon and ferrochromium. The contribution from the pure iron is

about 0.02 wt-% and the content in ferrochromium is less than 0.01 wt-%.

Unfortunately, the aluminium content in the used carbon is unknown. The

extreme content limit can be calculated for an addition of 46.2 g of Al in 14.90 kg

of pure iron together with the aluminium contribution from the used iron and

ferrochromium. In total, the maximum aluminium content should be 0.324 wt-%.

The remaining possible source of error is the chemical analyses which has a

relative accuracy of about ± 0.5%. Considering the discussed contributions and

errors, the analytical values are within the extreme limits except for sample B3.

For this case there is no explanation at this point.

Although the same amount of carbon has been added in all experiments, the

carbon content varies slightly more than would be expected from analytical and

sampling errors combined. The aimed content was 0.23 wt-% C, and with one

exception the sample 0 analyses are reasonably close to this value. A lower value

than the aimed content indicates that some oxidation of carbon has occurred in

the melt. This is to be expected since the dissolved oxygen content in the pure

iron is the region of about 0.3 wt-%.

The chromium content in sample 0 for all heats varies between 0.008 and 0.012

wt-%, as is shown in Table 4. At this stage of the experiment, the additions have

been pure iron, aluminium and carbon. The analysed chromium content is

0.011 wt-% in pure iron and 0.002 wt-% in aluminium. There is unfortunately no

chromium analysis available for the carbon. With the given analyses of iron and
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ferrochromium, the variation in analyses between the reference samples is

perfectly within the analytical accuracy.

The compositions given in Table 4 also shows that the chromium content

increases sharply between sample 0 and sample 3 for each of the experiments.

After the sharp increase, the chromium content levels out and then maintains a

steady level for the duration of the experiment. This indicates that the added

ferrochromium is dissolved into the steel melt well before the sampling.

Argyropoulos and Guthrie performed a study on dissolution kinetics for a

number of ferroalloys. Among the studied ferroalloys was a low-carbon (LC)

ferrochromium with 0.25 wt-% C.[14] Their results showed that pieces of LC FeCr

smaller than 20 mm in diameter would have a dissolution time of about 40

seconds at 1600°C. According to another dissolution study performed by Lee et

al., the dissolution time for 4.85 wt-% C HC FeCr with a diameter of 16 mm is

about 20 to 25 seconds at 1600°C.[15]

Considering these data, it is predicted that the dissolution time for the

ferrochromium used in the present study should not exceed 30 seconds. This

should accordingly allow for a 150 second homogenisation period for the liquid

steel before the 3-minute sampling is made. In addition to the complete

dissolution of the ferroalloy after approximately 30 seconds, any inclusions that

can possibly be inherited by the steel have by that time been introduced to the

melt. Thereby the inclusion assessment of the 3-minute and 6-minute samples

should allow for detection of any possible inheritance of inclusions from the used

ferrochromium.

4.2. Inclusion content

The total number of inclusions in the reference samples is fairly consistent with

the exception of sample B0. However, the area-% varies between the maximum

level of 0.006% down to about 0.0025%. The values presented in Table 5 shows

that mainly the content of larger inclusions varies between the individual

experiments. Samples B0 and C0 have a considerably higher content of DH and
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DP inclusions than the other reference samples. This indicates that the

conditions before the addition of ferrochromium were not perfectly stable. It is

considered possible that the main contribution for this deviation is from the pure

iron, since it was difficult to maintain an equally low amount of surface oxidation

on the used iron. Although machining was performed on the surface, there may

still exist considerable amounts of surface oxidation in porous areas.

After the addition of ferrochromium the number of inclusion is congregated to a

level of about 0.9 inclusions per mm² with the exception of sample D3. The main

difference between D3 and the other samples is the content of DT-sized

inclusions. The reason for this is unknown. Furthermore, a comparison between

the samples, Figure 6, acquired in experiments with HC FeCr and LP shows

that the inclusion area-% is higher for the HC experiments. The main difference

in contents stems from the presence of more DP-inclusions. The low total number

of DH and DP inclusions in these samples makes the values statistically

uncertain. As a rule of thumb, about 30 inclusions of the same size group should

be found in order for the values to have a good significance. Consequently, it
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would be necessary to assess a far larger area if the number and area-% of

especially DP inclusions should have a high statistical significance. The

difference in inclusion contents in the steel samples for the respective grade is

therefore considered as having only a small significance. The conclusion is that

there is only a slight possibility that HC contributes to more inclusions than LP

ferrochromium.

Six minutes after the ferrochromium addition, the number and area-% of

inclusions are at an equal level for all the examined grades. This indicates that

even if the use of HC ferrochromium results in more inclusions, the difference is

eliminated six minutes after the addition.

4.3. Inclusion Composition

The evaluation of the analytical results from SEM shows that there are

considerable amounts of iron present in all of the individual analyses. This

strongly suggests that the electron beam has penetrated through the inclusion

and into the matrix although a fairly low acceleration voltage was used. The

typical sizes of the analysed inclusion were between 2 and 10 µm. Hence, it is

possible that at least some of the electron probe hit the matrix. Except for the

content in the iron sulphides (indicated in Table 7), it is concluded that it is

uncertain if iron really is present in the inclusions. Consequently, the given

analyses should be used with caution since these are considered as being merely

indicative with respect to present elements.

The ferrochromium grades contains inclusions with the typical compositions of

Al2O3, MnS and (Cr,Ti)(C,N). The analyses of the steel samples show two

different compositions, namely Al2O3 and (Cr,Fe,Mn,Ti)S. Aluminium oxide

inclusions are naturally present as a result of the aluminium deoxidation that

was performed prior to the ferroalloy addition. These are not considered as

having been inherited from the ferrochromium.
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The other composition type was (Cr,Fe,Mn,Ti)S. This is a multi-component

sulphide that mainly contains chromium, but also iron and then small amounts

of manganese and titanium. These inclusions were often small with a typical size

between 2 and 10 µm in diameter. The only sulphides that were found present in

ferrochromium were MnS inclusions. However, the chromium content in the

(Cr,Fe,Mn,Ti)S inclusions is much higher compared to the content in the MnS

inclusions. In fact, the MnS inclusions in ferrochromium contained very small

amounts of elements other than Mn and S.

When the inclusions are introduced to the liquid steel together with the

ferroalloy, it is considered probable that the inclusions are dissolved into the

melt. This is supported by the inclusion content assessment, which shows no

significant difference in inclusion content between experiments with different

addition amounts and different grades. Since pure MnS has a melting point of

1657°C the present results indicate that the MnS inclusions in ferrochromium

have been dissolved together with the ferroalloy.[16] It is therefore suggested that

the complex sulphides have formed during solidification. In conclusion, the

content and composition assessments of the inclusions in the steel samples do

not indicate an inheritance directly from the ferroalloy to the steel.

Although the total oxygen content is fairly high in all of the steel samples, very

few oxidic inclusions were analysed in the SEM studies. The main reason is that

most of the oxidic inclusions that were detected in SEM were smaller than 2 µm.

At this size a considerable beam penetration into the matrix can be anticipated.

As a direct consequence, only a few of the largest detected oxide inclusions were

analysed. The content of iron in those analyses, given in Table 7, shows that

even here the beam penetration was considerable.

It is suggested that the performed analyses are repeated in an SEM or an

electron microprobe equipped with a wave-length dispersive spectrometer (WDS)

in order to get a more accurate analyses of the inclusions.
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5. CONCLUSIONS

Alloying experiments with normal and low-phosphorous high-carbon

ferrochromium have been performed. Acquired liquid steel samples were

assessed in optical and electron microscope with the objective of characterising

the present inclusions and to establish if the addition influences the inclusion

characteristics in the aluminium killed steel. The results indicate that the

addition of ferrochromium does not significantly influence the inclusion

characteristics in the steel. The specific conclusions from this study are:

♦ The number and area-% of inclusions six minutes after the ferrochromium

addition is at an equal level in the studied liquid steel samples.

♦ Based on the presented experiments it is concluded that inclusions in

ferrochromium are not inherited to the steel.

♦ The inclusion composition changes from FeS and Al2O3 in the reference

samples to Al2O3 and complex sulphides in samples acquired three and six

minutes after the ferrochromium addition.

Finally, it is suggested that more inclusion analyses are performed using an

electron microprobe with WDS in the purpose of getting more accurate analyses

of the inclusions present in the steel samples.



Effect of Ferrochromium Additions on Inclusion Characteristics in Steel

- 24 -

6. ACKNOWLEDGEMENTS

The authors wish to thank Peter Kling, Department of Metallurgy, KTH for the

invaluable help with repairing the used equipment. Thanks are also due to

Anders Lind at Ovako Steel AB for the quick assistance with the chemical

analyses.



Effect of Ferrochromium Additions on Inclusion Characteristics in Steel

- 25 -

7. REFERENCES

1. M. Imagumbai and T. Takeda: Influence of calcium-treatment on sulfide-

and oxide-inclusions in continuous-cast slab of clean steel dendrite

structure and inclusions, ISIJ International, vol. 34, no. 7, 1994,

pp. 574-583.

2. O. Wijk and O. Sundqvist: Ladle metallurgy and its influence on steel

cleanliness, Scandinavian Journal of Metallurgy, vol. 26, no. 6, 1997,

pp. 249-254.

3. G.M. Faulring: Inclusion Modification in Semi-killed Steels, in 56th

Electric Furnace Conference Proceedings, Iron and Steel Society/AIME,

New Orleans, LA, USA, vol. 56, 1998, pp. 87-98.

4. G.J. Hassall, K.G. Bain, R.W. Young and M.S. Millman: Studies in

development of clean steels. Part I: Modelling aspects, Ironmaking and

Steelmaking, vol. 25, no. 4, 1998, pp. 273-278.

5. O. Wijk and V. Brabie, The Purity of Ferrosilicon and Its Influence on

Inclusion Cleanliness of Steel, ISIJ International, vol. 36, 1996,

Supplement, pp. S132-S135.

6. T. Sjöqvist and P. Jönsson: Effect of ferromanganese additions on inclusion

characteristics in steel, in 57th Electric Furnace Conference Proceedings,

Iron and Steel Society/AIME, New Orleans, LA, USA, vol. 56, 1999,

pp. 383-392.

7. Ø. Grong, T. Grong and T. Skaland: Principle guidelines for new ferroalloy

product developments, International Ferroalloys Congress 7, Norwegian

Ferroalloy Research Organisation (FFF), Trondheim, 1995, pp. 697-707.

8. M. Subramanian and C.N. Harman: Ferro Alloys to Meet International

Quality Standards in Alloy and Special Steel Making, Tool Alloy Steels,

vol. 23, no. 10, 1989, pp. 371-377.



Effect of Ferrochromium Additions on Inclusion Characteristics in Steel

- 26 -

9. ASTM E1019-00 "Standard Test Methods for Determination of Carbon,

Sulfur, Nitrogen, and Oxygen in Steel and in Iron, Nickel, and Cobalt

Alloys", American Society For Testing and Materials, 100 Barr Harbor

Drive, West Conshohocken, PA, USA 19428-2959.

10. ASTM E415-99a "Standard Test Method for Optical Emission Vacuum

Spectrometric Analysis of Carbon and Low-Alloy Steel", American Society

For Testing and Materials, 100 Barr Harbor Drive, West Conshohocken,

PA, USA 19428-2959.

11. "Steel - Method for assessment of the content of non-metallic inclusions",

Svensk Standard SS 11 11 16, Swedish Institute for Standards, Ver. 2,

June 1987, pp. 1-16.

12. S. Johansson: Computer Aided Manual Image Analysis for Assessment of

Non-Metallic Inclusions in Steel, Scandinavian Journal of Metallurgy,

vol. 19, no. 2, 1990, pp. 79-81.

13. S. Johansson: Jernkontoret Quantitative Comparative Chart, JQCC,

Scandinavian Journal of Metallurgy, vol. 14, no. 1, 1985, pp. 744-48.

14. S.A. Argyropoulos and R.I.L. Guthrie: Dissolution Kinetics of Ferroalloys

in Steelmaking, 65th Steelmaking Conference Proceedings, Pittsburgh,

PA, USA, vol. 65, 1982, pp. 156-167

15. Y.E. Lee, H. Berg and B. Jensen: Dissolution Kinetics of Ferroalloys in

Steelmaking Process, Ironmaking and Steelmaking, vol. 22, 1995,

pp. 486-494

16. Slag Atlas, 2nd ed., Verlag Stahleisen GmbH, Germany, 1995, pp.90



TRITA-MET 094

Influence of Ferromanganese Additions
on Inclusions in Bearing Steel

Thobias Sjöqvist, Mia Göransson,
Pär Jönsson and Peter Cowx

STOCKHOLM
August 2000

DEPARTMENT OF MATERIALS SCIENCE AND ENGINEERING
DIVISION OF METALLURGY
ROYAL INSTITUTE OF TECHNOLOGY
SE - 10044 STOCKHOLM



Influence of Ferromanganese Additions on Inclusions in Bearing Steel

- 1 -

Influence of Ferromanganese Additions
on Inclusions in Bearing Steel

Thobias Sjöqvist1, Mia Göransson2, Pär Jönsson1 and Peter Cowx3

1) Royal Institute of Technology, Department of Materials Science and Engineering,

Division of Metallurgy, SE10044 Stockholm, Sweden
2) Ovako Steel AB, SE81382 Hofors, Sweden
3) Eramet Norway AS, P.O. Box 82, NO3901 Porsgrunn, Norway

Abstract

Plant trials with four different low-carbon and medium-carbon ferromanganese
alloys have been performed at Ovako Steel in Hofors, Sweden. For each alloy,
five experiments were made at the ladle furnace station, i.e. 20 charges in total.
During the experiments, liquid steel rapid-solidification samples were taken to
study the behaviour of inclusion formation and removal during ladle treatment.
Also, samples for LSHR testing (Liquid Sampling Hot Rolling) were acquired for
one heat of each of the ferromanganese containing alloys. Micro inclusion
assessments were carried out according to the method described in the Swedish
standard SS111116. Macro inclusion assessments were carried out using
immersed ultrasonic testing. Element analysis and mappings were made in a
scanning electron microscope to establish the effect of the ferromanganese
addition on the composition of inclusions present in the steel.

Steel samples taken just before casting show that all the tested ferromanganese
alloys give the same result with respect to studied micro inclusion characteristics
at the end of ladle treatment. The results also show that the addition of
ferromanganese alloys leads to an increased amount of macro inclusions up to 9
minutes after the alloy addition.

In samples taken 3 minutes after the ferromanganese addition, about 40% of the
analysed inclusions contained Al2O3, MnO and MnS. The Al2O3 content is
concluded to originate from the deoxidation practise while the MnO and MnS
content is likely to originate from the addition of ferromanganese. Finally, the
inclusion composition in the final steel samples is unrelated to the
ferromanganese alloy used. In this case, the main compositions are Al2O3-MgO
and MnS.
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1. Introduction

Additions of ferroalloys are usually made during steelmaking to alloy or
deoxidise the steel. However, while the main purposes are achieved, the inclusion
characteristics of the steel are also affected. Efforts have been made in laboratory
scale tests to establish how these inclusions are influenced by the addition of
ferromanganese.1 These experiments were considered necessary before
attempting to determine the possible influence of ferromanganese on inclusions
during industrial steel production. Similar experiments have also been
performed by other researchers on ferrochromium2 and ferrosilicon3.

The laboratory experiments on ferromanganese were performed for six qualities
of low and medium-carbon ferromanganese with different oxygen contents.1

From the steel samples, an assessment and element analysis of the inclusions
present in the steel was done. Results showed that low-carbon normal refined
ferromanganese not only contained more inclusions, but also lead to an increased
amount of inclusions present in the steel. In addition, low-oxygen
ferromanganese had the lowest inclusion content and a low contribution to the
total inclusion content of the steel. In these experiments, the most common
inclusion composition was MnO-MnS.

At the industrial scale, this study is focused on the effect of ferromanganese
additions on inclusions in bearing steel. Four different refined ferromanganese
alloys have been tested in plant-trials by addition at a ladle-furnace station.
During the experiments, liquid steel rapid solidification samples were collected
during the ladle treatment and studied using an optical microscope to determine
the content and size distribution of micro inclusions. Scanning electron
microscope (SEM) has been used to analyse the chemistry of these inclusions. In
addition, immersion ultrasonic testing has been used to determine the content of
macro inclusions.
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2. Experiments

Four different ferromanganese grades were tested in full-scale at Ovako Steels
production site in Hofors, Sweden. These grades were chosen based on the
results from two preceding studies concerning the influence of ferromanganese
additions on inclusions in steel.1,4 The composition of the four grades are
presented in Table 1. Grades A and B are normal refined ferromanganese, while
C and D are low-oxygen ferromanganese grades. In total, five experiments for
each of the ferromanganese grades were performed.

The production line at Ovako Steel is illustrated in Figure 1. Production starts
with scrap melting in an electric arc furnace. The melt is tapped into 100-ton
ladles, then passes a deslagging unit before entering the ASEA-SKF ladle
furnace station. Here, ferroalloys, synthetic slag and aluminium are added. After
completed alloying and deoxidation, the melt is subjected to vacuum degassing.
After a period of final heating and stirring, the steel is cast using up-hill
teaming. The experiments in this study were performed during the ladle furnace
treatment.

→ → →
Scrap charging Melting Deoxidation and alloying

→ →
Vacuum degassing Heating and stirring Ingot casting

Figure 1. The steelmaking process at Ovako Steel AB in Hofors, Sweden.



Influence of Ferromanganese Additions on Inclusions in Bearing Steel

- 6 -

2.1. Experimental Procedure

In order to allow any change in inclusion characteristic to be detectable, normal
production practise was somewhat altered for the experiments. All primary
additions were made before the addition of ferromanganese. The intent with this
practise was, if possible, to isolate the effect of the ferromanganese additions on
the inclusions in the steel. Directly after primary additions, a reference sample
was taken. A second liquid steel sample was taken about three minutes after the
ferromanganese addition (hereafter denoted as the 3-minute sample), followed by
two more samples taken at three-minute intervals. The fifth sample was taken
directly after vacuum degassing and the final steel sample just before casting.

For all the experiments, immersion samples with 6-mm thickness were taken.5

In addition, during one experiment for each of the ferromanganese grades,
LSHR-samples (Liquid Sampling - Hot Rolling) were taken at the same time,
Figure 2. All samples, both regular immersion samples and LSHR-samples, were
taken using an automatic sampling equipment with a given sampling time and
sampling depth into the molten steel. The intention with this procedure is to
increase the consistency of results by reducing errors originating from different
sampling depths and times.

Table 1. Chemical composition of used ferromanganese alloys (wt-%)

Grade Mn C Si P N O
A 80.0 0.42 0.20 0.16 0.11 1.15
B 80.7 0.85 0.26 0.16 0.13 0.82
C 81.7 0.44 0.49 0.16 0.054 0.33
D 82.2 0.92 0.38 0.18 0.058 0.17

Table 2. Chemical composition of liquid steel samples (wt-%)

FeMn: A B C D
Time: ref 3 fin ref 3 fin ref 3 fin ref 3 fin
S (wt-%) 0.024 0.041 0.042 0.052 0.08 0.033 0.044 0.040 0.045 0.047 0.045 0.031
Si (wt-%) 0.41 0.41 0.42 0.36 0.37 0.37 0.37 0.37 0.36 0.40 0.41 0.38
Mn (wt-%) 0.17 1.44 1.57 0.20 1.45 1.50 0.18 1.42 1.55 0.16 1.49 1.55
O (ppm) 18 19 8 26 22 6 22 26 9 20 23 11

Samples were taken before addition (ref), 3 minutes after (3) and directly before casting (fin). Only
the final samples have been analysed for Mg. In these samples, the content is very close to the
detection limit 3 ppm. The uncertainty for the Mg analysis is about +/- 1 ppm.
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Figure 2. Cross-section of a steel mould for LSHR sampling, by courtesy of T.
Hansen.14

2.2. Immersion Sample Preparation

Before examining the samples in optical and scanning electron microscope, the
centre part of the sample was removed (about 15 mm in square). This was
encapsulated in a conducting phenolic mounting compound (Buehler®
Konductomet® I). Silicon carbide paper was used for grinding the samples and a
textile disc and diamond spray (1 µm) was used to polish the samples to a
sufficiently even surface.

2.3. Analytical Methods

Evaluation of the steel samples was performed by optical microscopy, using the
SS111116 method, and by scanning electron microscopy to analyse the chemical
composition of micro inclusions present. Moreover, the LSHR samples were
examined by immersed UST (Ultra Sonic Testing). In the following, these
methods will be described more in detail.

2.3.1. Chemical Analyses

Samples of the used ferromanganese grades were analysed for carbon by
combustion in an LECO-244. Oxygen and nitrogen were analysed in an LECO-
136 by infrared absorption and thermal conductivity, respectively. The
remaining elements were analysed using x-ray fluorescence analysis.

The liquid steel samples were analysed for carbon, sulphur and oxygen by the
method described in ASTM E1019-00.6 All other elements were determined using
ASTM E415-99a.7
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2.3.2. Micro Inclusion Size Assessment

Assessment of the inclusions in all samples has been performed according to the
SS 111116 method.8-10 In this method, all inclusions are characterised by their
geometry and size according to a picture chart presented in the Swedish
standard SS 111116 (JK Chart II).8 Geometrically there are four classes, from A
to D. Class A for ductile inclusions, B for brittle, C for brittle-ductile, and D for
undeformable. In size there are four categories: T, M, H and P. First there is the
size category T for inclusions with apparent diameter between 2.8 and 5.7 µm,
then M for diameters between 5.7 and 11.3 µm and finally H for diameters
between 11.3 and 22.6 µm. For inclusions with a diameter larger than 22.6 µm,
the category for particular inclusions, P, is used.

A computer software, PC MIC©, was used to assess the collected data.11 This
program allows the user to set the visual field diameter, magnification and
number of scale divisions within the visual field diameter. After the inclusions in
a given sample had been assessed, the program calculates characteristic
parameters for the different geometrical classes of inclusions. Parameters used
in this study are the number of inclusions and area percentage inclusions per
square millimetre of each geometrical class of inclusions.

For each of the ferromanganese grades, samples from three of the experiments
were studied. Included are the results from the reference sample, the sample
taken three minutes after the ferromanganese addition, and the final sample
taken before casting. Since the samples examined in this study are from liquid
steel, a majority of the inclusions is spherical. Consequently, all inclusions have
been fitted into the geometrical class D.

2.3.3. Inclusion Composition Assessment

Steel samples from two experiments of the respective ferromanganese grades
were analysed using SEM. Analyses included both qualitative analysis (element
mapping) and quantitative microarea analysis. These analyses were performed
using a JEOL JSM840. During analysis, acceleration voltage was set to 20 kV
with a working distance of 25 mm. The live time for each analysis was set to 90
seconds. Calibration against a cobalt reference was performed at two hours
interval. Quantitative analyses were calculated by using the ZAF-method with
three iterations.



Influence of Ferromanganese Additions on Inclusions in Bearing Steel

- 9 -

2.3.4. Macro Inclusion Assessment

All LSHR samples taken at the different experiments were prepared according to
the following principle. First, the sample were hot rolled to a thickness of about 4
mm, and then straightened and normalised. The middle part of the plate, as
shown in Figure 2, was removed and milled down to a rectangular plate with
level surfaces. The final measurement of the plate was 60 x 4 x 25 mm. Using a
Krautkramer Branson USIP20 HR with a high frequency equipment (HFTR) as
instrument, the specimens were subject to ultrasonic high frequency testing
submerged in a water-filled tank. By using flat bottom hole (FBH) specimens, the
equipment was calibrated at two ranges of defect sizes. FBH with a diameter of
50 and 70 µm was used to calibrate the unit to 41.5 and 81.5 %, respectively, of
the maximum amplitude. This corresponds to detectable defects of approximate
sizes between 35 to 59 µm and 60 to 85 µm. In addition, defects larger than 85
µm are detected as amplitudes over 100 %. Further information regarding the
LSHR method can be obtained from references 12 to 14.
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3. Results and Discussion

3.1. Micro Inclusion Size Assessment

From the plant trials with ferromanganese, samples from three heats for each of
the ferromanganese qualities were studied. Figure 3 presents the analysed
manganese content in the steel samples through the process from two separate
experiments. Filled squares and circles correspond to experimentally determined
contents of manganese. The dotted lines represent an estimation of the content
between the experimental points. This figure show that most of the
ferromanganese was dissolved at the time of the second sampling. It is therefore
assumed that the determined inclusion content in the second sample adequately
represents full dissolution of the added ferromanganese. Consequently, inclusion
characteristics were determined for the reference sample, the first sample after
addition of ferromanganese and the final sample taken just before casting.

Results from the inclusion assessments are presented in Table 3 to 5. The
average area-fractions of inclusions in the examined steel samples are illustrated
in Figure 4 to 7. The value of each bar represents the average content from three
heats using the same ferromanganese grade. Indicated in the figure are also the
standard deviations between the samples. However, please note that only one
assessment has been made on the final steel samples for each of the
ferromanganese grades. Consequently, there is no standard deviation or average
data for these samples.
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Figure 3. Manganese content in steel during experiments.
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Figure 4. Averages of total area-% of inclusions in examined steel samples.
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Figure 5. Average area-% of DT inclusions in steel samples.
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Figure 6. Average area-% of DM inclusions in steel samples.
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Figure 7. Average area-% of DH inclusions in steel samples.
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It can be seen that the inclusion content in the reference samples varies between
0.0025 and 0.0031 area-%. For these samples the standard deviation is fairly
high, between 15 to 25 % except for the experiments with grade A. In this case
the standard deviation is very low, only about 2 %.

The inclusion content of the steel only increases from the reference sample to the
3-minute sample for low carbon ferromanganese grade A. For the three other
grades, the difference between the reference and the 3-minute sample is well
within the standard deviation.

It is evident that the inclusion contents in the samples taken immediately before
casting generally are much lower than even the reference sample. About a third
of the inclusion content in the reference sample remains after completed
treatment. This is confirmed by the total oxygen contents shown in Table 2. In
the reference and 3-minute samples, the content varies between 18 and 26 ppm.
In the final steel sample, the oxygen content varies between 6 and 11 ppm.

Table 3. Inclusion content in reference samples (area-%)

Grade DT DM DH Total

A 0.00140 0.00122 0.00000 0.00263
0.00116 0.00135 0.00000 0.00251
0.00154 0.00083 0.00017 0.00254

Average 0.00137 0.00113 0.00006 0.00256
Std.Dev. 0.00019 0.00027 0.00010 0.00006

B 0.00103 0.00145 0.00047 0.00295
0.00121 0.00157 0.00035 0.00314
0.00139 0.00076 0.00000 0.00216

Average 0.00121 0.00126 0.00027 0.00275
Std.Dev. 0.00018 0.00044 0.00024 0.00052

C 0.00094 0.00139 0.00069 0.00302
0.00135 0.00175 0.00065 0.00375
0.00180 0.00104 0.00000 0.00284

Average 0.00136 0.00139 0.00045 0.00320
Std.Dev. 0.00043 0.00036 0.00039 0.00048

D 0.00182 0.00143 0.00033 0.00358
0.00108 0.00127 0.00017 0.00251
0.00145 0.00074 0.00000 0.00218

Average 0.00145 0.00114 0.00017 0.00276
Std.Dev. 0.00037 0.00036 0.00016 0.00073
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Table 4. Inclusion content in 3-minute samples (area-%)

Grade DT DM DH Total

A 0.00163 0.00132 0.00000 0.00295
0.00138 0.00160 0.00031 0.00328
0.00175 0.00192 0.00038 0.00405

Average 0.00159 0.00161 0.00023 0.00343
Std.Dev. 0.00019 0.00030 0.00020 0.00057

B 0.00177 0.00127 0.00000 0.00304
0.00101 0.00108 0.00075 0.00284
0.00164 0.00090 0.00016 0.00270

Average 0.00147 0.00108 0.00031 0.00286
Std.Dev. 0.00041 0.00018 0.00040 0.00017

C 0.00160 0.00113 0.00000 0.00273
0.00160 0.00145 0.00062 0.00366
0.00183 0.00067 0.00017 0.00267

Average 0.00168 0.00108 0.00026 0.00302
Std.Dev. 0.00013 0.00039 0.00032 0.00056

D 0.00157 0.00123 0.00038 0.00318
0.00151 0.00114 0.00053 0.00317
0.00103 0.00083 0.00000 0.00186

Average 0.00137 0.00107 0.00030 0.00274
Std.Dev. 0.00029 0.00021 0.00027 0.00076

Table 5. Inclusion content in final steel samples (area-%)

Grade DT DM DH Total
A 0.00037 0.00039 0.00039 0.00115
B 0.00035 0.00032 0.00048 0.00115
C 0.00039 0.00042 0.00022 0.00103
D 0.00030 0.00039 0.00017 0.00086

Presented in Figures 6 to 8 are the contents of DT, DM and DH inclusions. While
the standard deviation is high, a general tendency can still be seen for DT and
DM inclusions, Figure 6 and 7. For DT inclusions, which are between 2.8 and 5.7
µm in diameter, the general tendency is that the content increases between
reference and 3-minute sample. Nevertheless, for DM inclusions, between 5.7
and 11.3 µm in diameter, the relationship is the opposite; i.e. the content of DM
inclusions tends to decrease. The reason for this is believed to be a combination
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of formation and inheritance of inclusions following the ferromanganese addition.
This will be further discussed below.

The formation and inheritance of inclusions in this case may be a result of the
ferromanganese addition. That is, since ferromanganese contains a fair amount
of oxygen as finely divided manganese oxide, about 0.2 to 1.0 wt-%, the addition
may contribute to an increased oxygen content in the steel melt. This, in turn,
contributes to the formation and growth of oxidic inclusions. Moreover, previous
studies have shown that some oxidic and sulphidic inclusions present in
ferromanganese may be carried on to the steel melt.1,4 Inclusions are therefore
possibly inherited from the ferromanganese alloys. The increase of DT-inclusions
may also be the result of growth from micro inclusions that were smaller than
2.8 µm at the time of the reference sampling.

The removal rate of an inclusion can be roughly estimated by using Stoke’s Law.
That is, for an inclusion in liquid steel, the upward velocity due to density
differences between the steel and the inclusion can be estimated by:

( )
Fe

pFe rg

µ⋅

⋅ρ−ρ⋅⋅
=

9

2
v

2

(1)

Where g is the gravitational acceleration, ρFe is the density of iron, ρp is the
density of the inclusion, µFe is the dynamic viscosity of steel and r is the radius of
the particle. Assuming that all parameters except the particle radius remains
constant, increasing the radius from 4 to 8 µm increases the upward velocity by 4
times. This simple calculation illustrates that larger inclusions, e.g. DM,
probably have a higher removal rate than smaller inclusions, e.g. DT. Therefore,
the increase of DT inclusions, Figure 5, is concluded to be the result of a low
removal rate and growth of micro inclusions initially smaller than 2.8 µm. In
addition, the decreasing content of DM inclusions is a result of a high flotation
and removal rate.

The inclusion assessment also included inclusions larger than 11.3 µm. As can be
seen in Figure 7, the standard deviation is much too large to make any
conclusions from these results alone.
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3.2. Element Analysis of Inclusion in Scanning Electron Microscope

Inclusions present in the 3-minute and final steel samples have been studied in
SEM. About 10 inclusions from each of the 3-minute samples were analysed and
the results are presented in Table 6. Because of the very low inclusion content in
the final samples, only 5 inclusions were analysed from these. These results are
presented in Table 7. The analysed inclusions were in the range between 2 and
10 µm in diameter. Obviously most of the inclusions contain Al2O3 together with
one or more other phases. Most common as a second constituent phase are
manganese oxide and/or calcium oxide. It can also be seen that two analysed
inclusions contain vanadium oxide (V2O5). Since vanadium oxide is commonly
present in the top slag during the ladle treatment, these inclusions most
probably derive from the top slag. For example, they may have been formed due
to entrainment of slag into steel during induction stirring or heating with
electrodes.

As an example of the analysed inclusions, an element mapping of a 3 µm large
aluminium-manganese oxide inclusion from experiments with ferromanganese
alloy D is presented in Figure 8. The mapped elements include O, Fe, Mn, Al and
S. It can be seen that aluminium, manganese and oxygen are present in the
same locations, which indicates that the inclusion contains aluminium and
manganese oxide. Although it cannot be seen in the figure due to the low content,
a quantitative point analysis shows that sulphur is present at a level of about 0.5
to 2.0 wt-%. This type, Al2O3-MnO-MnS, was in majority among the analysed
inclusions in the 3-minute samples, as indicated in Table 6.

Most of the inclusions in the 3-minute samples contain both aluminium and
manganese oxides. The constituent phases Al2O3 and MnO can be present in
same inclusion as the result of (a) a reaction between Al, Mn and O forming this
compound and/or (b) collision between one Al2O3 and one MnO inclusion. MnO
may be a constituent phase of an inclusion due to (a) a reaction between
dissolved manganese and oxygen and/or (b) after being inherited from the
ferromanganese alloy. The last case is made possible by the fact that the
majority of inclusion present in ferromanganese consist of MnO.15-17 Another
study have also shown that it is probable that MnO inclusions can be carried
over to the steel during alloying.1 After being transferred into the steel melt, the
MnO-inclusions would have to be reduced to dissolved manganese or
mechanically removed, otherwise they would still be present in the steel melt.
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Figure 8. Element mapping of a 3 µm Al2O3-MnO-MnS inclusion.

The equilibrium between manganese and oxygen in liquid iron can be calculated
to determine if the conditions during the experiments were favourable for MnO
formation. MnO is formed by the following reaction:

Mn + O ⇔ MnO(s) (2)

The standard Gibbs free energy of MnO(s) formation is:18

T
aa

a
RTG

OMn

MnO ⋅+−=
⋅

−=∆ 64,127284900ln0 (3)

The composition that was used in the calculations was 0.13 wt-% C, 0.045 wt-%
S, 0.41 wt-% Si and 4 ppm Ca. Al, Mn and O contents were used as variables and
the activity of MnO(s) was set to unity. Only first order interaction parameters
were used in the calculations.18 Using the same conditions, the equilibrium
dissolved oxygen content was also calculated for the following reaction:

2 Al + 3 O ⇔ Al2O3(s) (4)

The standard free energy of Al2O3(s) formation is:18

T
aa

a
RTG

OAl

OAl ⋅+−=
⋅

−=∆ 8.3931225000ln 32
0 32 (5)
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In this case, the activity of Al2O3 (s) was set to unity. The dissolved oxygen
equilibrium content (Oeq) for reactions 2 and 4 are illustrated in Figure 9. It is
evident that an increase in aluminium increases Oeq for formation of MnO in the
melt. Necessary oxygen content at 0.05 wt-% Al and 1.5 wt-% Mn is at a level of
about 0.09 wt-% O. Since the experimental melts only contain up to 0.0026 wt-%
O, formation of MnO in the melt is at a minimum.

In summary, the steel had been deoxidised with aluminium forming Al2O3

inclusions before the addition of manganese. The equilibrium dissolved oxygen
content governed by the aluminium content is about 4 ppm by weight.
Calculations show that formation of MnO in the liquid steel under these
conditions is at a minimum. The conclusion is that the presence of MnO in some
of the inclusions suggests that these inclusions have been inherited from the
ferromanganese alloy.

The chemical composition of inclusions in the final steel samples is shown in
Table 7. Compared to the composition of the inclusions in the 3-minute samples
it is evident that the compositions have changed. Instead of Al2O3-MnO-MnS, the
majority is now represented by Al2O3-MgO. This apparent change in inclusion
chemistry has previously been observed by L. Huet et. al in their investigation
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Figure 9. Dissolved oxygen equilibrium contents in liquid iron at 1600°C.
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about deoxidation praxis in bearing steel production.19 Their results shows that
the inclusion composition changes from complex aluminates to Al2O3-MgO after
vacuum degassing. The source of magnesia in these inclusions is the refractory
material in the ladle. At the low pressures used during vacuum degassing, the
magnesia in the refractory is reduced, causing increased magnesium content in
the steel. This in turn modifies the present inclusions to magnesia containing
complexes, such as the Al2O3-MgO spinel.20 The conclusion is that the grade of
ferromanganese does not influence the end-composition of the inclusions in the
steel.

Finally, the composition of Al2O3-MnO and Al2O3-MnO-MnS has been observed
to be reasonably constant irrespective of the ferromanganese grade used. As
shown in Table 6, the majority of the inclusions are either of the type Al2O3-MnO
or Al2O3-MnO-MnS. In Table 8, the aluminium and manganese content for these
two inclusion groups are compared. On average, the Al2O3-MnO inclusions
contained 96 wt-% aluminium and 4 wt-% manganese. The standard deviation
for aluminium and manganese were 1.9 wt-%. The Al2O3-MnO-MnS inclusions
contained on average 86 wt-% aluminium, 10 wt-% manganese and 4 wt-%
sulphur. The standard deviation of these analyses were 7.5, 5.5 and 2.0,
respectively. Apparently, the composition of these inclusions remains in the high
aluminium area regardless of which ferromanganese grade is used.

Table 6. Inclusion types in 3-minutes samples

Type of inclusion A B C D
Al2O3 2 1 1
Al2O3-MnO 4 1 1 4
Al2O3-MnO-MnS 3 2 7 3
Al2O3-MgO-MnO-MnS 1 1
Al2O3-CaO-MnO 1 1 1 1
Al2O3-CaO-MnO-MnS 1 2 2
Al2O3-CaO-CaS 1
Al2O3-CaO-MgO-MnO-MnS 1 1
Al2O3-CaO-MnO-SiO2-V2O5 1 1
CaO-MgO 1
CaO-MnO-SiO2 1
MnO-MnS 2
SiO2 1
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Table 7. Inclusion types in final steel samples

Type of inclusion A B C D
Al2O3-MgO 1 3 3 2
Al2O3-MgO-CaO 2
Al2O3-MgO-MnS 1
MnS 1 1 1 2
SiO2 1

Table 8. Composition of Al2O3-MnO and Al2O3-MnO-MnS inclusions in at-%

Al2O3-MnO
Grade Size Al Mn S Mg Si Ca V

A 3 95 5 0 0 0 0 0
C 4 96 4 0 0 0 0 0
A 4 95 5 0 0 0 0 0
D 4 91 9 0 0 0 0 0
D 5 97 3 0 0 0 0 0
D 5 94 6 0 0 0 0 0
A 6 97 3 0 0 0 0 0
B 6 98 2 0 0 0 0 0
A 7 96 4 0 0 0 0 0
D 8 96 4 0 0 0 0 0

Av. 5 96 4 0 0 0 0 0
StD. 1.5 1.9 1.9 0 0 0 0 0

Al2O3-MnO-MnS
Grade Size Al Mn S Mg Si Ca V

C 2 91 5 3 0 0 0 0
A 2 80 14 6 0 0 0 0
C 3 84 12 3 0 0 1 0
C 3 93 5 2 0 0 0 0
C 3 92 5 2 0 0 0 0
D 3 67 24 9 0 0 0 0
D 3 94 5 2 0 0 0 0
B 3 91 7 2 0 0 0 0
A 4 89 7 4 0 0 0 0
C 5 87 9 3 0 0 0 0
D 5 75 18 6 0 0 0 2
C 6 88 8 4 0 0 0 0
C 6 87 8 5 0 0 0 0
A 6 81 14 5 0 0 0 0
B 6 92 7 1 0 0 0 0

Av. 4 86 10 4 0 0 0 0
StD. 1.5 7.5 5.5 2.0 0 0 0.2 0.4
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3.3. Ultrasonic testing of LSHR Samples

LSHR samples have been examined to determine the level of macro inclusions
using immersed ultrasonic testing. In this study, macro inclusions are defined as
being larger than 35 µm in diameter. An illustration of a typical result from the
ultrasonic testing is presented in Figure 10. White spots in the picture
correspond to detected defects. The calibration of the detection unit is made with
flat-bottom hole specimens of 50 and 70 µm in diameters. This corresponds to
defects with diameters of about 35 to 59 µm and 60 to 85 µm, respectively.
Hence, the exact size of defects larger than 85 µm are difficult to estimate.
However, the smallest macro inclusions visible in the picture are about 35 µm in
diameter. It should also be noted that detected defects might be pores. However,
since the samples have been reduced in hot rolling they are most probably macro
inclusions. The results of the ultrasonic testing of the LSHR samples are
presented in Figure 11. The macro inclusion content for each sample is
represented by a group of bars. Inclusions between 35 to 59 µm are represented
by the first bar, the second represents 60 to 85 µm and the third represents
inclusions larger than 85 µm. As an example, the sample marked as C-9 in the
figure was taken 9 minutes after the addition of ferromanganese grade C.

Figure 10. Image of ultrasonic testing of LSHR 3-minute sample from
experiment with ferromanganese grade B.
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The results show that the number of macro inclusions changes during the course
of the ladle treatment. For grade A, the number of inclusions per mm3 between
35 and 59 µm remains unchanged throughout the treatment, while the number
of larger sized inclusions (> 60 µm) reaches a peak immediately after the
ferromanganese addition. However, 9 minutes after the addition, the macro
inclusion density is very similar to the content before the addition. For grade B
and C, Figure 11 shows that the macro inclusion density increases between the
reference sample and the samples taken 3, 6 or 9 minutes after the
ferromanganese addition.

Another interesting aspect on the macro inclusion content is the immediate
increase between the reference and 3-minute sample. The results include
experiments with ferromanganese grades A to C. In these experiments, there is a
relative increase in macro inclusion content between the reference sample and
the 3-minute sample. Thus, it can be concluded that the addition of
ferromanganese will lead to an increased macro inclusion content. One possible
reason is that macro inclusions are inherited from the ferromanganese. However,
it does not seem likely that the type of ferromanganese grade has a large
influence on the increase in macro inclusion content. Further investigations
based on a larger number of plant trials are necessary to study that aspect more
in detail.
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Figure 11. Results from ultrasonic high frequency testing (LSHR).
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It could be discussed why the macro inclusion content varies so much in the
different samples. The results could be affected by the sampling procedure itself,
since the sampler has to pass through the top slag before being immersed into
the bath. In the way through the slag layer some slag might penetrate into the
mould and thus influence the results of the LSHR sampling. In fact, slag was
found on the surface of some of the rapid solidification samples. However, in
order to be sure about actual sampling errors, detected macro inclusions would
have to be analysed using SEM. This very time-consuming operation includes
identifying the depth to the inclusion followed by a careful grinding down to that
position, and finally determination of the composition using SEM. This was
considered as out of the scope of this paper.

Another cause for the variation is that the macro inclusion content actually
varies as is seen from the results. The concentration of macro inclusions in the
sampling position can most likely vary during treatment. Finally, the way of
detecting the macro inclusion inclusions may itself be a cause of the variation of
macro inclusions in the different samples. The methodology of using the LSHR
method together with ultrasonic testing is not fully developed. However, before it
was developed the kind of macro inclusions shown in Figure 11 were not believed
to exist, simply because they could not easily be detected. The reason is that the
macro inclusion content in clean steel is so low that it can not easily be detected
using the normal procedure of determining the micro inclusion content using
LOM. The main reason is that the sampling volume in the production samples is
to small to find a statistically reliable number of macro inclusions. The size of the
LSHR sampler might even is to small for detecting a representative number of
inclusions during ultrasonic testing. These questions are dealt with in ongoing
research in Sweden to develop the LSHR method in combination with ultrasonic
testing. Based on the findings of that research it will with any luck be easier to
determine the macro inclusion content during ladle treatment in the future.
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4. Conclusions

This study has shown how the addition of normal refined and low-oxygen
ferromanganese influences inclusions in steel during bearing steel production.
The results indicate that the micro inclusion density in the steel immediately
before casting will remain at an almost equal level irrespective of which
ferromanganese grade that is added. When adding normal refined low-carbon
ferromanganese (grade A), the total micro-inclusion fraction increased with
about 30% during the first three minutes after addition. However, the inclusion
content stabilises after vacuum degassing at an equal level for all
ferromanganese grades.

The macro inclusion content was found to increase due to the addition of
ferromanganese. No effect of grade on the macro inclusion content could be
found. One plausible reason for the increase in macro inclusion content is that
inclusions are inherited from the ferroalloy, but further investigations are
necessary to confirm that.

An influence on the composition of the inclusions has also been indicated. It is
concluded that MnO inclusions present in ferromanganese may be inherited to
the steel. It should also be mentioned that 90% of the analysed inclusions
contained Al2O3, which is to be expected since the steel was deoxidised with
aluminium prior to the addition of ferromanganese.

The more specific conclusions from this study are the following:

• Ferromanganese grades with low oxygen and inclusion contents do not
significantly influence the micro inclusion population in steel.

• The results indicate that MnO inclusions are inherited from ferromanganese
to liquid steel during alloying.

• The addition of ferromanganese causes an increase of the macro inclusion
density up to 9 minutes from the time for addition.

The results from the plant trials indicate that ferromanganese grades have only
a temporary influence on content and composition of micro inclusion in steel. It is
entirely possible that this influence is important to certain steelmakers.
Especially considering that low-carbon ferromanganese sometimes is added as a
final adjustment immidiately before casting. This praxis might have to be re-
considered if the steel is required to be clean from inclusions.
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The macro inclusion content was found to increase due to the alloy addition, but
the long term influence on the macro inclusion content was not studied. In
summary, further investigations are suggested in order to gain a better
foundation from which conclusions that are more specific can be made.
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