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ABSTRACT

Advanced High Strength Steel (AHSS) has become a popular steel grade among
automakers to produce vehicle bodies. With improvements in strength and elongation,
AHSS has evolved to its 2" generation, including high manganese steel. Even though it
has outstanding strength, the 2" generation of AHSS faces some production problems due
to its high alloying elements. With continual improvement, the 3™ generation of AHSS is
currently in production. In this generation, the steel types still have a competitive strength
and elongation like the 2" generation of AHSS while having lower alloying element
contents and production costs. One of the types of 3™ generation AHSS is medium
manganese steel. Research related to the 2" and 3™ generation of AHSS mainly focuses on
their mechanical properties and microstructures. As there is a strong correlation between
mechanical properties and inclusion characteristics, further investigation of the evolution
of inclusions is still required.

In this study, high-temperature experiments were conducted to investigate the effects of
metal chemistry on the inclusion evolution in liquid steel. The concentrations of
manganese, aluminum, and nitrogen were varied systematically. Two and three-
dimensional analysis techniques were applied to study the number, composition, and size
distribution of inclusions. Electrolysis extraction was used to identify the oxide, sulfide,
and nitride inclusions, whereas an automated SEM with an ASPEX feature was used to
detect a larger number of inclusions for better representation of the steel matrix.

This work has established inclusion classification rules to distinguish nitride inclusions
from oxide inclusions. To the best of the authors’ knowledge, this is the first discussion of
this type of inclusion classification in the open literature. Based on the automated SEM
(ASPEX Feature) analysis, the type of detected inclusions in medium and high manganese
steels were Al203pure), Al203-MnS, AlNure), AIN-MnS, AION, AION-MnS, and MnS
inclusions. As the manganese content in the steel increased from 2% to 20%, the total
amount of inclusions, especially AIN-contained inclusions, was raised. This phenomenon
occurred due to the increase in nitrogen solubility with increased manganese content in the
steel. The thermodynamic calculation also predicted that AIN inclusions would form when
the steel was cooled or during the solidification. Moreover, AIN and MnS inclusions were
observed to co-precipitate together.

Similar to manganese, the increase in the aluminum content (Al = 0.5-6%) increased the
total amount of inclusions in the steel, and the dominant inclusion type is AIN. AIN and
Al20s inclusions can be heterogenous nucleation sites for MnS inclusions. Furthermore,
Al20s inclusions also became heterogeneous nucleation sites for AIN inclusions.

The experimental set-up was further modified to investigate the effect of nitrogen on the
formation of inclusions in the medium manganese steels. The nitrogen was introduced by
purging or injecting N2 gas into the steel system. Similar to the effect of manganese and
aluminum, the increase in the nitrogen content also increased the total amount of inclusions.
Once the nitrogen content in the steel exceeded the critical limit for the formation of AIN



inclusions, AIN inclusions can be stable in the liquid steel. Moreover, regardless of the
nitrogen content in the steel, AIN-MnS inclusions were formed in the slow-cooled steels.
In terms of morphology, AIN inclusions can be formed of plate-like, needle, angular,
agglomerate, or irregular shapes.

Furthermore, a brief investigation on the addition of calcium and nitrogen to the medium
manganese steels found that calcium led to the formation of other complex inclusions, such
as CAx and CAS-Other inclusions. In the medium manganese steel composition in the
present study, the number of CAS-Other inclusions was dominated by (Ca,Mn)S-Oxide
inclusions after the addition of Ca. However, with time and after introducing N2 gas into
the steel, the number of (Ca,Mn)S-Nitride inclusions also increased. The formation of
(Ca,Mn)S-Nitride inclusions resulted from the co-precipitation of CaS, MnS, and AIN.

The current work provides a better understanding of the formation mechanism of inclusions
in medium manganese steels and high manganese steels. It presents complete information
on the characteristics of inclusions, such as the number density, type, and morphology of
inclusions. This knowledge can help steelmakers improve the steelmaking process to
control the formation of inclusions, which can be problematic for the manufacture and
performance of medium manganese steels and high manganese steels.
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Chapter 1
Introduction

1.1 Research Background

Over the last couple of decades, commercial and scientific interest in the new generation
of advanced high-strength steel (AHSS) has increased due to their outstanding mechanical
properties. The combination of lightweight and ultra-high-strength makes the high and
medium manganese steels superior, and they have become popular among the new
generation of AHSS for automotive applications.

For the direct application of both medium manganese steel and high manganese steel
grades, most of the research primarily studied their mechanical properties. For instance,
researchers reported that cracking usually happens during the continuous casting process
of high manganese steels due to poor hot ductility.* One of the reasons is the formation
of inclusions (e.g., AIN) pinning the grain boundary. When combined with the segregation
of the alloying elements (e.g., sulfur), inclusions will lead to the embrittlement of the
steel.[*S Furthermore, it was also reported that AIN inclusions played a role in reducing the
toughness of high manganese steel.[®”] AIN inclusions can reduce the Charpy V-Notch
breaking Energy (CVN) in high manganese steel. These inclusions become the site for void
nucleation, leading to steel fracture due to microvoid coalescence.[®! Even though the non-
metallic inclusions influence the mechanical properties,® machinability,®! and
castability[® of the steel, there are limited laboratory studies®° that focus on the
characteristics of inclusions in the medium manganese steel and high manganese steel
grades.

The alloying elements have relatively high concentrations in medium manganese steels and
high manganese steel grades compared to those in regular carbon steel grades. Therefore,
these high concentrations have an impact on the formation of inclusions. For instance, the
manganese content can go up to 10% and 30% in the medium manganese steels and high
manganese steels, respectively.-1 While manganese reacts with sulfur and forms sulfide
inclusions, it also increases the solubility of nitrogen in the steel, thereby promoting the
formation of nitride inclusions.* As the formation of oxides, sulfides, and nitrides cannot
be avoided, the inclusions are expected to be more complex during the production of
medium manganese steels and high manganese steels. Thus, a thorough understanding of
the effects of alloying elements on the formation mechanism of inclusions in medium
manganese steel and high manganese steel is needed. Since the performance of these steel
grades can be improved by understanding the non-metallic inclusion formation
mechanisms and further controlling these inclusions during refining processes, this study
aims to fill the gap in this area of knowledge.



1.2 The Objective of This Study

This study aims to develop a fundamental understanding of the evolution of inclusions
during the refining of medium manganese steels and high manganese steels. The specific
objectives of this study are as follows:

1. Establish proper and systematic inclusion analysis tools to characterize the complex
composition and morphology of the inclusions.

2. Assess the phase stability of inclusions through thermodynamic modeling.

3. Obtain experimental data for the composition, size distribution, and morphology of
inclusions as a function of manganese, aluminum, and nitrogen contents of the steel.

4. Propose formation mechanisms for different types of inclusions observed in high
and medium manganese steels.

5. Investigate the effect of calcium addition on co-precipitation of inclusions in
medium manganese steels.

The questions this work will answer are crucial for controlling steel cleanliness during
medium manganese steel and high manganese steel production.

1.3 Thesis Outline

Chapter 1 provides a general introduction of the research, explains the research objectives,
and presents the outline of the thesis. Chapter 2 reviews the secondary steelmaking process,
the development of Advanced High Strength Steels (AHSS), mainly focusing on high
manganese steel and medium manganese steel grades, the correlation between the
mechanical properties and the non-metallic inclusions, the type of inclusions in high and
medium manganese steels, thermodynamic of inclusion formation, the modification
methods of inclusions and inclusion characterization technigues.

Chapter 3 is titled “Investigation of Inclusion Formation in Light-Weight Fe-Mn-Al Steels
using Automated Scanning Electron Microscope Equipped with Energy-Dispersive X-Ray
Spectroscopy.” This chapter provides the details of the systematic technique for
characterization of inclusions in the Fe-Mn-Al steels with medium manganese content and
high manganese content. It also describes the types of inclusions in Fe-Mn-Al steels and
the effects of manganese contents on the formation of inclusions by incorporating
thermodynamic calculations and information on the morphology of observed inclusions.
This chapter is published in Steel Research International (DOI: 10.1002/srin.201900477).

Chapter 4 provides the characteristics of inclusions in the Fe-5Mn—xAl medium manganese
steels. The Al content is varied from 0.5 to 6%. It explains the formation of AIN inclusions
and suggests the use of a precipitation ratio to assess the preference of MnS and Al203
inclusions to co-precipitate together with AIN inclusions. This chapter is published in
Ironmaking and Steelmaking (DOI: 10.1080/03019233.2020.1791549).



Chapter 5 reports the effect of nitrogen content on the formation of inclusions in Fe-5Mn-—
3Al steels. In the investigated steels, the N content is varied between 2 and 54 ppm. To
reach the targeted N content, two different methods are applied. This chapter explains that
N content can influence the total amount of inclusions and the dominant type of inclusions
in the steels. Moreover, the morphology of AIN inclusions is classified into several classes
to study the effect of N content on the shape of AIN inclusions. This chapter is published
in Crystals (DOI: 10.3390/cryst10090836).

Chapter 6 aims at the effect of the addition of calcium on the formation of inclusions in the
Fe-5Mn-3Al steel. It mainly focuses on the co-precipitation of inclusions, especially the
AIN-containing inclusions with respect to calcium and nitrogen contents of the steel. The
variation in the size and the type of inclusions are described.

Chapter 7 summarizes the key findings of each chapter. The conclusions provide a general
understanding of the contribution of each work and propose future work.



Chapter 2
Literature Review

2.1 Secondary Steelmaking

Steel can be produced via two routes, namely, the Blast Furnace (BF)-Basic Oxygen
Steelmaking (BOS) converter and the Electric Arc Furnace (EAF) routes, as schematically
shown in Figure 2.1.11 In the blast furnace, the iron ore is reduced to pig iron, with
approximately 4.2% carbon content. The pig iron’s carbon content is decreased by injecting
oxygen into the metal bath in Basic Oxygen Steelmaking (BOS) converter. This process is
called the integrated steelmaking process. Alternatively, in the EAF route, scrap metal is
the charging material. Some operations can use 100% scrap metal or mix it with direct
reduced iron (DRI). In the EAF, the electrodes are used to provide energy for heating and
melting the scrap. The primary refining process of the hot metal is also performed by
injecting oxygen, charging additional carbon, and charging lime or dolomite.™ In both
routes, when the target composition of the hot metal is achieved, the hot metal is tapped
and transferred into a ladle furnace for further refining. The refining of steel in a ladle
metallurgy station is called Secondary Steelmaking or Secondary Steel Refining. In the
ladle furnace, some treatments are conducted on the hot metal, such as temperature control,
alloy trimming, deoxidation, desulfurization, inclusion modification, and vacuum
treatment, which will be explained in the next sections.
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Figure 2. 1 Typical routes of liquid steel processing.[*8l — (Reprinted with permission)

2.1.1 Deoxidation

After removing impurities such as carbon, silicon, and manganese in the BOF by injecting
oxygen into the metal bath, the oxygen content in the molten steel can range between 200
and 800 ppm.'¥1 The oxygen content of the steel should be lowered to cast the steel
successfully. Typical oxygen content is less than 30 ppm, depending on the steel products
and grades.”! This oxygen-reducing process is known as deoxidation.? The most
common deoxidizing agents are aluminum, silicon, and manganese, which are strong
oxide-forming elements.?l The deoxidizing agent (M) reacts with oxygen and forms MxOy



as the deoxidation product. This reaction and its equilibrium constant (Kwm) are shown below
in Equation (2.1) and (2.2).12

x[M] + y[0] = M,0, (2.1)
Ky = (aMxoy) (2:2)
M () (ho)Y

where h,, and h, are the Henrian activity of the deoxidizing agent (M) and O, respectively.
awm,o, is the activity of the deoxidation product. This deoxidation product is a stable phase

at steelmaking temperatures and remains as a solid phase in the steel melt. The solid product
is named “inclusion.” The presence of oxide inclusions can be detrimental to the
steelmaking processes as well as steel products. Thus, it needs to be removed from the steel
or modified. The removal of inclusions can be done by absorption to the slag layer. In terms
of inclusion modification, it will be further discussed in Section 2.8.

2.1.2 Desulfurization

Another crucial impurity to be controlled in the steel is sulfur. While some steel types
require sulfur content, such as free-cutting steels or tool steels, sulfur can cause hot
brittleness or hot shortness in many steel types, particularly in pipeline steel or armor
steel.[1%21.221 Ysually, for line pipe and hydrogen-induced cracking (HIC), the sulfur content
needs to be as low as 10 ppm.?2l Before the desulfurization process in secondary
steelmaking, the sulfur content in the hot metal is around 300 to 500 ppm.[*¥ This sulfur
content is reduced in the ladle furnace during secondary steelmaking. After the steel is
killed, the desulfurization is performed using a basic slag composition containing CaO. In
this process, the metal-slag reaction can be promoted by stirring. Sulfur reacts with Ca in
the slag and forms CaS.[*¥1 The desulfurization reaction can be written as below in
Equations (2.3) through (2.6).19

The dissolved [S] turns to sulfide ion ($27), [S]+2e = (§%7) (2.3)

Oxygen ion in slag gives electrons to sulfur, (0?7) =[0] + 2e~ (2.4)

Equations 2.3 and 2.4 can be combined to represent the total reaction, i.e.,
elemental S reduces to S2-, which then goes to the slag. In the slag, 02~is
replaced by §2-,

[ST+ (0%7) = [0] + (5*7) (2.5)

The net reaction of desulfurization is given as: Ca0 + [S] = CaS + [0] (2.6)

2.1.3 Temperature Control

One of the purposes of the ladle furnace is conditioning the steel before it goes to the casting
process.!Z In this case, the graphite electrode is used to control the steel’s temperature in
the ladle furnace.’?®! The electrode is positioned in the slag layer, just above the molten



steel surface. Apart from the electrode, the molten steel is stirred to achieve a homogeneous
temperature in the ladle.[*! There are several types of stirring mechanisms in the ladle
furnace, such as gas bubble injection (argon gas injection through a submerged lancel?®
and a porous plug from the bottom of the ladle!?®!) and electromagnetic stirring (EMS).[?4
These types of stirring have their advantages and disadvantages. The steelmaker chooses
the stirring type based on their capital or operational cost and its efficiency. Stirring with
the injection of argon gas provides excellent slag-metal contact compared to EMS.
However, stirring with the injection of argon gas sometimes provides extra turbulence on
the steel surface, which can cause a ladle eye in the slag layer and oxidize the steel.[?” The
other problem for stirring with the injection of argon gas is the localized wear of lining
which leads to a shorter refractory life.[?8]

2.1.4 Alloy Trimming

The addition of various elements is required to achieve the desired microstructure and
improve the properties of the steel.[?! The common alloying elements and their influences
on the properties of steel are listed in Table 2.1.1°! For instance, as mentioned before, the
addition of Mn can increase the ultimate tensile strength of steel compared to dual-phase
(DP) steel, which has Mn content < 0.5% and has ultimate tensile strength around 680-930
MPa.% On the other hand, the medium manganese steel with an Mn content of 6.15% has
an ultimate tensile strength of around 1131 MPa.®Y  Furthermore, in Hadfield steel, the
addition of Mn can take part as an austenite stabilizer to delay the transformation from
austenite to martensite. Mn also can form carbide of MnsC and (Fe,Mn)sC in Hadfield
steel.®?l Generally, the alloying elements are added in the form of ferroalloys (e.g.,
ferrosilicon).[?>! The techniques for alloy addition are throwing bags filled with alloys,
throwing alloys with a shovel, using mechanized chutes, bullet shooting, wire feeding,
powder injection, or dipping alloy ingots in the agitated bath.

Table 2. 1. The typical alloying elements and their influences on steel(®]

Alloying Influence on properties Influence on microstructures
Element
Si Ferrite hardening Ferrite forming and substitutional
atom
Mn Increases hardenability, strength, | Austenite forming, substitutional
toughness, hot workability atom, carbide stabilizer
Ni Increases  strength, toughness, | Austenite forming and
impact, and corrosion resistance substitutional atom
Cr Increases hardenability, strength, | Ferrite forming, substitutional
corrosion resistivity atom, forms carbides
Mo, W, Ti, | Increase hardness, strength, wear | Carbide forming
Nb, V, Cr resistance
Ti, V, Al, Nb, | Increase ductility and strength Grain refinement and nitride
Ta, B forming




2.1.5 Inclusion Modification

Oxide and sulfide inclusions are formed during the secondary steelmaking process, and
they are mostly detrimental to steel performance and the casting process.[334
Consequently, these inclusions should be controlled. The first method is removing the
inclusions from the steel to the slag.*®! The inclusions attach to the surface of the gas
bubbles and float to the steel-slag interface. Then, they are absorbed and dissolved in the
slag.B*é1 In addition, inclusions can agglomerate and float to the steel surface since their
density is less than the density of steel (pa;,0, = 3.97 X 10° kg - m™3; pp, = 7.86 X

103 kg - m=2).1 The second method is modifying the composition and morphology of
inclusions to become less harmful.[?? One of the modification techniques is the addition of
calcium into molten steel. For instance, alumina inclusion can be transformed to a range of
calcium aluminates depending on Ca, O, and Al contents in the steel. Equation (2.7) shows
the range of calcium aluminate inclusions when transforming from Al203 to 3Ca0-Al203
(C3A).I%1 The Ca0-Al20s phase diagram in Figure 2.2 shows the phase stability of the
different calcium aluminate phases. At steelmaking temperature, CaO-Al20s (CA),
12Ca0-7Al203 (C12A7) and 3Ca0O-Al203 (CsA) are formed as liquid inclusions since their
formation temperatures are lower than 1873 K.

Al203 — Ca0-6A1203 (CAs) — Ca0-2A1203 (CA2) — CaO-Al203 (CA) (2.7)
— 12Ca0-7Al1203 (C12A7) — 3Ca0-Al203 (C3A)

Steelmakers tend to produce these liquid calcium aluminate inclusions, as they are easier
to remove from steel and minimize nozzle clogging problems.[?! Besides the modification
of oxide inclusions, Ca treatment is also used to modify the morphology of sulfide
inclusions, such as MnS. MnS inclusions usually deform to elongated shapes during the
rolling process. By the addition of Ca, S in steel forms circular CaS inclusions or CaS-MnS
inclusions.

Calcium can evaporate at steelmaking temperature due to its low boiling temperature
(~1500°C).[Y Therefore, Ca is typically added in the form of cored-wire. Usually, the Ca-
Si-contained cored-wire is injected into the steel bath (~2 m below the steel surface).[?!!
This way of addition improves the yield of Ca and efficiency of inclusion modification and
reduces the production cost.[?!] The modification of inclusions in the steel is not limited to
calcium treatment; other elements can be used, such as rare earth (RE), Te, Se, or Mg. A
detailed discussion of the modification of inclusions is given in Section 2.8.
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Figure 2. 2 CaO-Al203 phase diagram.l® — (Reprinted with permission)

2.1.6 Vacuum Treatment

Vacuum treatment is used to achieve low concentrations of C, O, N, S, or H. Vacuum
treatment can be done in the Rurhstahl-Heraeus (RH), which uses a recirculating system,
or vacuum tank degasser, which use the non-recirculating system.[?3%1 The schematic of
both degassers is shown in Figure 2.3.3%4% The removal of those harmful elements is
achieved by using argon gas, which is circulated in RH or purged in a vacuum tank degasser
when the system’s pressure is reduced to approximately 0.001 atm.°! In the recirculating
system, the argon gas is used as lifting gas to lower the apparent density of the liquid steel,
which can then be lifted up from the ladle to the vacuum vessel.*®! However, in the non-
recirculating system, argon gas is used as stirring gas to homogenize the liquid steel and
remove H and N.B% In an RH degasser, the dissolved oxygen content in the steel is reduced

by a carbon deoxidation reaction. The dissolved oxygen bonds with the dissolved carbon

to form CO gas. This reaction is also called a self-decarburization process.*! After the
treatment in the RH degasser, the oxygen content can be controlled to less than 12 ppm.[*4

In the case of carbon content, it can be reduced to around 10 ppm.E°! Besides lowering the



O and C content, the RH degasser can also reduce H (to be less than 2 ppm which is applied
for H-controlled steels)!®¥ and N (to be less than 40 ppm).1?l In the case of a vacuum tank
degasser, there are several types of tank, with arc reheating (Vacuum Arc Degasser) or
without arc reheating (Vacuum Tank Degasser with induction coil stirring (Figure 2.3 (b)
or with porous plug argon bubbling (Figure 2.3 (c)).*°1 Both an RH and a vacuum tank
degasser have similar removal achievements. Nowadays, RH and vacuum tank degassers
are capable of removing C content < 20 ppm in 15 minutes of decarburization time.[*3l In
addition, a vacuum tank degasser can reduce sulfur (to be less than 10 ppm) by reacting
with the top slag.[244]
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2.2 Development of Advanced High Strength Steels (AHSS)

Advanced High Strength Steels (AHSS) are popular among automakers. The particular
composition of these steel grades promotes a unique microstructure and improves the
metallurgical properties.**! The development of these grades started with the mild steels,
which have a tensile strength below 280 MPa, and Conventional High Strength Steels
(HSS), which have a tensile strength between 300 and 800 MPa (shown in Figure 2.4)[46],
The increased demands of lightweight and high strength steel grades resulted in the 1%
Generation AHSS. This generation includes Dual-Phase (DP), Transformation Induced
Plasticity (TRIP), martensitic (MART) steel, and Press-Hardened Steel (PHS). DP steel is
used for outer body panels in automobiles, the body-in-white parts use TRIP steel, and
martensitic steel is applied for some critical parts that need very high strength for
safety.[47:48]
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Figure 2. 4 Generation of Advanced High Strength Steels (AHSS).[*®! — (Reprinted with
permission)

With improvements, the 2" Generation AHSS is expected to be lighter in weight than the
1%t Generation AHSS, while having higher strength up to 1300-1500 MPa. This weight
savings can lead to a 30-40% weight reduction in an automobile.*® This improvement
increased the usage of AHSS in manufacturing complex automobile parts while decreasing
the weld joints. The 2" generation of AHSS includes Twin Induced Plasticity (TWIP),
Light-Induced Plasticity (LIP), austenitic stainless steels,®™™ and austenitic high manganese
steels.5Y The elongation and tensile strength of high manganese steel and carbon steel are
compared in Figure 2.5.52 The shaded area highlights the composition of high manganese
steels, which have been studied for mechanical properties.[25% The high manganese steels
(Mn 10 to 30%) have higher tensile strength and elongation than carbon steel. The high
manganese steels usually contain a high content of other alloying elements such as Al and
Si. All the alloying elements in the austenitic high manganese steel can control the
properties of steel.[®l Si and Al take part in the solution strengthening, C stabilizes austenite
to make higher uniform elongation, and Mn provides the austenite structure.[®* The high
manganese steels are still being developed and studied.545°]
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There are some difficulties in producing and welding the 2" Generation AHSS, such as
delayed fracture, poor hot ductility, and casting issues. These difficulties are particularly
true for high manganese steels, which contain a generous amount of alloying elements,
making the product costly.l**%6] So, the 3" Generation AHSS has been developed to
overcome these problems and fill in the gap between 1% and 2" Generation AHSS (yellow
area in Figure 2.4). The candidates of this generation are Quenching and Partitioning (Q&P)
steel, Ferro-Austenitic steels, TRIP assisted DP steel, higher carbon TRIP steel,* and
medium manganese steels.®™ Q&P steel grade has a higher ductility and similar strength
compared to DP grade, whereas it has similar ductility and higher strength compared to
TRIP grade. In the case of medium manganese steel, Mn content varies from 3 to 10% wt.
This grade still has relatively high tensile strength and excellent mechanical properties with
lower manganese content. Therefore, this steel grade is economical.[*!!
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Figure 2. 5 Types of materials used in producing car bodies.52531 — (Reprinted with
permission)

2.3 Mechanical Properties of High Mn Steels and Medium Mn Steels

Most of the research on the high manganese steel and medium manganese steel grades
focused on their mechanical properties.[505557-641 Grassel et al.l®®! reported that the tensile
strength of TWIP steels decreased from 930 (x 160) to 630 (£100) MPa and the total
elongation increased from 43 (+ 4) to 80 (+ 10)% as manganese content increased from 15
to 30%. It is important to note that its strength is still higher than that of the regular carbon
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steel grades. Therefore, TWIP steel is a better choice for the body parts of vehicles. Gréssel
et al.’® also claimed that steels containing 3% Al, 3% Si, and 15-30% Mn achieved the
highest total elongation. Meanwhile, Busch et al.[®®l compared the formability of the sheet
metal formed with DP 800 and DP 1000 (both of them have Mn content around 2%) and
TWIP steel (Mn content around 15%). The results from the forming limit diagram (FLD)
of the hemispherical dome test of those steels suggested that TWIP steel has the highest
formability in comparison to DP 800 and DP 1000 steel grades. The major strain, ¢, (when
the minor strain vanishes) of TWIP steel is around 0.38, while DP 800 and DP 1000 are at
0.25 and 0.2, respectively. The high tensile strength and elongation of high manganese
steels are mostly due to the formation of twins under mechanical load, i.e., TWIP effect, or
multiple martensitic transformations from yrecc(austenite) — encp(NCp-martensite) —
ance(bcc-martensite), i.e., TRIP effect.] The phase transformation is related to stacking
fault energy (SFE) in the austenitic matrix. When the SFE is low (< 20 mJ/m?), the
transformation is yfcc — &hcp, and when the SFE is high (> 20 mJ/m?), the transformation of
Yfcc — €hcp IS SUppressed. The TWIP effect is promoted when the SFE is high. The addition
of Si can suppress SFE, while Al can increase SFE.[% Huang et al.[l investigated the effect
of adding Nb on the SFE of the high manganese steel (23% Mn). It was found that the
addition of Nb will increase the SFE of steel. The increase of SFE promotes the TWIP
effect, which can correlate to the increase of elongation of the steel.

Although their mechanical properties are excellent, steelmakers face some problems in
producing high manganese steels. The formation of surface crack can happen during
continuous casting, which is a severe hot ductility problem of the steel. This crack
formation can be predicted by measuring the reduction of area (RA) in the tensile test.[5!
In the continuous casting process, the RA value of steel should be more than 40% to avoid
cracking.’?l However, some reports>! claimed that high manganese steel could not reach
this critical RA value. He et al.’l reported that Fe18Mn0.75Al and Fe18Mn1.5Al steel
grades have RA values lower than 23% at the temperature range between 700-1200°C.
Moreover, Steenken et al.l’l reported that the RA value of the Fel7Mn3Al steel is
approximately 20-40% at a temperature of 700-1100°C and above 1300°C. This problem
is likely related to the high content of impurities (e.g., S or N content) and the inclusions
(e.g., AIN or MnS), which will be discussed later in Section 2.4.

There are several studies on the mechanical properties of medium manganese steels.[*231.66-
%1 Lee et al.BY reported that the medium manganese steel (Fe—6.15Mn—1.4Si—0.04Al—
0.05C) could achieve the tensile strength of 1131 MPa and total elongation of 58% when
the austenite fraction is 50 vol%. Dong et al.[% also reported that the ultimate tensile
strength of medium manganese steel with 0.2% C and 5% Mn varied between 800 and 1500
MPa, and the total elongation was up to 45%. These ultimate tensile strengths in medium
manganese steels are as high as the high manganese steels, although the content of alloying
elements is lower compared to high manganese steels. Aydin et al.*? found that the
medium manganese steels with Mn content of 4-10% have a high value of SFE, which is
around 26-31 mJ/m?. This value leads to the formation of deformation twins, which
improves the mechanical properties of the steel. The aforementioned results suggest that
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medium manganese steel can compete with high manganese steel in terms of strength and
elongation with fewer amounts of alloying elements.

2.4 Relationship between Inclusions and Mechanical Properties

Previous studies™*6% 76 showed that mechanical properties could be influenced by the size,
morphology, and composition of inclusions in the steel. However, limited studies!**77]
investigated the relationship between mechanical properties and inclusions in the medium
manganese steels and high manganese steels.

An inclusion can act as a stress raiser since the tensile strength is not maintained adequately
within the inclusion.[’® It is reported that MnS stringers can decrease the transverse
ductility (or reduction in area) of the steel.’®) However, they do not affect longitudinal
ductility. Anmark et al."Y suggested that MnS inclusions could decrease the toughness and
weldability of the steel. When they elongate during deformation, they give high anisotropy
to the mechanical properties of the steel. However, MnS inclusions are known to improve
the machinability of the steels. Tomital’? observed the effect of morphology of MnS
inclusions on the mechanical properties of 0.4C-Cr-Mo-Ni steels when heat-treated
differently. It is reported that the stringy MnS inclusions can make brittle lamellar fractures
along with the interface between the steel matrix and inclusions.[”?l Moreover, the fine
elliptical MnS in desulfurized steel influences the true strain at fracture, which depends on
the tempering temperature of the steel grades. Ray et al.[”®! stated that MnS stringers
decrease the total elongation and impact energy of the transverse specimen.

Al203 inclusions do not improve the machinability of the steels due to their hard
nature.l’>"31 However, these inclusions give no anisotropy to the mechanical properties of
the steels.[" It is also found that Al203-CaO inclusions and the clusters of Al.0O3 and Al2Os-
MgO spinel are detrimental to the fatigue life of the steel because of their high hardness
and low deformability.[™#!

Funnell and Davies! reported that the carbon steels would possess poor hot ductility when
they contain fine AIN inclusions with a size of less than 1 um, as the reduction of the area
is only around 32-35%. Funnell and Davies[’! also suggested that the increased number of
AIN inclusions caused poor ductility of the austenitic steels when the Al content increased
from 0.001% to 0.1%. Moreover, Kang et al.M suggested that the ductility of TWIP steels
is weak when the sulfur content is between 0.01 and 0.023%. They detected long, coarse
dendritic AIN rods at the dendrite and austenite grain boundaries, and these inclusions can
lead to intergranular failure. The same types of inclusions were also observed by Wang et
al.[l, who reported the effect of inclusions on the hot ductility of high manganese TWIP
steels (16-17 wt% Mn and 0.002-2.10 wt% Al). They also observed that small AIN
inclusions (with the average size < 1 um) precipitated in austenite grain boundaries and
lead to poor hot ductility of investigated high manganese TWIP steel. It was suggested that
the fine and dispersed AIN particles can precipitate along austenite grain boundaries
inhibiting the dynamic recrystallization; hence, resulting in intergranular failure and
leading to poor hot ductility.
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Besides the single-phase inclusions, a combination of inclusions can also occur in the steel
due to the presence of different alloying elements. Liickl et al.’ found that MnS and AIN
can co-precipitate together in the low carbon steel due to the similarity in the crystal lattice
between both inclusions. The poor hot ductility in the austenite region was reported due to
the high number density of co-precipitation between MnS and AIN disrupting the rate of
dislocation movement by dislocation pinning. Steenken et al.!?! also found that lowering
the content of N from 75 to 48 ppm in high manganese steel can improve the ductility of
the steel by increasing the RA value to 84%, which is far above the criteria of steel casting
to prevent cracking and poor ductility, RA < 40%.

If the characteristics (such as composition, size, and morphology) of inclusions present in
high and medium manganese steels are known, the way to control these inclusions can be
identified in the secondary steelmaking process.

2.5 Type of Inclusions in High Mn Steels and Medium Mn Steels

In high manganese steels and medium manganese steels, the composition of inclusions can
be more complex than a regular carbon steel grade due to the high amount of alloying
elements, especially manganese and aluminum. Zhuang et al.[% compared the types of
inclusions present in laboratory-produced and industrial samples of Fe-25Mn-3Si-3Al
TWIP steel, with nitrogen content around 20-26 ppm. The steel processing route of the
manganese TWIP steel was by Argon Oxygen Decarburization (AOD) and Electro-Slag
Remelting (ESR) processes.[8-#2 They concluded that there were eight types of inclusions
in TWIP steel, namely: single AIN, single Al20s, single MnS(Se), AIN-MnS(Se),
Al203-MnS(Se), MnO-Al203-Si02, Al203-Ca0, and AIN-Al203-MnS(0O,Se) inclusions.
They found that AIN inclusions are the dominant type of inclusions as their number reaches
around 50% in both the laboratory and industrial TWIP steels.

Gigacher et al.l® studied the effect of manganese content on the composition and size
distribution of inclusions under various solidification conditions. The metal chemistry was
15-25 wt% Mn, 0.05 wt% C, 3 wt% Al, 3 wt% Si, 75 ppm S, 75 ppm N, and 5 ppm O. A
steel cylinder with zirconium-oxide coating was submerged in the liquid steel to
accommodate heat transfer between the steel cylinder and the solidifying steel shell. This
set-up allowed them to simulate the solidification conditions similar to the continuous
casting. The reported inclusions were Al203-MnO with AIN and/or MnS, single AIN, single
MnS, AIN and MnS, and Al20s3-MnO. Further, ThermoCalc was used to predict the
inclusion precipitation in studied compositions, and a good agreement between predicted
and detected inclusion phases was obtained.

Park et al.[® studied the effects of Al content (1, 3, 6 wt%) and Mn content (10 and 20
wt%) on the inclusion formation in high Mn steel. The results showed that inclusions were
classified into seven types, namely Al203, AIN or AION, MnAl20O4, Mn(S,Se), agglomerate
Al203-Al(O)N, oxide core with Mn(S,Se) wrap, and Mn(S,Se) core with the agglomeration
of Al203-Al(O)N. AIN-contained complex inclusions were the most common type of
inclusions. Mn(S,Se) compounds were formed due to the contamination of electrolytic
manganese by Se. The morphologies of these inclusions are illustrated in Figure 2.6.184 The
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inclusions had mainly irregular shapes, and their size ranged between 0.5 and 10 um. The
inclusions observed by Park et al.®¥ are similar to the type of inclusions observed by
Zhuang et al.l®l

In(S.Se)

ALO,

/’*7’

\
i\lm\ Se)

()

Figure 2. 6 Morphologies of inclusions in high Mn-Al alloyed steels.®¥ — (Reprinted with
permission)

Xin et al.l®l also investigated the effect of Al content on the evolution of non-metallic
inclusions in high manganese TWIP steel. The aluminum and manganese contents were
similar to Wang et al. I, 0.002-2.1 wt% Al and 16-17 wt% Mn, with the nitrogen content
around 43-76 ppm. With an increase in Al content, the dominant stable inclusions evolved
from MnO — Al203/MnS — MnS — AIN, while the change of prominent oxide inclusion
was MnO — Al203 — MgAl204 — MgO. On the other hand, the main sulfide inclusion
evolution was from MnS to MgsS.

There are limited studies on inclusions in medium manganese steels.[*8% Kong et al.[?!
investigated the inclusion evolution on medium manganese steel during the refining process
and focused on the formation of spinel inclusion. The suggested route for the
transformation of spinel inclusion was Al203 — MgO- Al203 — (Mn,Mg)O-Al203 — CaO—
MgO-MnO-Al20s. Yu and Liul® investigated the evolution of inclusions by using Mg
treatment in medium manganese steels. In situ observation was conducted by using a
confocal laser scanning microscope (CLSM). It was found that the inclusions evolved from
MnO-Al203 to Al203 due to the higher deoxidation ability of Al as compared to that of Mn.
After the Mg treatment, the inclusions were further transformed to MgO-Al20:s.

In summary, the previous studies reported not only oxide inclusions but also sulfide and
nitride inclusions in medium manganese steels and high manganese steels. The formation
of these inclusions in medium manganese steels and high manganese steels needs to be
understood to properly control these inclusions. Thus, the explanation of the formation of
each type of inclusion will be further described in the next section.
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2.6 Thermodynamic of the Formation of Inclusions

Inclusions in the steel can be formed due to several reactions occurring in the steelmaking
process. Inclusions can be classified as indigenous and exogenous inclusions; the
indigenous inclusions are formed due to chemical reactions within the steel melt.%8 On the
other hand, the exogenous inclusions are usually formed from external sources, such as
erosion of lining refractory or slag entrainment.[2%86.871 As the infrastructure and monitoring
of the steelmaking process have been improved over the years, the occurrence of the
exogenous inclusions has decreased.l®”! Alternatively, indigenous inclusions result from
reactions during the steelmaking and casting process, and they are the subjects of this study
and for discussion in the following sections.

2.6.1 Oxide Inclusion

Oxide inclusions are commonly found in steel due to reactions between alloying elements
and dissolved oxygen in the liquid steel. The source of oxygen can be the oxygen injected
in the primary steelmaking process or the oxygen from ferrous alloys and air. The
dissolution of oxygen in the liquid steel follows the reaction in Equation (2.8) below.??]

210} = [0] @8

The equilibrium constant (K,) of the reaction above is listed in Equation (2.9) and (2.10).[%?]

0 :
logK, = + 0.15 (29)
ste}ell (2 10)
KO = 01 .
Po,?

where Tstel IS the temperature of the steel (K), h, is the Henrian activity of the dissolved
oxygen in the liquid steel and p,, is the partial pressure of oxygen (atm). Its relation to the
activity coefficient, f,, is given in Equation (2.11) and (2.12) below.[??]

ho = fo X [%0] (2.11)
]

log f, = Z e) - ¢+ - ¢/ (2.12)
(0]

Since the dissolved oxygen in the steel can cause blowhole defects, becoming a problem in
the casting process, 8 its content should be controlled. The deoxidation process is crucial
in the secondary steelmaking process, as briefly explained in Section 2.1.1. There are some
elements used as a deoxidizing agent, such as Mn, Si, and Al. Figure 2.7 compares the
deoxidizing power of various alloying elements at 1873 K.[*¥ As seen in Figure 2.7, Al has
the highest deoxidizing power compared to the other elements, such as Ti, V, Si, C, Mn,
and Cr. Due to its highest affinity of oxygen, aluminum is commonly used as the primary
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deoxidizer agent to produce Al-killed steel. The product of this deoxidation reaction is
Al203 inclusions. Al20s inclusions are stable at steel processing temperatures. The
formation of Al2Os inclusion from the deoxidation process, its Gibbs free energy change,®*
and its equilibrium constant follow the reactions in Equation (2.13) to (2.15) below.[®?
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Figure 2. 7 Comparison of the deoxidizing power of alloying elements at 1873 K.[*% —
(Reprinted with permission)

2[Al] + 3[0] = Al,0; (2.13)
AGyy,o, = —1225000 + 393.8Ts¢ee; / /moll®! (2.14)
a0, Q1,04

B0 = 12 k3 ™ G X (A2 + (fo X [%01)° (2.15)

where hy; and h, are the Henrian activity of Al and O, respectively. a0, is the activity

of Al20s. f,; and f, are the activity coefficients of Al and O, respectively. To study the
stability of Al2Oz inclusion in the liquid steel, Deng and Zhu™®! calculated the equilibrium
lines for deoxidation of Al-killed pipeline steels (Fe-1.83Mn-0.037Al-0.14Si-0.04C) with
basic slag. These equilibrium lines were then compared with the measured data from Yang
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et al.® (Ref. 16 in the figure) as shown in Figure 2.8. The equilibrium lines (at Aar,0, = 1,
Eqg. (3)-(6) in Figure 2.8) are calculated using different equilibrium constants from several
literatures.[®19395%] |t js shown that the activity of oxygen decreases with an increase of
dissolved Al content. Moreover, the measured data agreed with the calculated equilibrium
lines, although they have deviation due to the variance in the thermodynamic data. It implies
that the assumption for the activity of Al2O3 being close to unity is valid. So, the equilibrium
of Al-O in steel is affected by the activity of Al203 in the steel rather than in the slag. The
area above the equilibrium lines is the area of deoxidation product saturated with Al2Os3,
and the area below the equilibrium lines is for Al dissolved in the steel melt.
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Figure 2. 8 The calculated deoxidation equilibrium lines of Al-killed pipeline steel at
T=1620°C compared with the measured data.l®¥! — (Reprinted with permission)

Paek et al.[’l also constructed the inclusion stability diagram for the Fe-Mn-Al-O system,
as seen in Figure 2.9. The Al deoxidation equilibria have been predicted by using the
Modified Quasichemical Model (MQM) and validated against experimental datal®! on high
Mn and high Al-alloyed steels. In Figure 2.9, Al2O3 covers most of the stability region (red
lines area). It is suggested that the primary inclusion type would be Al.O3 as a deoxidation
product in high Mn and high Al-alloyed steels except those with very high Mn content (Mn
> 10%, blue and green lines area) and negligible Al content (Al < 0.0001%).
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Figure 2. 9 Inclusion stability diagram of the Fe-Mn-Al-O system.[*” — (Reprinted with
permission)

2.6.2 Nitride Inclusion

Besides oxide inclusions, nitride and sulfide inclusions are also formed in the secondary
steelmaking process. The formation of nitride inclusions depends on the content of N in the
steels. Nitrogen can have different roles in the steelmaking process, such as stabilizing the
austenitic phase, causing shrinkage holes and pores during solidification, and forming
nitride inclusions when reacting with other elements.[*®! Since nitrogen can have both
advantageous and disadvantageous impacts on steel performance, its content needs to be
controlled. The dissolution of nitrogen in liquid metal is shown in Equation (2.16)
below.[21.%8]

2V} - V) (2.16)

The isothermal equilibrium constant (Ky)?®! and the Gibbs energy changel®® for this
reaction are listed below in Equations (2.17) to (2.19).121.%1

255.6
logKy = — —-1.26 (2.17)
steel
hy
Ky =—73 (2.18)
Py, 2
AGy = 3598 + 23.89T;,,; J/mol (2.19)

where Tsteel is the temperature (K), hy is the Henrian activity of nitrogen, and Py, is nitrogen
partial pressure (mbar). The activity of nitrogen, ay, is proportional to the concentration of
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nitrogen, [N] in wt% and its relation with the activity coefficient, fy, is in Equation (2.20)
and (2.21).[°81

hy = fy X [%N] (2.20)
j

log fy = Z e,{, ¢+ r,\{ L cf (2.21)
N

where ey, and 7y are the first and second orders of Wagner’s interaction parameter,

respectively, and ¢; is the concentration of another element in the steel. When the steel
contains nitrogen, there is a possibility of forming nitride inclusions, such as AIN inclusion,
commonly found in steel with high Mn and Al contents.[%884 The reaction of the
formation of AIN inclusion, its standard Gibbs free energy change,[X%1 and its
equilibrium constant, K,;»,*% are listed in Equations (2.22) to (2.24).

[Al] + [N] = AIN (2.22)

AG;y = —303500 + 134.6Ts;pe; //mol (2.23)

log Ky = log—2_ — Jog ! (2.24)
hyp - hy farfn[%AI][%N]

where a,;y IS the activity of AIN and equals one. hy; is Henrian activity of Al and fy; is
the activity coefficient of aluminum. Moreover, nitrogen solubility in the steel is influenced
by alloying elements contained in the steel. The effect of different elements on the nitrogen
solubility in the binary alloys (at 1600°C, Py, = 1 bar) is illustrated in Figure 2.10.[°®1 Some
elements such as Mn, Ta, Mo, Cr, Nb, and V increase nitrogen solubility while S, O, Sn,
Cu, Co, Ni, Si, and C decrease nitrogen solubility. The change in nitrogen content can be
affected by the type and content of the alloying elements. However, the effect of Al is not
clear in Figure 2.10.
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Figure 2. 10 Effect of different elements in the binary alloys on the solubility of
nitrogen.[®® — (Reprinted with permission)

Paek et al.l’%? jnvestigated the relationship between aluminum content and nitrogen
solubility in the formation of AIN in the Fe-Al-N melt with a partial pressure of nitrogen at
0.5 and 0.8 atm in 1873 K. The AIN stability diagram is illustrated in Figure 2.11.2%?1 As
the dissolved aluminum content is increased, there is a negligible decrease in the dissolved
nitrogen content in the Fe-Al-N melt (open symbols in Figure 2.11). Once the aluminum
content reaches the critical value, the nitrogen content decreases and follows the AIN
stability line due to the formation of AIN in Fe-Al-N melt (solid symbols in Figure 2.11).
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Figure 2. 11 AIN stability diagram in Fe-Al-N melts at 1873 K.[2%2 _ (Reprinted with
permission)

Besides the effect of aluminum, Paek et al.['%] also studied the impact of the Mn addition
on the AIN formation in the Fe-Mn-Al-N melt at three different temperatures (1823, 1848,
and 1873 K), as seen in Figure 2.12. It is shown that the solubility product of AIN,
log[%AIl][%N], increased linearly with an increase in the manganese content regardless of

the temperature.
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Figure 2. 12 Effect of Mn on the solubility product of AIN in Fe-Mn-Al-N melts.[*%2] —
(Reprinted with permission)

Liu et al.[BY explained that AIN could form when the solidifying front is rich with solute Al
and N during the solidification process. There is microsegregation in the steel when it is
cooled. The solute atoms are rejected to the interdendritic region (non-equilibrium
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solidification condition). As a consequence, there is an enrichment of Al and N in the final
solidified area.®™ Then, AIN is thermodynamically precipitated when the product of
[%6A1]x[%N] in the liquid phase at the solidifying front exceeds the equilibrium value. The
Al and N contents in the liquid phase during solidification can be calculated by the Scheil
equation, and it is assumed that there is no diffusion in the solid phase. The content of
Al and NI202 at the solidifying front are calculated as in Equation (2.25) and (2.26).

[%Al] = [%Al],(1 — g)*a—D (2.25)
[%N] = [%N]o/[ky + (1 — kpy)(1 — g)] (2.26)

where [%Al]o and [%N]o are the initial concentrations of solute Al and N in liquid steel,
respectively. [%0Al] and [%N] are the concentrations of the solute Al and N in the liquid
phase at the solidifying front, respectively. kai and kn are the partition ratio of solute Al (=
0.6) and N (= 0.27) at equilibrium, respectively.}%? g is the solid fraction. The other way

to calculate [%AI]x[%N] is by using Equation (2.27).!
—15850.92
Kuy = [%Al] X [%N] = 10 Tsteer %7 (2.27)

Furthermore, the relationship between temperature and solid fraction can be calculated
using Equation (2.28).[84

Tm - Tliq
T=T,—
m 1 — Tliq — Tsol (2-28)
Bs Tm - Tsol

where T is the temperature of the solidifying front, Tm is the melting point of pure iron
(1811 K), Tiiq is the liquidus temperature of the steel, and Tso is the solidus temperature of
the steel.

2.6.3 Sulfide Inclusion

The sulfur content in steel plays an important role. As sulfur is mostly not desirable in steel,
its content is always kept as low as possible (except in the free-machining steels, high sulfur
content, 0.08-0.35% S, is desired).*%4 Sulfur is known to form sulfide inclusions, causing
an anisotropy on the mechanical properties of the steel, pitting corrosion, and sulfide stress
cracking (SSC), and embrittlement.[1951%81 Generally, the addition of Mn to the steel reduces
the formation of FeS inclusions, which have a low melting point and lead to hot-shortness
in the steel.[’®1%71 As a consequence, MnS inclusions are formed in the steel. The higher
melting point of the MnS inclusion increases its plasticity, and it is deformed in an
elongated shape during the hot working.l” This phenomenon leads to the cracking of the
steel.'®) Moreover, similar to AIN inclusions, MnS inclusions can form during the
solidification process. The standard Gibbs free energy change for the formation of
MnS, [0l and its equilibrium constant[°®! are listed in Equations (2.29) - (2.31).

[Mn] + [S] = MnS (2.29)
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AGyns = —168822 + 98.87Tgree: jl/mol (2.30)
(2.31)

nsS

'hS

a
log Kyns = logh il = log
Mn

funfs[%Mn][%S]

where a,,,s 1S the activity of MnS and it is unity with respect to 1 wt% standard state, hy,,,
is the Henrian activity of Mn and £, is the activity coefficient of Mn. From the equations
above, the condition for the formation of pure MnS is provided in Equation (2.32), as seen
below.[108]

funfs[%Mn][%S] = Kyns (2.32)

Qi et al.['% investigated the formation of MnS inclusions in austenitic hot-work die steel
(Fe-15Mn-3Cr-Mo-V-0.002S) during the ESR and continuous unidirectional solidification
(ESR-CDS) processes. The stability diagram of precipitation of MnS inclusions is provided
in Figure 2.13.11%1 |t is shown that MnS inclusions do not precipitate in the liquid steel
because the steel compositions (points A and B) are lower than their equilibrium value. Qi
et al.l'%l explained that these results do not consider the microsegregation in the
solidification period. In the actual practice, the distribution of solute atoms is different in
the non-equilibrium solidification condition.’® The solute atoms are rejected to the
interdendritic region when the solidification happens. It leads to the enrichment of Mn and
S in the final solidified area in interdendritic arm spacing. So, when the product of
[%0Mn]%[%S] in the final solidified region exceeds the equilibrium solubility product for
MnS inclusion precipitation, then MnS inclusion forms during solidification. %!

0.20 7
\ —— 7, =1653K
K - - -T=1493K
015 F 1, s A-Ingot Sl
\ A B-Ingot S2
\
\
W \
e 0.10F v
& b
A
\
4
» Y
0.05 F S~
0.00 F As—p ~B
A 1 i 1 i 1 L 1 " L L 1 L 1 i 1 i
2 + 6 8 10 12 14 16 18 20

[% Mn]

Figure 2. 13 Stability diagram of MnS inclusions precipitation in austenitic hot-work die
steel.[1%8 _ (Reprinted with permission)
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2.7 The Co-precipitation of Inclusions

As the steel composition becomes more complex, sulfide, nitride, and oxide inclusions can
co-precipitate together. The co-precipitation mechanism of complex inclusions usually
depends on several factors: the formation temperature of inclusions and the lattice misfit
(or sometimes called lattice disregistry) between inclusions. The formation of complex
inclusions follows the thermodynamic stability of each inclusion, which is related to the
formation temperature of the inclusions. If the steel system is under an equilibrium
condition, the inclusions that are more stable in liquid steel will form first. Later, during
the cooling process, these inclusions become the heterogeneous nucleation sites for other
inclusions, which have a lower formation temperature.

Liu et al.[®8] analyzed the formation, growth, and dissolution of AIN and MnS inclusions
by incorporating kinetic and thermodynamic calculations in high manganese TWIP steel
from AOD and ESR. In order to describe the formation of AIN and MnS inclusions, the
stability diagram of AIN and MnS precipitation in the AOD and ESR process is shown in
Figure 2.14. Points A and B represent the analyzed dissolved Al and Mn contents in the
AOD samples, respectively. On the other hand, A" and B’ represent the dissolved Al and
Mn in ESR samples, respectively. They stated that AIN or Al(O)N inclusions were formed
before MnS precipitation in the AOD process, as its formation temperature (Point A) is
higher than Tiiq of AOD ingot and MnS formation temperature (Point B) as seen in Figure
2.14. AIN acted as heterogeneous nuclei of MnS inclusion then formed more complex
inclusions, such as MnS(Se)-AI(O)N clusters. In the ESR process, the content of nitrogen
in the steel is low (6 ppm); thereby, the precipitation temperatures of AIN and MnS
inclusions were also decreased. AIN inclusions could not be formed in liquid TWIP steel,
as its formation temperature (Point A") is lower than the Tigq of ESR ingot, so the
heterogeneous nuclei for MnS inclusions decreased. As a result, MnS(Se)-Al(O)N
inclusions were rarely seen in steel after the ESR process.
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Figure 2. 14 Stability diagram of AIN and MnS precipitation in the AOD and ESR
process.[®2l — (Reprinted with permission)

The classical nucleation theory can explain one type of inclusion’s ability to serve as the
nucleation site for other inclusions. Penna et al.[*%! stated that the classical nucleation
theory predicts that low interfacial energy and a low lattice disregistry between the
heterogeneous nucleus and the nucleating solids are supported by decreasing the activation
barrier or the critical nucleation barrier. The critical nucleation barrier for heterogeneous
nucleation, AG};,, can be formulated in Equation (2.33).12%%)

. (2 + cosB)(1 — cosh)? .
AGper = 4 "AUHom

(2.33)

where 4 is the wetting angle of the nucleating solid phase on the heterogeneous nucleation
and AGy,m, 1S the critical nucleation barrier for homogeneous nucleation. Furthermore,
AG};,,, can be calculated by Equation (2.34).[1%]

16mys

AGhom = 362 (2.34)

where y, s is the interfacial energy of the solid-liquid phase and AGy, is the thermodynamic
driving force for crystallization. The interfacial energy balance for the heterogeneous
nucleation is provided in Equation (2.35) and schematically illustrated in Figure 2.15.

YnL = Vns + Yiscos6 (2.35)

where y,,;, is the surface energy between the liquid and the nucleant and y,, is the surface
energy between the solid and the nucleant.
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Figure 2. 15 The schematic of the wetting angle for the heterogeneous nucleation.*%1 —
(Reprinted with permission)

Figure 2.15 shows that the wetting angle, 6, is defined by the balance of the interfacial
energy between nucleating solid, liquid phase, and substrate. The interfacial energy in a
system depends on the following factors: the chemical nature of the substrate, topographic
features of the substrate surface, the electrostatic potential between substrate and nucleated
solid, and the lattice disregistry between two phases at the interface.[**% The latter factor is
often used to explain the heterogeneous nucleation behavior since interfacial energy
measurement is difficult in practice. According to Turnbull and Vonnegut,[**] a smaller
disregistry between low-index planes of inclusion and metal phases indicates lower
interfacial energy required for the transformation, making the nucleation of inclusion
phases easier. The lattice disregistry between inclusions can be calculated by Bramfitt’s
planar disregistry model, as shown in Equation (2.36).11%

3 i — .
shkds N1 |(d[uvw1§“’5‘“) Aoy,
(hkDn = /£33 P

i=1 [uwvw];,

x 100% (2.36)

where (hkl)g and (hkl), are the low-index plane of the substrate and nucleated solid,
respectively. [uvw]s and [uvw], are the low-index direction in (hkl), and (hkl),,
respectively. d is the interatomic spacing, w is the angle between [uvw], and [uvw],,, and
i is the overlap plane between the substrate and the nucleated solid. When the disregistry
between a particular inclusion and the precipitated phase is below 6%, the particular
inclusion is effectively the heterogeneous nucleation site of the precipitated phase. If the
disregistry is between 6% to 12%, the inclusion is moderately effective to be the nucleation
site. Moreover, if the disregistry is more than 12%, the inclusion has no effect on the
nucleation of the precipitated phase.[*101%2

Apart from the lattice disregistry formulated by Bramfitt, Ohta and Suito*®! studied the
lattice misfit between MnS and oxide inclusions and calculated the lattice misfit parameters
by using the Equation (2.37).

|XMnS - Xoxidel
Misfit = 2 2.37
f (XMnS + Xoxide) ( )

where X,ms and X, 4. are the lattice distance of MnS and oxide inclusions, respectively.
The misfit corresponds to the minimum value among the various combinations of X,,,,s and
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X, xiqe in Equation (2.36).1*3 The lower the value of the misfit, the easier it is for the oxide
inclusions to precipitate together with MnS inclusions. Ohta and Suito™!®! showed the
misfit parameter for the precipitation of MnS on the Al203 particle is above 0.1 but less
than the misfit of MnS in ferrite az,, which is greater than 0.25 (the misfit value also can
be presented in percentage). So, the co-precipitation of Al203 and MnS is possible. Al20s3
will form first in liquid steel temperature due to its thermodynamic stability, and MnS will
precipitate on it when the formation temperature of MnS is reached in the solidification
process.

Ohta and Suito™*®! applied Equation (2.37) to evaluate the misfit parameter for the
precipitation of MnS on the AIN particle. It is reported that the misfit is less than 0.1. In
other words, MnS is easier to precipitate on AIN inclusions (heterogeneous nucleation)
rather than nucleate by itself. Another precipitation mechanism of AIN and MnS inclusions
was explained by Liickl et al.["® for low carbon steel grade. They mentioned that AIN could
also precipitate on MnS inclusions because of the lattice parameter’s similarity in their
crystal structure. This mechanism is also supported by Tuling and Mintz!*4, who
investigated the precipitation of AIN in high Al TRIP steels. It is stated that MnS inclusion
is a nucleation site for AIN because MnS has a similar lattice parameter with hcp AIN, and
this precipitation mechanism happens when AIN is sluggish at high casting temperature
near the solidification. Kang et al.[!l also agreed that under an equilibrium condition, AIN
inclusion would appear first before MnS inclusion. However, under non-equilibrium
conditions, MnS forms first before AIN forms.

Another formula that can be used to calculate the lattice misfit is displayed in Equation
2.38. Wang and Fan[*'® use this formula to calculate the lattice misfit between inclusion
particles in the Al melt. In this way, the feasibility of inclusion particles to be the nucleation
substrate for a-Al grain can be evaluated. It was found that AIN is the least feasible among
other particles (a-Al20s, y-Al203, MgAI204, and TiBz2) to become the nucleation substrate
for a-Al grain, as its misfit value is the highest, 6.66%. Equation 2.38 can also be used to
calculate the misfit between inclusion particles.

a a
Misfit = l”a—5| X 100%
S
where a,, and a, are the lattice parameters of the nucleated inclusion and substrate,
respectively.

(2.38)

2.8 Modification of Inclusions

Since it is difficult to make the steel completely free from inclusions, modification of
inclusions is needed to make the inclusions less detrimental to the steel performance. A few
methodologies to modify the inclusions are summarized below.
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2.8.1 Modification of Inclusions by Calcium Addition

Calcium addition by powder injection or wire feeding is a common technique used in steel
refining to modify oxide and sulfide inclusions.[?225116.1171 A well-known example is
modifying solid alumina inclusions into liquid or partially liquid calcium aluminates.
Alumina is detrimental to the steel process because it can attach to the nozzle wall and
cause a blockage of steel passing through the nozzle. The modification with calcium starts
with Ca diffused into the steel. Ca reacts first with dissolved O and S in the steel, forming
CaO and CaS.[?>1'7] Then, the remaining dissolved Ca reacts with alumina to form liquid
calcium aluminate inclusions, and the nozzle blockage can be reduced.

The preferential order of reactions involved during modification of oxide inclusions by
calcium is still not clear from previous works. The effect of dissolved sulfur on the
modification of alumina inclusions by calcium has been qualitatively studied by Holappa
and Ylonen.[**®l Later, Larsen and Fruehan™°! conducted experiments to predict at what
levels Al and S can form calcium aluminate and calcium sulfide inclusions. They stated
that the sulfur level should be below 0.013% for 0.015% Al in liquid steel at 1550 °C.
Verma et al.[*20121 also quantified the dissolved sulfur content for better modification of
the alumina inclusions. They claimed that the sulfur content should be below 40 ppm to
prevent CaS formation. These studies attempted to optimize the calcium addition for
inclusion modification.

There are also a few studies*??-12] focusing on the changes in the composition of inclusions
with time to determine the possible reaction kinetics. Higuchi et al.[*?? investigated the
effects of the addition rate and amount of Ca on the composition and shape of calcium
aluminate inclusions. They also included the kinetics of the vaporization of calcium from
the melt. Lu and Irons™?®! investigated the kinetics and mechanisms of calcium dissolution
and modification of calcium oxide and sulfide inclusions in the steel. They focused on the
dissolution rate of calcium and ignored the reactions between inclusions and melt. Ito et
al.'?4 measured the soluble calcium, calcium oxide, and calcium sulfide content with
respect to the time after Ca addition. They developed a relationship to express the
conversion from alumina to calcium aluminate with time using a ratio of CaO content in
inclusions to the calculated CaO content of calcium aluminates in equilibrium with liquid
steel. They concluded that the rate-determining step for modifying alumina inclusion is
calcium diffusion in the calcium aluminates product layer. However, the parameters, such
as interdiffusivity in calcium aluminates, are not given. Alternatively, Han et al.l*?] claimed
that the chemical reactions between alumina and liquid calcium aluminate inclusions are
the rate-controlling step.

Previous researchers*'>*?"l syggested that the ratio of [Ca]twotal/[O]total Should be greater than
0.6 for the good castability of the steel. In this ratio, the inclusions are mostly in the form
of solid CA and liquid (CaO)o.57(Al203)0.43 at 1823 K. However, it is crucial to incorporate
the effect of S. S in the steel reacts with Ca to form CaS inclusions, which are also
detrimental to the casting process. Choudary and Ghosh*?®l performed thermodynamic
calculations to investigate the critical contents of Al and S in Al-killed steel to prevent solid
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CA formation at 1823 K. It is predicted that [mass%Al]*x[mass%S]*=2.05x10°(acas) by
considering the equilibrium reactions of Al20s, CaO, liquid Ci2A7, solid CA and CaS
inclusions. Fig. 2.16 plots the relationship between Al and S contents in the steel to avoid
the formation of solid CaS by assuming acas = 0.75. The steel composition should be below
the line to prevent the formation of CaS inclusions before a liquid CA inclusion form. If
the steel composition is above the line or S content is high, S tends to react first with Ca to
form CaS until the S content becomes lower than the line. Then liquid oxide inclusions
appear (Al203 inclusion transforms to CA).
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Figure 2. 16 The critical value of Al and S contents in the steel to avoid the formation of
CaS inclusion at 1823 K and acas=0.75.11?81 — (Reprinted with permission)

Tabatabaei et al.''71 developed a model to predict the evolution of inclusions (e.g., Al203
inclusions) during calcium injection in the ladle furnace. The model includes the steel-slag
reactions, steel-inclusion reactions, all possible rate-controlling steps, and the competition
between alumina and sulfide inclusions for the consumption of Ca. The steps which the
model took for the modification of alumina inclusions are 1) the dissolution of Ca into the
steel bulk from the interface of gas bubble-steel, 2) transfer of the dissolved solutes
including Ca in the boundary layer, 3) diffusion of Ca to the core of alumina, and 4) the
chemical reaction between Ca and alumina. Before the injection of Ca, Al addition to the
steel leads to the decrease of dissolved oxygen with alumina formation. As the dissolved
oxygen content in the steel becomes low, the CaO in the slag is reduced and provides
dissolved Ca in the steel. This dissolved Ca reacts with alumina rapidly and transforms it
into calcium aluminate. The model also included the formation of a calcium aluminate layer
on the surface of alumina inclusions. The growth of the calcium aluminate layer is predicted
as the alumina becomes smaller. When the Ca is injected into the steel, it supplies more Ca
and transforms faster. It makes the mole fraction of CaO in calcium aluminates increase
until it reaches saturation and forms a CaO layer outside of the calcium aluminate layer. At
this point, the modification of alumina stops, and the CaO layer becomes thicker. It was
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found that the rate of calcium supply to the steel controlled the modification of alumina
inclusions. The mass transfer of calcium through the inclusion boundary layer is extremely
fast (only a few seconds). So, calcium is rapidly consumed by the inclusions.

Zhao et al.l*?l conducted thermodynamic calculations to study the evolution of Al203
inclusions with calcium addition and performed industrial trials on Al-killed pipeline steels
(with 0.04% Al, 12-16 ppm S, and ~20 ppm Ca in the slab). Initially, the types of inclusions
are mostly Al203, MgO, and CaO. Then, after the RH refining process with Ca addition,
the distribution of MgO—AI203-CaO in the phase diagram moves to the low melting region.
The modified calcium aluminates become liquid. More Al203-CaS-contained inclusions
formed in the slab due to the lower temperature in the process and segregation in the casting
process. Zhao et al.*?* also studied the morphology of the inclusions after deformation in
the hot rolling process. The small-sized (D < 20 um) calcium aluminate inclusions with the
CaS layer deformed well along the rolling direction while the MgO-Al203-CaO multi-
component inclusions separated from its CaS layer and formed tails along the rolling
direction. In the case of large-sized inclusions (D > 50 um), C3A+C12A7 inclusions are easy
to deform with a smooth shape. On the other hand, C3A+Ci12A7 and C12A7+CA with CaS
layer separated with an irregular shape for the oxides and string shape for the CaS layer
during deformation.

Besides the calcium modification by powder injection and wire feeding, Ca can be
introduced from the slag. Jiang et al.'*°% jnvestigated the change in the shape of non-
metallic inclusions with respect to time in the high-strength steels. The slag contained CaO,
Si0O2, and Al203, while the steel consisted of C, Si, Mn, Cr, and Al. The steel and slag melted
together in the magnesia crucible at 1600°C under argon gas. The shape of inclusions
changed from rectangular to spherical due to the slag-steel reaction in the process. The
change in the composition of inclusions was observed. First, the inclusions appeared to be
MgO-Al203 type or MgO-based inclusions. Later, the inclusions were fully modified to
spherical CaO-MgO-Al203 type complex inclusions. They studied the transformation
mechanism of inclusion based on SEM-mapping. They suggested that there are two
transformation mechanisms. (1) Al20s transforms into MgO-Al20s inclusion and then
becomes CaO-MgO-Al20s inclusion. (2) MgO changes to MgO-Al20s and finally becomes
Ca0-MgO-Al20s3 inclusion.

2.8.2 Modification of Inclusions by Rare Earth Treatment

Rare earth (RE) elements or sometimes called mischmetal, consist of 15 elements in the
lanthanide series such as Ce, La, Pr, and Nd that have identical chemical properties.[*3?]
The composition of mischmetal is usually contained of 50% Ce, 25% La, and less Pr and
Nd. RE elements are powerful deoxidizers and desulfurizers.[**3-1% The advantage of using
RE elements to modify inclusions is that they have good solubility in liquid steel, and they
do not quickly vaporize. However, when they react with sulfur and oxygen in the steel, they
form non-deformable and fine RE oxysulfide inclusions.’*" 'l The density of RE
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inclusions is around 5000-6000 kg/m® near to liquid steel density 51401, Therefore, they
do not easily float out and remain in liquid steel.l*3>13]

Opiela and Grajcarl*®! studied modification of non-metallic inclusions in the steel,
containing sulfur and oxygen with RE in the form of mischmetal (~50% Ce, ~20% La,
~20% Nd). Their results showed that sulfur and oxygen reacted with mischmetal and
formed dispersive, complex oxysulfide inclusions instead of forming MnS and Al203
inclusions.[*3! This modification technique creates stable inclusions and a low value of
elongation factor, making low susceptibility of inclusions to elongate in plastic working. It
can decrease the austenite grain growth in hot plastic working, which is beneficial for
producing high strength and ductility forging steel.

Grajcar et al.l*®! jdentified type, fraction, and chemical composition of non-metallic
inclusions modified by RE in high manganese austenitic C-Mn-Si-Al-type steels (Mn
content was approximately 25-27%) with micro addition of Ti and Nb. The steel also
contained sulfur. RE was added in the form of mischmetal at the very last stage of alloy
additions. The susceptibility of inclusions to elongate in the rolling direction was reduced
by increasing the mischmetal addition. The typical inclusions contained (Mn,Ti)S in the
center and a phase with Ce, La, and Nb in the outer part of inclusions. Sulfide and
oxysulfide inclusions contain RE elements formed, and they became hard to remove from
liquid steel, so sulfur in high manganese steel should be reduced first.[*3

2.8.3 Modification of Inclusions by Other Elements

The addition of Te and Se can improve the machinability of martensitic or austenitic
steel.[?221411421 The shape of inclusions becomes globular with Te and Se additions so that
the inclusions can deform well during the hot working process.[??! Se can modify the
morphology of MnS inclusions in the steel. MnS becomes long and narrow stringers during
the rolling process. The addition of Se can change the shape of MnS to globular.??l The
stringer inclusions become shorter units, which improves the machining properties.?214]
Te and Se additions decrease the absorption rate of nitrogen in liquid steel and take part in
grain refining structure. Thereby, they can reduce the hardenability and susceptibility for
quench cracking in steel.[144]

Inclusion modification methods are not limited only to the approaches explained above.
The influence of other elements, such as Ti and Mg, to modify inclusions in the steel is also
studied.l*4514€] Thapliyal et al.[**] used Ti to modify solid MnO-SiO based inclusions
present in low alloy Si-Mn deoxidized steel. The addition of Ti transforms the inclusions
to a lower melting point in TiO2-MnO-SiOz2 liquid inclusions. These liquid inclusions will
avoid clogging in the thin-strip casting of the steel. Zhang et al.¢! used Mg to modify
solid CaO-Al20s type inclusions in Al-Ca deoxidized melt. The addition of Mg reduces the
size of inclusions from larger than 5 pum to around 2 pm.
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2.9 Characterization of Inclusions

There are several tools and techniques for analyzing the characteristics of inclusions in
steel, both directly or indirectly.[*4-%521 A scanning electron microscope (SEM), remelt
buttons, pulse discrimination analysis (PDA), and ultrasonic testing are few direct
methodst*47148l In contrast, indirect methods include total oxygen content measurement,
nitrogen pickup, steel/slag composition measurement, and final product test.[*49154 |t is
important to note that no single technique can provide all the information about the
characteristics of inclusions.

Moreover, the appropriate methods should be chosen depending on the specific information
needed. The inclusion analysis methods explained in the next sections are commonly used
both in academia and the steel industry. These methods were considered because they give
comprehensive information needed for inclusion analysis, are relatively time-efficient, and
represent two and three-dimensional observations of inclusions.

2.9.1 Electrolysis Extraction (EE)

Understanding the complete morphologies of the inclusions can help to study the
mechanism of the formation or growth of the inclusions. The three-dimension (3D)
inclusion analysis technique, such as the electrolysis extraction (EE) technique, can be used
to reveal the complete information about the size and morphology of inclusions. The
extraction method’s basic principle is dissolving only the steel matrix with a liquid solvent
and leaving the inclusion particle as the remaining residue—the apparatus for the extraction
process by Inoue et al.*>% is shown in Figure 2.17(a). A potentiostat is connected to the
steel sample as an anode. The steel sample is held by the Pt tweezer and dipped into the
electrolyte bath in the beaker. A Pt ring is also placed in the electrolyte bath in the beaker
and acts as a cathode. A calomel electrode is set as a reference pole and connected by the
electrolyte in the KCl-saturated solution and KCl-agar bridge. Then the solvent is filtered
by polycarbonate (PC) films as the filter with a particular pore size in the vacuum filtration
apparatus(*®¥ as seen in Figure 2.17(b). The inclusion particles collected on the PC films
are studied under SEM. There are several types of extraction methods, such as using acids,
halogen-alcohol mixtures, and electrolysis.[*>]
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Figure 2. 17 The apparatus used for the potentiostat extraction method, (a) the schematic
of the extraction process, and (b) the filtering container.[*53154 _ (Reprinted with
permission from Ref. 153 and Ref. 154)

Inoue et al.*%¥1 reviewed the extraction technique using acids, which can accelerate the
extraction of inclusions and have high chemical stability, such as SiOz, Al20s3, Cr203, TiOz,
and Ca0-6Al20s. On the other hand, the acids would dissolve Al203 and TiOx inclusions.
While the use of halogen-alcohol mixtures could overcome this problem, these mixtures
tend to dissolve sulfides and alkaline earth metal oxides. The solution to these dissolution
problems would be the use of electrolysis. It can extract different kinds of particles and
selectively dissolve the metal matrix by adjusting the dissolution voltage. When the low
current densities are applied, a passive layer is formed on the surface of the metal. So, the
electrolyte, voltage, and current need to be carefully selected for the extraction process. It
should be noted that this technique cannot be applied to extract the chemically unstable
inclusions when using acid and neutral aqueous electrolytes.

Janis et al.™> investigated the effect of electrolytes on inclusion analysis. The electrolytes
that they studied were 5 v/v% bromine-methanol and 14 w/v% iodine-methanol for the
halogen-alcohols, and 10% AA ((10 v/v% acetylacetone - 1 w/v% tetramethylammonium
chloride - methanol), 4% MS (4 v/v% methyl salicylate - 1 w/v% tetramethylammonium
chloride - methanol), or 2% TEA (2 v/v% triethanolamine - 1 w/v% tetramethylammonium
chloride - methanol)) for the nonaqueous electrolytes. Furthermore, the current was 45—
60mA, the voltage was 150mV, and the charge was 800 or 1200 coulombs. In order to
make a quantitative analysis of the extraction methods, the dimension and the weight of the
dissolved metals should be noted. The dissolved metals can be calculated using the
following Equation (2.39).1%°]

(2.39)

where Duis is average dissolved depth, Wais is the weight of the dissolved metal, Asur is the
surface area of the metal, and pme is the density of the dissolved metal. Janis et al.[*5°]
presented the relationship between the size range of the inclusion and the weight of
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dissolved metals, as shown in Figure 2.18.11%%1 The size range of the inclusions was
increased with the increasing mass of the dissolved metal. The EE method was suggested
to be better and more precise for extracting various inclusion types, including clusters and
particles in clusters. However, it needs more time than other methods.
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Figure 2. 18 The size of analyzed inclusions with respect to the weight of dissolved metal
samples for different extraction methods.[*%®! — (Reprinted with permission)

2.9.2 Pulse Distribution Analysis with Optical Emission Spectroscopy
(PDA/OEYS)

Pulse distribution analysis combined with optical emission spectroscopy (PDA/OES) is one
of the direct methods for analyzing inclusions in the metal. This method can be classified
as a fast analyzer since it only takes about 3-5 minutes to analyze inclusions.[**®! The
number and size of inclusions are characterized by the PDA index (size of the non-metallic
inclusions is usually considered as the number of outliers on the intensity chart) or the B-
factor (the total summed weight of elements in inclusions).[*>®! PDA/OES can also provide
information on the concentration of soluble and insoluble elements in the metal.*5"]

The principle of the PDA/OES method is shown schematically in Figure 2.19. Janis et
al.['%! explained that the sample surface is ablated by the high-energetic discharge of
electric sparks (around 3000-4000 sparks) with a frequency of 100-800 Hz. This excites
atoms and ions in the plasma to elevate electronic energy levels. Moreover, the light of
different wavelengths correlated to each element is emitted. In the spectrometer, the
diffraction grating separates all those wavelengths. Then, the photomultipliers measure
their light intensity. This way, the total mass fraction of each element from the sample is
determined based on a particular calibration function. The ablated weight on 4000 sparks
is around 2x10* g/measurement (per each spot), related to 2.56x102 mm?/measurement.
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Figure 2. 19 Schematic illustration of a PDA/OES measurement.[*! — (Reprinted with
permission)

The example of the single spark intensity (pulsograms) for Al in PDA/OES analysis is
shown in Figure 2.20.12%571 |n Figure 2.20 (a)**® and (b),[*>] the outliers (high light
intensity peaks) are related to the elements present in the inclusions. The outliers are the
intensities that exceed the median intensity of the metal background (or the matrix of bulk
intensity), Figure 2.20(a). These outliers are identified as a specified number of standard
deviations (o). An iterative calculation is used to determine this standard deviation (o)
value, including removing the large outliers. The inclusion type is identified by considering
the detected outliers in a single spark. If two elements happen to be in the same spark, it is
regarded as a complex inclusion that contains those two elements. All this information is
processed in the PDA/OES software. All the number of outliers from the inclusions are
collected and recalculated into the number of inclusions per unit volume of the sample. The
size of inclusions is calculated from the intensity of every single outlier. The weight of
ablated inclusions is estimated using the calibration function for the respective element.

36



Intensity of Al

+
Ita
Q

5000 Intensities corresponding

to inclusions

Intensities corresponding
o metallic Al

cpRAeESBEEERREE

- - = = =

1 1001 2001 3001

Spark no.

(a)

Spark number

(b)

Figure 2. 20 Typical intensity distributions obtained using PDA/OES.[*%6.158] _ (Reprinted
with permission fron Ref. 156 and Ref. 158)

The advantage of PDA/OES is its ability to distinguish the concentration of soluble and
insoluble AL A single spark height distribution can be represented by the Gaussian
function, as seen in Figure 2.21,1*% which shows the intensity distribution diagram for Al.
The intensity of soluble Al follows the standard Gaussian distribution, and the insoluble Al
shows an asymmetric shape of the graph. The ratio of the sum intensity of soluble Al and
the total Al will be converted to determine the concentration of soluble Al and insoluble Al

using the calibration curve.
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Figure 2. 21 Gaussian distribution for soluble and insoluble Al predicted by the
PDA/OES measurement.!*>%1 — (Reprinted with permission)

Along with the aforementioned capabilities of PDA/OES, steelmakers mostly rely on this
technique to check the cleanliness and oxygen content of the steel during the steelmaking
process. Its ability to provide the inclusion information in a short time allows the

steelmakers to control the process in real-time.[*°]
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2.9.3 Ultrasonic Testing

Ultrasonic testing is another direct method for inclusion analysis. There are several types
of ultrasonic testing equipment. The standard technique used in steel plants is Mannesmann
inclusion detection by analyzing surfboards (MIDAS). This technique was used for
detecting the macroscopic inclusion particles or clusters, which are rarely seen in the large
volume of steel (slab, billet, or bloom of the steel).[*6% The steel from the continuous casting
will be flat cross-rolled perpendicular to the casting direction. The inclusions then will be
deformed, and the shape changed mostly from globular to ‘pancake,” which is helpful for
ultrasonic beam detection. Then the surface of the steel will be analyzed by the ultrasonic
probe to detect the inclusions. Nowadays, Liquid Sampling and Hot Rolling (LSHR) are
used.l71 In this method, the liquid steel from the ladle or tundish is collected using a steel
mould sampler (15 mm in thickness, 360 g in weight). The inlet pin of steel in the mould
is used for total oxygen analysis, and the remaining sample will be rolled and heat-treated,
and ready for ultrasonic testing. This method is also conducted for detecting macroscopic
inclusions.

2.9.4 Total Oxygen

Total oxygen is the summation of the soluble oxygen in the liquid steel and the oxygen in
the oxide inclusions (insoluble oxygen). The total oxygen measurement is one of the
indirect methods for estimating the steel cleanliness level. This is a fast and easy method
applied in the steel industry.[*5Y1 However, this method is only used for evaluating oxide
inclusions, and it cannot provide information on the size distribution, chemical
composition, and morphology of the inclusions. It is usually used in conjunction with other
inclusion analysis techniques, such as SEM or Cathodoluminescence Microscopy (CLM),
to collect more detailed information.

The total oxygen measurement is conducted by the oxygen analyzer, which uses an inert
gas fusion method (e.g., LECO O/N analyzer or HORIBA O/N analyzer). In total oxygen
analysis, the steel sample is placed in the graphite crucible. Then, it is fused at a temperature
that allows oxygen to be released from the steel. During this process, the inert gas (Ar or
He) is passed through the instrument system. The carbon from the crucible reacts with
oxygen from the steel to form CO and COz2 gases, which are then detected by an infrared
or a thermal conductivity detector. Based upon the mass balance, the measured oxygen
content associated with CO and CO2 accounts for total oxygen in the steel sample.

Dekkers et al.l'%? correlated the size of alumina inclusions with the total oxygen to
investigate the cleanliness of low carbon Al-killed steel, Fe-(0.025-0.045%)C-(0.15-
0.23%)Mn-(0.03-0.065%)All, at Sidmar, as shown in Figure 2.22. The size represents the
largest diameter of a particle measured by SEM (Figure 2.22(a)). The high total oxygen
values and large scattering in Figure 2.22(b) represent the cluster of inclusions in medium
carbon aluminum killed (MCAK), low carbon aluminum killed (LCAK), and low carbon
silicon-aluminum killed (LCSAK) steels. Figure 2.22 shows that as the total oxygen
decreased after Al addition, the size of inclusions was also reduced. The clusters of
inclusions floated to the steel-slag interface and were removed by the slag after 15 minutes
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addition of Al. As a result, the total oxygen decreased. The steel is left with aggregates and

polyhedral types of inclusions.
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Figure 2. 22 (a) The size of inclusions and (b) the total oxygen in the medium carbon
aluminum killed (MCAK), low carbon silicon-aluminum killed (LCSAK), and low
carbon aluminum killed (LCAK) steels, Fe-(0.025-0.045%)C-(0.15-0.23%)Mn-(0.03-
0.065%)Al, after Al addition at Sidmar.[*621 — (Reprinted with permission)

2.9.5 Steel, Slag Composition Measurement and Final Product Test

The information on the elemental chemistry of steel and slag composition can also
indirectly analyze the inclusions.[***! For example, when the dissolved Al content in the
steel is reduced, it can imply that reoxidation likely occurs in the steelmaking process. Not
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only does Al content act as an indicator for reoxidation, but manganese and silicon pick-up
can also be an indicator. Monitoring the slag composition before and after an operation can
indicate inclusion absorption in the slag or a possibility of reoxidation from the carryover
slag. In addition, the slag entrainment can be investigated by comparing the slag and
inclusion compositions.

Another indirect method is the destructive mechanical testing of the final product.*4°! This
testing informs about the deep-drawing properties, formability, bending properties, or
fatigue life of the steel. This measurement can be related to the steel cleanliness because
the inclusions can be the source of the problem if one of those properties in the steel is
unacceptable.

2.9.6 Automated Scanning Electron Microscopy (SEM) Inclusion

Analyzer

In the steel industry, automated scanning electron microscopy (SEM) inclusion analyzer
has become a crucial tool because it provides information on inclusion characteristics
relatively fast and comprehensively compared to the regular SEM analysis. The automated
SEM inclusion analyzer has the same principle as regular SEM. However, it has an added
program to detect particles automatically, faster than manual detection by a human. The
high-resolution scan is used to define the inclusion parameters. Afterward, Energy
Dispersive X-ray Spectroscopy (EDS) data is used to determine the composition of
inclusions.

Furthermore, inclusions are classified based on their composition by using predetermined
rules developed by the operator. ASPEX, 1831 ASCAT %4 and INCA®! are commonly
used programs for automated SEM inclusion analyzers. All the programs have the same
basic principle; however, each has its specific method and settings to identify inclusions.

The information obtained from the automated SEM inclusion analyzer is particle size
distribution, composition, 2D morphology, and the location of inclusions on the surface of
the steel sample. Figure 2.23 compares the inclusion analyzers with respect to inclusion
frequency and size.[*%1 As seen in Figure 2.23,[%] image analysis and ultrasonic analysis
are used for analyzing the macro size of inclusions (>20 pm). On the other hand, both
automated SEM/EDX and light optical counting almost cover all the size range of
inclusion. However, they are usually used to analyze the micro-sized of inclusion (1-20

pum).
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Figure 2. 23 The frequency of inclusions with respect to the inclusion size measured by
different inclusion analyzers.[*®®! — (Reprinted with permission)

In this study, the ASPEX feature is used in the automated SEM inclusion analyzer, and the
details of this program are further described. Schamber!*63l explained that the particle is
investigated in the frame-based analysis in the ASPEX feature, and the SEM is used as a
camera. First, it starts with positioning the stage. Then the camera captures the field of view
of the steel surface, as seen in Figure 2.24(a). This field of view is then transferred to the
computer (Figure 2.24(b)). Furthermore, the software algorithm processes the frame and
goes through each feature or particle and makes a tracing around the particle, then measures
it (Figure 2.24(c)). After that, the computer places the microscope optics to align the beam
at particular coordinates to calculate the x-ray spectrum. These steps are conducted on all
the features or particles in this field of view. When all the particles have been analyzed, the
same steps are performed in the next field of view.
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Figure 2. 24 Frame-based analysis of particles.[*®3l — (Reprinted with permission)
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Schamber(*¢®l described the additional step that ASPEX does to detect a particle. When the
stage is positioned in one field, as seen in Figure 2.24(a), it is subdivided again into 16
small fields, which are called magnified fields, as shown in Figure 2.25(a). This additional
step is conducted to analyze the inclusions in the field accurately. The beam moves across
the field. In each step, the brightness of the back-scattered electron signal is noted.
Furthermore, in every 16 small fields, it is divided into the coarse grid of sampling points
(Figure 2.25(b)). The spacing between the points is not larger than the smallest particle of
interest. So, if there is a particle smaller than the spacing grid, it will not be detected. This
selection step is conducted to save time for analysis.
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Figure 2. 25 Additional steps in the ASPEX system.[16% — (Reprinted with permission)

Particle sizing starts by identifying the center of the particle. It follows the bisected chord
method. The beam moves horizontally (first horizontal chord) in small steps until the signal
detect is lower than the threshold (Figure 2.26(a)). Then the beam moves downward until
it reaches the bottom edge of the particle. When it is finished, this vertical chord is bisected
in the center, and a new horizontal chord is established in the center of the vertical chord
(Figure 2.26(b)). These steps are then repeated until the geometric center of the particle is
found (Figure 2.26(c)). A series of rotating chords are then made through the center, as
seen in Figure 2.26(d). The average length of the chords is used for calculating the average
diameter of the particle. The longest and shortest chords are used to calculate the aspect
ratio.[*%3] When all the information regarding the size, shape, and composition is gathered,
the inclusion is classified using predetermined classification rules developed by the user.
All the steps mentioned are conducted in each particle. This process could have a rate of
500 particles/minute when the x-ray spectra are not collected, and it adds a few seconds for
each particle to collect the x-ray spectra.[*3l
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Figure 2. 26 Particle sizing steps in ASPEX.[*631 — (Reprinted with permission)

Among all the inclusion analysis methods described in this section, the automated SEM
(ASPEX) is used intensively in the present study. This method has been used rarely to
analyze inclusion characteristics in the latest generation of AHSS, %84 and it has a potency
to be applied for studying the inclusion characteristics comprehensively in medium and
high manganese steels and will be discussed in the present study.

2.10 Gap of Knowledge

Currently, classical metallography and SEM analysis techniques for inclusions in steel have
been widely used to analyze the morphology and composition of inclusions in liquid steel.
Even though these techniques have provided important information, it is qualitative and
time-consuming. In addition to being time-consuming, an analysis of a small area of the
sample raises questions on how representative is the result of the analysis.[*¢7-16% The SEM
technique has become automated, so it can detect large numbers of inclusions (>5000) and
assess the size and composition of inclusions in the steel. The ASPEX, ASCAT, and INCA
Feature, automated SEM inclusion analysis techniques, reduced inclusion analysis times to
a few hours on something that would have previously taken weeks.[*67-16% The application
of these techniques in inclusion studies reduces the uncertainty in inclusion analysis.
Moreover, an automated SEM technique is commonly designed and used for analyzing
oxide and sulfide inclusions. Few studies!®? applied an automated SEM technigue in high
manganese steels. Even though they reported the detection of nitride inclusions, they did
not discuss the systematic method for differentiating nitride inclusions from oxide and
sulfide inclusions. The present study is intended to fill this gap for medium manganese
steels and high manganese steels.

Even though the previous studies on steel cleanliness provided some insight into the
evolution of the inclusions, there are still limited studies on the characteristics of the
inclusions in the latest generation of AHSS, especially in the high manganese steels and
medium manganese steels. Several studies[78-82] focused on the effect of steel chemistry
on the inclusion formation in high manganese (Mn = 10-30%) steel. The types of inclusions
observed are mostly single AIN, single Al20s, single MnS(Se), AIN-MnS(Se), AIN core
with MnS(Se) wrap, Al203-MnS(Se), Al203 core with MnS(Se) skin, MnO-Al20s-SiOz,
Al203-Ca0, and AIN-Al203-MnS(0O,Se) inclusions. It is suggested that AIN inclusions can
be formed in the liquid steel and during the solidification of the steels. The previous
study™™ in medium manganese steel focused on the formation of MnO-Al-Os spinel
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inclusions. Another study only looked into the effect of Mg addition in different Al
content of medium manganese steel (Mn = 9%). However, several questions still need to
be addressed regarding the effect of individual solute elements on the formation, size
distribution, and morphology of inclusions. In addition, complex inclusions are found in
the medium manganese steels and high manganese steels. However, the formation
mechanism of those complex inclusions is not explained well.

A further problem in laboratory studies in steel cleanness is that there is a tendency for the
crucible material (usually Al203 or MgO) to react with the inclusions, thereby “cleaning”
the steel. The principal problem when this happens is finding any inclusions in the steel.
This problem can be overcome by applying cold crucible levitation melting techniques or
performing thermodynamic calculations to confirm that no inclusions react with the
crucible before conducting any experiment. Finally, since the inclusions in the steel cannot
be removed completely, the modification of detrimental inclusions is required. There is still
no study on the modification of inclusions in medium and high manganese steels.

The research on inclusion characteristics in medium manganese steel and high manganese
steel is addressed in the present study by giving a systematic investigation of the inclusion
formation in the medium manganese steel and high manganese steel with different contents
of main alloying elements such as Mn, Al, and N. The experimental technique has been
developed to assess inclusion changes with time during processing and explained in detail
in the present study. The method involves the production of synthetic steel melts in a
controlled system. It is believed that this approach will overcome the inherent
reproducibility and uncertainty problems associated with the use of industrial steel melts.
Furthermore, different amounts of alloying elements offer the possible to understand
changes in the formation mechanism of inclusions in the steels investigated in the present
study. The inclusion analysis for medium manganese steels and high manganese steels has
been conducted using an automated SEM (ASPEX Feature).
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Chapter 3

Investigation of Inclusion Formation in Light-Weight Fe—Mn—
Al Steels using Automated Scanning Electron Microscope
Equipped with Energy-Dispersive X-Ray Spectroscopy

Chapter 3 is a pre-publication version of the article published in Steel Research
International 2020, Volume 91, Issue 3, DOI: 10.1002/srin.201900477. The following
chapter describes the systematic technique for the characterization of inclusions in the Fe-
Mn-Al steels with medium manganese content and high manganese content. Even though
previous studies suggested that oxide, sulfide, and nitride inclusions are present, there is no
discussion available on the inclusion classification rules for such systems in the open
literature. One of the aims of this chapter is to establish inclusion classification rules for
inclusions in medium manganese steels and high manganese steels. For this purpose, two-
dimensional and three-dimensional inclusion observation methods were employed. For
two-dimensional observations, the detection and analysis of inclusions were performed by
an automated scanning electron microscope (SEM) equipped with the ASPEX feature. The
three-dimensional analysis was conducted by the electrolytic extraction (EE) technique to
reveal the complete morphology and composition of inclusions. The proposed approach
enabled us to classify the oxide, sulfide as well as nitride inclusions. The provided
methodology can help other researchers and steelmakers apply more explicit use of
classification rules in their analysis.

This chapter also investigated the effects of manganese content (2, 5, and 20%) on the
characterization of inclusions in laboratory-produced Fe-Mn-Al steels. It was found that
the increase of manganese content increased the total number of inclusions, especially AIN-
containing inclusions. Moreover, the formation of AIN-containing inclusions was
explained by considering their thermodynamic parameters and morphologies. It is
concluded that AIN inclusions formed during the cooling and solidification of steel due to
its low nitrogen content. Moreover, Al20O3 and AIN inclusions can be the heterogeneous
nucleation site for MnS inclusions. Furthermore, MnS inclusions can act as a nucleation
site for AIN inclusions.

All the experiments, data collection, and analysis were completed by the primary author.
Li Sun (ArcelorMittal Dofasco) provided training for using automated SEM (ASPEX). Dr.
Muhammad Nabeel assisted with the mapping of the inclusions and the electrolysis
extraction analysis. The manuscript was drafted by the primary author. Dr. Muhammad
Nabeel and Dr. Neslihan Dogan contributed to the discussions and proofread the
manuscript.
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Abstract

Herein, the effect of Mn content on the characteristics and the formation of inclusions in
light-weight Fe-Mn-Al steels are investigated. Three laboratory-produced steels,
containing different manganese contents (2%, 5%, and 20%) are investigated. 2D and 3D
inclusion characterization methods are used to establish inclusion classification rules for
oxide, sulfide, and nitride inclusions using an automated scanning electron microscope
(SEM) equipped with energy-dispersive X-ray spectroscopy (EDS) (ASPEX system). The
observed inclusions are classified into Al203pure), Al203-MnS, AlNure), AIN-MnS,
AION-MnS, AION, and MnS. The results show that an increased Mn content of steel
increases the number of inclusions, especially Al20s—MnS and AIN-MnS inclusions. In the
case of Al203—MnS inclusions, Al203 inclusions serve as the site for the precipitation of
MnS. Thermodynamic calculations suggest that the AIN-containing inclusions formed
during cooling and solidification of steels. Moreover, the formation of AIN-MnS inclusions
can take place by the nucleation of MnS on AIN inclusions and vice versa.

3.1 Introduction

In the past decade, light-weight Fe—Mn—Al steels, also known as advanced high strength
steels (AHSSs)! have increased commercial and scientific interests due to their notable
mechanical properties. The combination of light-weight and ultrahigh strength makes these
steels more attractive than the conventional steel grades, especially for automotive
applications.?® Their outstanding performance is directly related to their main alloying
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elements, which are 2-25% Mn (provides the austenite structure), < 3% Si (controls the
solution strengthening), and < 9% Al (reduces the weight and increases the stacking fault
energy).3*

The high alloying elements in AHSSs lead to the formation of complex nonmetallic
inclusions. Park et al.® found that Al203, AIN, MnAl204, Al203(-Al(O)N), Mn(S,Se), oxide
core with MnS, and MnS with Al203(-Al(O)N) were the main inclusions present in Fe—
Mn-3Al-alloyed steels. They reported that the number of Al203, MnAl204, and MnS with
AIN inclusions increased by increasing the Mn content from 10% to 20%. Zhuang et
al.% investigated the inclusions present in the Fe-25Mn-3Si-3Al steels produced in a
laboratory, an argon—oxygen decarburization (AOD) process, and an electroslag remelting
(ESR) process. It was observed that Al203, AIN, and MnS were the dominant inclusions in
samples produced in the laboratory and the AOD process, whereas MnO-Al203-SiO2-type
inclusions were the dominant inclusions in the ESR process. Gigacher et al.” also reported
the presence of Al20s—MnO with AIN and/or MnS, single AIN, and single MnS inclusions
in (15-25) Mn-3AI-3Si steels. Several other studies have reported similar types of
inclusions present in AHSSs.>68

The presence of AIN-containing and a higher number of MnS-containing inclusions is
peculiar to AHSSs. The formation of AIN inclusion is dictated by increased nitrogen
solubility in liquid steel due to its high Mn content.® Further, the presence of AIN inclusions
can lead to a higher number of MnS-containing inclusions.® AIN and MnS inclusions can
coprecipitate, due to their similar lattice parameters.® Both AIN and MnS inclusions can
be harmful to the properties of steels. MnS inclusions decrease the toughness of the steel
due to deformation during hot rolling'! whereas AIN inclusions are known to contribute to
the poor hot ductility of steel.*2® Therefore, it is crucial to investigate the characteristics
of these inclusions, especially coprecipitation behavior and the resulted morphology.

The most common method of inclusion analysis is to observe inclusions on a polished
cross-section of steel samples using a scanning electron microscope (SEM) equipped with
energy-dispersive X-ray spectroscopy (EDS). Moreover, the use of automated SEM
analysis, such as ASPEX and INCA Feature, has become a common practice in the steel
industry for quality inspection and research purposes. However, automated SEM systems
are generally designed to mainly detect oxide and sulfide inclusions and have limitations
for quantification of nitride inclusions.'* Several researchers used automated SEM systems
to analyze inclusions in Fe-Mn-Al steels and reported the detection of AIN-containing
inclusions.*"® Gigacher et al.,” based upon thermodynamic calculations, modified the
inclusion classification guidelines in their analysis system to adopt for the investigated
steels. However, the details of classification rules/guidelines for inclusions in Fe—Mn-Al
steels are not given in any of the studies mentioned earlier.

Therefore, this study presents a systematic work conducted to develop inclusion
classification rules for an automated SEM analysis (ASPEX) of inclusions in Fe—Mn-Al
steels. For this purpose, different inclusion characterization techniques are used. Further,
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the effect of manganese content on the characteristic of inclusions in laboratory-produced
Fe—Mn-Al steels are investigated. The formation of the detected inclusions is discussed by
considering their thermodynamics and coprecipitation behavior.

3.2 Experimental Section

3.2.1 Methodology and Materials

The experimental work focused on the effect of manganese content in molten steel on the
evolution of inclusions relevant to steelmaking conditions. In experimental steels, the
manganese content was varied between 2% and 20%, whereas the aluminum, silicon, and
carbon contents were kept constant at 3%, 3%, and 0.1%, respectively. In this study, the
synthetic steel melt was produced from reagent grade materials. Electrolytic iron (99.97%)
and silicon lump (99.95%) were purchased from North American HOgands and
Goodfellow, respectively. Electrolytic manganese (99.9%), iron nitride (=7% N), and
aluminum shot (99.99%) were supplied by Alfa Aesar. The graphite rod was purchased
from McMaster Carr. The experimental set-up is schematically shown in Figure 3.1.14%° A
resistance-heated vertical tube furnace was used. A 500 g synthetic steel was placed in an
alumina crucible from the bottom of the furnace. To achieve low oxygen potentials, argon
gas (5 N purity, flow rate 0.5 L min!) was passed through the titanium turnings at 973 K
(700 °C) to remove oxygen. An oxygen sensor was connected to the gas outlet to measure
the partial pressure of oxygen during the experiments. The partial pressure of oxygen was
~1072° atm throughout the experiment.
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Figure 3. 1 Schematic diagram of the experimental set-up used. Reproduced with
permission.** Copyright 2018, Association for Iron and Steel Technology (AISTech).
Reproduced with permission.*® Copyright 2019, Springer Nature.

The furnace was heated to the experimental temperature of 1873 K (1600 °C) under
controlled atmosphere conditions. After 30 min of homogenization, the system was
evacuated and backfilled with argon gas. Thereafter, the first sample (S1) was taken. It was
followed by the addition of the Al2.Os3 particles (=0.6 g), containing ~40% of particles in the
size range 2-3 um. The synthetic inclusions were added by the technique developed by
Dogan et al.*®” in which inclusions are compacted between steel sheets to make a steel-
inclusion “sandwich.” The composition of the industrial steel sheet used in this study for
making the steel-inclusion “sandwich” was 0.16% Mn, 0.02% C, 0.04% Al, 0.004% Si,
30 ppm N, and 60 ppm S. This type of industrial steel was chosen because it is low-alloyed
steel and only contains a small amount of Al20s3 inclusions (2—4 um size), which will not
complicate the inclusion analysis. Time zero was defined as the time when the inclusion
addition was made. Several pin samples at different holding times were obtained from the
top of the furnace using a quartz tube (5 mm ID) and they were air-cooled. The details of
the sampling sequence are shown in Figure 3.2. The remaining bulk steel was cooled along
with the furnace, at a cooling rate of 10 °C min*. All of the pin and bulk samples were
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prepared for the chemical analysis. The carbon and sulfur contents were measured by a
LECO C/S analyzer (HF-400), and the oxygen and nitrogen contents were determined by
a LECO O/N analyzer (ON736). Manganese, aluminum, and silicon contents were
analyzed by induction-coupled plasma optical emission spectrometry (Vista-PRO CCD
simultaneous ICP-OES).
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Figure 3. 2 The sampling sequence of an inclusion evolution experiment.

3.2.2 Characterization of Inclusions

The characteristics of inclusions were studied by 2D and 3D analysis techniques. For 2D
observations, inclusions on a polished cross-section were analyzed using the ASPEX
inclusion analysis system. ASPEX is an automated SEM equipped with EDS and the
automated feature analysis (AFA) software for inclusion characterization, including size,
number, distribution, and composition of inclusions. The investigation was conducted
using a step size of 0.88 um, 20 kV accelerating voltage, 43.4 pA emission current, and
35% spot size. A magnification of 356x was used. The analyzed area for each sample varied
between 15 and 50 mm?. The detected number of inclusions was around 200-3800. In this
analysis, inclusions with the maximum diameter (Dmax) > 2 um were detected. In addition
to automated inclusion analysis (ASPEX analysis), SEM-EDS was used to attain details
such as phase distribution in inclusions through elemental mappings at higher
magnifications. Hereafter, this analysis is referred to as manual SEM analysis.

For 3D observations, an electrolytic extraction method was used. For electrolytic extraction
of inclusions, a metal sample (0.1-0.2g) was dissolved in 10% AA (10v/v%
acetylacetone—1 w/v% tetramethylammonium chloride—methanol) electrolyte by
applying the following electrical parameters: 50—60 mA (current) and 2.7-3.5 V (voltage).
After extraction, the electrolyte containing the extracted inclusions was vacuum filtered
through a polycarbonate (PC) film filter with a pore size of 0.4 um. The extracted
nonmetallic inclusions were observed in 3D using an SEM-EDS.

3.2.3 Classification Rules for ASPEX Analysis

The used ASPEX analysis system was originally designed to detect and classify
nonmetallic inclusions into oxide and sulfide inclusions. This was done in accordance with
user-defined classification rules. Due to the presence of nitride inclusions in
AHSS 568121418 jt \was necessary to establish appropriate inclusion classification rules for
high-manganese steels. This was done by conducting a five-stage inclusion analysis. For
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this purpose, the bulk sample with 5% manganese content (533) was used for the analysis.
The following steps were involved in establishing the classification rules.

Step 1: Determine typical inclusion types in experimental steel via manual SEM and 3D
observations

Step 2: Conduct ASPEX inclusion analysis using default classification rules
Step 3: Conduct post-ASPEX analysis

Step 4: Create and update the classification rules

Step 5: Redo ASPEX inclusion analysis using the updated classification rules

In Step 1, the chemistry of inclusions was analyzed, using manual SEM and 3D observation
methods, to determine typical types of inclusions present in the steel. For this purpose, EDS
elemental mappings and point analyses were conducted on 28 inclusions. It was found that
the major kinds of inclusions consisted of Al203, AIN, and MnS. In addition, multiphase
inclusions containing different combinations of Al203, AIN, and MnS were also observed.
Both analysis methods, manual SEM and 3D observation showed consistent results which
were in agreement with the previous studies.>®* Figure 3.3 shows elemental mappings
(Kal peaks) of typical multiphase inclusions observed in the steel sample using the manual
SEM method. A combination of MnS with Al20s is shown in Figure 3.3(a), where Al203 is
present in the core, and MnS is surrounding it. Similarly, an example of MnS combined
with AIN is shown in Figure 3.3(b). Moreover, complex multiphase inclusions containing
Al203, AIN, and MnS were also observed (see Figure 3.3(c)). The 3D morphology of these
multiphase inclusions is shown in Figure 3.4.
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Figure 3. 3 Elemental mappings of (a) Al203-MnS, (b) AIN-MnS, and (c) AION-MnS
multiphase inclusions observed in steel using manual SEM.
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Figure 3. 4 3D morphology of multiphase inclusions observed in the steel sample, (a)
Al203-MnS and (b) AIN-MnS inclusions.

In the second step, inclusions on a polished cross-section were detected by the ASPEX
analysis system. Here, a small sample area (4.85mm?) was analyzed and the default
classification rules were used to categorize the detected inclusions in different classes. The
average inclusion composition was obtained by automated EDS analysis, where chord
raster mode was deployed. A total of 39 inclusions, having a maximum diameter
(Dmax) > 2 um, were detected. In the post-ASPEX analysis (Step 3), the chemistry of all 39
detected features was analyzed by doing EDS point analyses on them. The spectra of
oxygen and nitrogen elements were added for these EDS analyses. In the case of multiphase
inclusions, an EDS point analysis was conducted for each phase. Moreover, their average
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compositions were also obtained by EDS area analysis. The chemistry of detected
inclusions was in accordance with that observed in Step 1 analysis.

Based upon Step 1-3 results, the inclusions detected in the steel samples were classified
into four major classes, i.e., Al203, AIN, MnS, and other, where the “other” class contains
inclusions that do not fall in the aforementioned types. In Step 4, Al203- and AlIN-type
inclusions were further classified into subclasses according to the presence of other phases.
The details of these subclasses and their classification rules are shown in Table 3.1. The
detected inclusions were classified into subclasses according to the sequence, as shown in
Table 3.1 to properly place the inclusions into the right class. The composition of single-
phase inclusions such as Al203(ure), AIN(pure), and MnS was set to exclude any element
other than their base elements (i.e., AI—O, Al—N, and Mn—S, respectively). However,
for the complex inclusions, the constraints for Al, O, N, Mn, and S were adjusted as shown
in Table 3.1. After determining the major and subclasses of the inclusions and defining the
classification rules, a new algorithm containing the definition of AIN-containing inclusion
classes was introduced in the ASPEX system. In updated classification, AIN-containing
inclusions were ranked after Al2Os-containing inclusions considering higher stability of
Al203 as compared with AIN inclusions.

Table 3. 1 Inclusion classification rules for Fe-Mn-Al steels

Classes Sub-classes Major composition (%)
Al203(pure) Al >10,0>50
Al203
Al203-MnS Al <40,0>1,Mn<80,S<40
AlN(pure) Al>15 N> 40
AIN-MnS Al <60, N <65, Mn <80, S<50
AIN
AION-MnS | AlI<40,0<70,N<55, Mn<80,S<50
AION Al>0,0>4,N>0
MnS MnS Mn>25,S>10
Other | Complex oxide Else

In Step 5, the same area, which was analyzed by the ASPEX system in Step 2, was
reanalyzed using the updated classification rules introduced in the ASPEX system. It is
important to note that the detection of oxygen and nitrogen during EDS area analysis was
enabled for this step. Again, the same 39 inclusions were detected but this time they were
classified in different inclusion types as compared with what was observed after Step 2
analysis. A comparison of the results obtained by Step 2 and Step 5 for the number of
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inclusions is shown in Figure 3.5. With the default classification rules, the detected
inclusions were mainly classified into MnS (23%), Al203 (59%), Al20s-MnS (15%), and
minor amounts of spinel inclusions (see Figure 3.5a), whereas, after updating the
classification rules, the number of Al203, Al203-MnS, and MnS inclusions significantly
changed, as they were distributed into new inclusions classes (see Figure 3.5(b)) depending
on their chemical composition in accordance with the classification rules shown in
Table 3.1. According to Step 2 ASPEX analysis, which could not detect O and N, any
feature containing Al above a specific value would be classified as Al2Os. However, with
the updated classification rules and analysis method, it was possible to differentiate
between Al20zand AIN. That is why a lower number of Al203(pure) is shown in
Figure 3.5(b).
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Figure 3. 5 The number of inclusions detected in 5% Mn steel sample using (a) the
default classification rules (Step 2) and (b) the new classification rules (Step 5).

3.3 Results

3.3.1 Chemical Composition of Steel

It was observed that the chemical composition of steel did not vary during an experiment;
therefore, an average composition of quartz tube samples taken at different holding times
of a respective experiment is presented in this study. Table 3.2 shows the average
composition values for all three experiments. It should be noted that the sulfur
concentration increased with an increase in manganese concentration. The source of sulfur
is the electrolytic manganese used in this study, which contains ~300 ppm of sulfur content.
Moreover, 2033 steel has a relatively higher nitrogen content (11 ppm) as compared with
the other two steels.
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Table 3. 2 Chemical composition of steel samples from all experiments (in %)

Steel Type Mn Al Si C S N @)
233 2.03 3.00 3.06 0.12 0.0018 0.0004 | 0.0019
533 5.10 2.88 3.02 0.12 0.0026 0.0006 0.0027
2033 20.66 | 2.82 3.50 0.12 0.0068 0.0011 0.0007
3.3.2 Morphology of Inclusions
The typical morphology of each type of inclusion is shown in Figure 3.6.

Al203(pure) inclusion is mostly observed in a globular or irregular shape with a smooth edge
(Figure 3.6(a)). Al203—MnS inclusion has an irregular shape, and MnS is present mainly
along the boundary of Al20Os (Figure 3.6(b)), whereas, AlNure) inclusions have polygonal
morphologies, such as hexagonal shape (Figure 3.6(c)) or rectangular shape. In the case of
AIN-MnS inclusions, the morphology is irregular with MnS mostly covering along the
perimeter of AIN particle (Figure 3.6(d)), or sometimes AIN is on the edge of MnS. AION
and AION-MnS inclusions exhibit irregular morphologies (Figure 3.6(e),(f)). In these
types of inclusions, the AIN part is polygonal, the Al2Os part is globular or has a smoother
edge, and MnS is surrounding AIN and Al20s. Furthermore, MnS inclusions form different
morphologies such as faceted (Figure 3.6(g)), globular, or elongated shape.
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Figure 3. 6 Morphology of inclusions in Fe—Mn-Al steels, (a) Al2O3ure), (b) Al203-MnS,
(c) AlN(pure), (d) AIN-MnS, (e) AION, (f) AION-MnS, and (g) MnS.

Due to the presence of various morphologies of MnS inclusions, the influence of steel
chemistry on the characteristics of MnS inclusions is quantified by considering their shape
factors, i.e., aspect ratio (AR) and circularity factor (CF). The AR is defined as the ratio of
the maximum diameter to the minimum diameter of inclusion. The CF is calculated by
Equation 3.1.

41 X Area of inclusion (3.1)

Circularity Factor (CF) = Perimeter?2

Figure 3.7 shows the AR and CF values of MnS inclusions in all three different steels. The
results in Figure 3.7 show average values obtained from the analysis of MnS inclusions
detected in 4 and 41 min holding time samples. It is shown that AR of MnS in 533 is the
highest among the three steel types (AR =13.1), whereas CF is the lowest, i.e., 0.23. This
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suggests that MnS inclusions present in 533 samples are relatively elongated as compared
with those in 233 and 2033.
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Figure 3. 7 The AR and CF values of the MnS inclusions present in 233, 533, and 2033
steel samples.

Further, to investigate the influence of steel chemistry on dual-phase inclusions, image
analysis was conducted on several inclusions which involve measurement of the area of
different phases present in dual-phase inclusions. This was mainly done for dual-phase
Al203-MnS and AIN-MnS inclusions. Moreover, images of Al203ure), AIN(pure) Were also
analyzed. AION and AION-MnS were not considered due to difficulty in differentiating
the Al203 phase from the AIN phase on an SEM image. The area of different phases was
quantified using ImageJ 1.44p, Java 1.6.0_20 (32 bit). In this analysis, the SEM image is
converted to a binary image. Then the threshold is adjusted manually to measure the area
of different regions of the complex inclusions. In Figure 3.8, the back-scattered electron
image of an AIN-MnS inclusion and a visual representation of area measurement of this
particular inclusion is shown. This analysis was conducted for 12-35 inclusions from the
aforementioned classes in samples from all three steel compositions, and average values
are used for better presentation.
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Figure 3. 8 (a) Back-scattered image of AIN-MnS and (b) the visual representation of
different areas of AIN-MnS inclusion.

A comparison of the area of single-phase and dual-phase inclusions is shown in Figure 3.9.
Figure 3.9(a) compares the area of AlNure)and AIN-MnS, where areas of individual
phases (AIN and MnS) present in AIN-MnS inclusion are also given. A similar comparison
between the area of Al203(pure) and Al203—MnS is shown in Figure 3.9(b). In Figure 3.9(a),
it is shown that the area of AlINpure) inclusion in 233 steel is higher than that in 533 steel.
Moreover, for both these steels, it is observed that the area of AINure) inclusions is smaller
than the area of AIN-MnS inclusions. This tendency could not be confirmed for 2033 steel
due to a lack of AlNgqure inclusions. Further, the area of AIN-MnS inclusions is
significantly large for 2033 (=5.4 um?) as compared with that of AIN-MnS inclusions in
233 and 533 samples (=3.5 um?). Similarly, Al203-MnS inclusions present in 2033 samples
have a larger area (=1.9 um? 19% larger) as compared with that of 533 samples.
Furthermore, the area of Al2O3ure) is prominent than the area of the Al2O3 phase in Al2O3—
MnS inclusion. Also, the area of Al2Os(pure) inclusions of 533 steel is relatively larger than
that of 233 steel.
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Figure 3. 9 Comparison of the area of (a) AINure) and AIN-MnS inclusions and (b)
Al203(pure) and Al203-MnS inclusions present in 233, 533, and 2033 steels.

3.3.3 Inclusion Density and Composition

A comparison of the total number per unit area, Na, of inclusions as a function of holding
time for all experiments is shown in Figure 3.10. It is shown that the total Na of inclusions
increases with an increase in the manganese content of liquid steel. The Na value for 233
steel lies between 7 and 16 mm 2. For 533 steel, this value increased to a range of 7—
30 mm 2. A significant increase in the number of inclusions is shown for 2033 steel,
where Na lies between 50 and 70 mm 2. An increase in the Na of inclusions can be
observed for samples taken at 2 min after the addition of Al20s3 particles. The Na values
reach a maximum at 4 min after the Al2Os addition. It is followed by a decrease in
the Na values, which become constant in samples taken at 11 min after the Al2O3 addition.
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Figure 3. 10 Comparison of total number per unit area, Na, of inclusions as a function of
inclusion classes and holding time in (a) 233, (b) 533, and (c) 2033 steels.
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Figure 3.10 also compares the Na of the different types of inclusions. For 233 steel
(Figure 3.10(a)), the Navalue of Al203is between 6 and 8mm 2throughout the
experiment, whereas 533 and 2033 steel samples contain a relatively lower amount of
Al20z inclusions as compared with that in 233 samples, i.e., between 3 and 7mm 2. A
significant difference in the Na of AIN inclusions can be seen in the three experiments. The
233 steel samples contain 1-8 mm 2 AIN inclusions. The Na of these inclusions increases
to 1-23 mm 2 for 533 samples, which counts for 6-67% of total inclusions. Around 53—
75% of inclusions observed for 2033 samples (i.e., Na=33-47 mm2) are AIN inclusions.
Like AIN inclusions, the Na of MnS inclusions is also increased by increasing the Mn
content of the steel. The 233 steel samples contain ~1 mm 2 of MnS inclusions, whereas,
this is relatively higher for the case of 533 (1-2 mm2) steel. The Na of MnS inclusions
drastically increased to 7—19 mm™2 for 2033 steel. Moreover, all the samples from three
experiments contain a negligible amount of “other” type of inclusions (less than 2% of the
total number of inclusions).

3.4 Discussion

3.4.1 Effect of Manganese on the Morphology of MnS Inclusions

Figure 3.7 shows that despite having the highest Mn content, MnS inclusions in 2033 steel
samples have the lowest AR and the highest CF values among all three experimental steel
compositions. This phenomenon can be justified by considering the different morphologies
of MnS inclusions. Based on the classification by Sims and Dahle,'® the morphology of
MnS inclusions can be classified into three types, as shown in Figure 3.11(a), where Type
1 is globular, Type 2 is rod-like (elongated), and Type 3 is a faceted or angular shape.
Figure 3.11(b) compares the fraction of different types of MnS morphologies observed in
4 and 41 min samples of all steel compositions. MnS morphology in 233 steel is dominated
by Type 1 (=60%) and Type 2 (=40%). Whereas, almost 80% of MnS inclusions in 533
steel samples are Type 2, and the remaining are Type 1 and Type 3. In the case of 2033
samples, Type 3 and Type 2 MnS inclusions count for around =60% and =30%,
respectively. A predominant fraction of Type 2 MnS inclusions in 533 samples and Type 3
in 2033 samples explains the tendencies of AR and CF values shown in Figure 3.7.
Moreover, these results show that an increase in Mn content from 2% to 5%, significantly
increases the fraction of rod-like MnS inclusions (Type 2). With further increase in Mn
content (to 20%), the fraction of these Type 2 inclusions is replaced by an escalation in the
fraction of Type 3 inclusions.
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Figure 3. 11 (a) The typical morphology of MnS inclusion, Type 1: globular, Type 2:
elongated, and Type 3: angular, and (b) the fraction of the morphology of MnS (Type 1,
Type 2, and Type 3) in 233, 533, and 2033.

3.4.2 Effect of Manganese Content on the Inclusion Chemistry

The influence of the Mn content of steel on the composition of Al203 and AIN inclusions
is shown in Figure 3.12(a),(b), respectively. As shown in Figure 3.12(a), the composition
of Al203 inclusions changes from Al203ure) to Al203—MnS by increasing the Mn content
in the steel. Notably, for the case of 233 steel samples, the Al2Os(pure) Subclass is dominant
(96-98%). As the manganese content increased to 5%, the fraction of Al203—MnS slightly
increased, counting for 1-7.5% of Al.Os-type inclusions. A further increase in the Mn
content to 20% resulted in a significant increase in the Na of Al203-MnS (1-3 mm2),
which makes up more than 25-52% of Al2Os-type inclusions in 2033 samples.
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Figure 3. 12 A comparison of (a) Al2Os and (b) AIN inclusion subclasses present in all
three steels.
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As mentioned earlier and shown in Figure 3.12(b), the total amount of AIN-type inclusions
increased with increasing manganese content, which can be justified by the fact that the N
solubility in molten steel increases as the manganese content in the steel increases.*%? This
increase in N solubility reflected as the N content of steel has been observed in this study;
i.e., the nitrogen content in the steel melt increased from 4 to 11 ppm as the manganese
content increased from 2% to 20%. Therefore, a higher number of AIN-type inclusions are
anticipated in 2033 steel samples. Moreover, it is also shown in Figure 3.12(b) that with
increasing manganese content, the fraction of AIN-MnS and AION-MnS inclusions
increased at the expense of that of AINpurey and AION inclusions. 233 steel mainly contains
AlINure) inclusions (13-42%, Na=1-3 mm2) and AION (Na=2-3 mm?) inclusions, and
a small amount of AIN-MnS inclusions (Na==1 mm). It also contains a negligible
amount of AION-MnS inclusions. As the manganese content increased to 5%, the fraction
of MnS-containing AIN inclusions (i.e., AIN-MnS and AION-MnS) increased to 30-81%.
The amount of AIN-MnS and AION-MnS varies from about 24% to 72% and 1% to 8%,
respectively. For 2033 steel, AIN-type inclusions mainly consist of MnS-containing AIN
subclasses (i.e., AIN-MnS and AION-MnS). The fraction of AIN-MnS and AION-MnS
in 2033 samples is more than 97%, out of which 84-90% are AIN-MnS inclusions.
Figure 3.12(a),(b) shows that an increased Mn content in steel leads to an increase in the
MnS containing subclasses of Al2Osand AIN inclusions. This indicates that MnS has
coprecipitated with Al203 and AIN, especially when there is an abundance of Mn and S
present in the molten steel (i.e., 2033 steel).

3.4.3 Formation of AIN Inclusions
The formation of AIN inclusions can be calculated thermodynamically using the following
equations.®2122

[Al] + [N] = (AIN)) (3.2)
AGS N = —303500 + 134.6T4;,; J/mol (3.3)
a 1
logKay = log AN — 1o (3.4)

hath 8 farfu [Wt% ALl [wt% N]

where AGSy is the standard Gibbs free energy change of reaction (Equation 3.2), Tsteel i
the working temperature (1873 K, 1600 °C), and Kujy IS the equilibrium constant of the
reaction. h,; and hy are the Henrian activities of Al and N, respectively. In this case, the
activity of AIN is assumed to be unity as pure solid AIN is the standard state. f; and fy are
the activity coefficients of Al and N, respectively, which can be calculated using
Equation 3.5.

logf; = Z[el](%j)] ,(i = ALN;j = C,Si,Mn,S,N, 0, Al) (3.5

The first-order interaction coefficients of each element, el.j , at 1873 K (1600 °C) used in
this study are shown in Table 3.3.%2022-26
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Table 3. 3 First-order interaction parameters, eij , at 1873 K (1600°C).%20.22-26

: J

' Al C Mn Si 0 N S
Al 0.043 | 0.091 0 0.0056 | -1.979 | 00322 | 003
N 0017 | 013 | -0.023 | 0047 ; ; 0.007

Figure 3.13 shows the stability diagram for AIN inclusions in different types (233, 533, and
2033) of steel at 1873 K. In addition, the liquidus (Tiiq) and solidus (Tso1) temperatures for
each steel composition are calculated using FactSage 7.3 (FSstel, FToxid, and FactPS
databases). Figure 3.13 shows that AIN is not a stable phase at 1873 K for all three steel
compositions. Moreover, aluminum and nitrogen contents of 233 and 533 steels are even
below the Tiiq line, suggesting that AIN cannot form in liquid steel for both 233 and 533
steels. However, for 2033 steel, the composition lies just above the Tiiq line. It means that
AIN inclusions in 2033 steel can be formed in liquid steel during cooling from 1873 K.
Nevertheless, AIN is not stable at 1873 K but AIN inclusions were observed in the quartz
samples taken at 1873 K for all three experiments. The presence of AIN in steel samples
can be understood by considering the formation of AIN during cooling and solidification.
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Figure 3. 13 AIN stability diagram for (a) 233, (b) 533, and (c) 2033 steels.
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During solidification, the driving force for the formation of AIN increases due to the
enrichment of Al and N at the solidification front. The concentration of [%Al] and [%N] in
the liquid phase at the solidifying front and solid fraction (gs) can be calculated using the
Scheil equation.’®'2 The equations for [%AI] and [%N] are given in
Equation 3.6 and 3.7.

[9%A1] = [% Al]y(1 — g;)*a-D (3.6)
0N — [% NJo (3.7
e Y G G R

where [%Al]o and [%N]o are the initial weight percentages of solute Al and N in liquid
steel, respectively. kar and kn are the equilibrium partition ratios of solute Al (0.6) and N
(0.27), respectively.?%2” Kan can be calculated using Equation 3.8.%2

_15850.934_7_0297 (3.8)
KAIN =10 Tsteel

Using Equation 3.6 and 3.7, the solid fraction ( g;) for AIN precipitation in 233, 533, and
2033 steels is calculated to be 0.574, 0.422, and 0, respectively, where a g¢ value of zero
for 2033 means that AIN can start to form in liquid steel. From the results mentioned earlier,
it can be inferred that the AIN inclusions observed in all steel samples are formed during
the cooling and solidification of molten steel. Moreover, the decreasing trend of g¢ value
with increased Mn content suggests that AIN inclusion formation started earlier for 533 and
2033 steel samples as compared with 233 steel. Therefore, a higher number of AIN
inclusions is expected for those steels.

3.4.4 Formation of MnS-Containing Multiphase Inclusions

It is worthy to restate that a higher fraction of MnS-containing AIN subclasses (i.e., AIN-
MnS and AION-MnS) are observed for increased Mn content of steel; especially the AIN—
MnS subclass became dominant. The formation of AIN-MnS inclusions occurs by the
coprecipitation of AIN and MnS. It is reported that this coprecipitation is facilitated by
similar lattice parameters (or a low-lattice misfit) of AIN and MnS.1%28 This means that it
is feasible for AIN and MnS to precipitate on each other. The available literature reports
both possible scenarios for AIN and MnS coprecipitation—i.e., Scenario 1: heterogeneous
nucleation of AIN on MnS inclusions and Scenario 2: AIN acting as a nucleation site for
MnS. Tuling and Mintz!° and Kang et al.' reported that MnS inclusions appear to act as
nucleation sites for the precipitation of AIN. Luckl et al.?®also investigated the
coprecipitation of AIN and MnS and concluded that the coprecipitates were formed
according to Scenario 1, i.e., AIN precipitated on existing MnS particles. However, the
steel compositions investigated in the aforementioned studies contain less Al (1-1.5%), for
which the AIN precipitation temperature could be lower than that of MnS.

Liu et al.? analyzed inclusions in twinning-induced plasticity steel samples containing 3%

Al and 25% Mn. They observed AIN inclusions present in liquid steel using a confocal
scanning laser microscope and suggested that AIN inclusions can act as a site for

67


https://onlinelibrary-wiley-com.libaccess.lib.mcmaster.ca/doi/full/10.1002/srin.201900477#srin201900477-disp-0006
https://onlinelibrary-wiley-com.libaccess.lib.mcmaster.ca/doi/full/10.1002/srin.201900477#srin201900477-disp-0007
https://onlinelibrary-wiley-com.libaccess.lib.mcmaster.ca/doi/full/10.1002/srin.201900477#srin201900477-disp-0008
https://onlinelibrary-wiley-com.libaccess.lib.mcmaster.ca/doi/full/10.1002/srin.201900477#srin201900477-disp-0006
https://onlinelibrary-wiley-com.libaccess.lib.mcmaster.ca/doi/full/10.1002/srin.201900477#srin201900477-disp-0007

heterogeneous nucleation of MnS (Scenario 2). Moreover, recently the current
authors®® have also shown MnS precipitation on AIN inclusions in steel samples (cooled at
10 °C min 1) having compositions very similar to that of 233 and 533 steel in this study.
This observation is supported by thermodynamic calculations that the AIN formation
temperature (Tain) is higher than MnS precipitation temperature (Tmns); hence, AIN forms
first and acts as a MnS nucleation site. Tain and Twmns values for the current experimental
steels, obtained by FactSage 7.3, are shown in Table 3.4. The values suggest that AIN
formation should occur before MnS precipitation for all three steel compositions, and the
expected morphology of AIN-MnS is a duplex inclusion having AIN present in the core
surrounded by MnS. However, in addition to the expected morphology, the existence of an
AIN particle attached to an MnS particle is also observed, as shown in Figure 3.14. This
indicates that AIN and MnS coprecipitation took place according to both possible scenarios.
The contradiction to the authors’ previous report™® is due to the difference in the cooling
rates adopted in both studies. In the previous study, the samples were cooled at a rate of
10 °C min™?, which enabled AIN inclusions to grow before MnS precipitation started,
whereas in this study, the cooling rate of samples is estimated to be greater than
20°C s 130 At such a high cooling rate, Tain and Tvns would be somewhat inseparable,
leading to precipitation of AIN and MnS at an almost similar time. Hence, a
mixed/combined coprecipitation behavior can be expected. It is imperative to mention that
AIN would act as nuclei for MnS precipitation in cases when AIN is formed in liquid steel,
similar to that of Liu et al.8

Table 3. 4 AIN formation and MnS formation temperature of the studied steel
compositions

Steel Type Tan (K) Twmns (K)
233 1722.07 1455.8
533 1716.21 1457.01
2033 1678.02 1473.6
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Figure 3. 14 Morphology of coprecipitates of AIN and MnS formed according to (a)
Scenario 1 and (b) Scenario 2.

Occurrences of coprecipitation of Al20s and MnS are also observed in this study, especially
for 2033 steel samples. Ohta and Suito?® suggested that due to a high lattice misfit between
Al20s and MnS particles, it is unlikely for MnS to precipitate on Al20s3 inclusions.
However, it can be argued that this could happen during the solidification of high-Mn steels
where there exists plenty of Mn and S in molten steel seeking sites for precipitation,
particularly since Al20s inclusions can be pushed to the region of final
solidification,?® which is segregated with Mn and S.

3.4.5 Effect of MnS Precipitation on the Area of Inclusions

As shown in Figure 3.9, the coprecipitates of AIN and MnS (i.e., AIN-MnS inclusions)
have a relatively larger area than the area of AlNpure) inclusions. However, in the case of
Al20s inclusions, the dual-phase inclusions (i.e., Al203—MnS inclusions) have a smaller
area than that of Al2Os@ure) inclusions. This everted tendency can be understood by
considering the following: 1) a difference in the coprecipitation behavior of MnS with AIN
and Al20s; 2) the morphology of coprecipitates; and 3) influence of MnS precipitation on
the growth rate of AIN and Al20s.

As mentioned in Section 3.4.4, AIN and MnS coprecipitation occurs either by precipitation
of AIN on MnS (Scenario 1) or vice versa (Scenario 2). In the former case, MnS has
irregular morphology and has a larger size/area as compared with that of MnS precipitated
on AIN (see Figure 3.14a). Whereas, in the latter case (see Figure 3.14b), MnS is present
around the periphery of the polygonal AIN phase. However, in many cases, it protrudes to
one side and grows. Thereby, the area of AIN-MnS is larger as compared with the area of
AlNpure) inclusions.

In the case of coprecipitation of Al20szand MnS, MnS precipitates on the existing
Al203 particles. Mostly MnS wraps around Al20s3 particles while maintaining their shape
and adding an even thickness to them (see Figure 3.6(b)). A presence of the MnS layer

69


https://onlinelibrary-wiley-com.libaccess.lib.mcmaster.ca/doi/full/10.1002/srin.201900477#srin201900477-fig-0009
https://onlinelibrary-wiley-com.libaccess.lib.mcmaster.ca/doi/full/10.1002/srin.201900477#srin201900477-sec-0016
https://onlinelibrary-wiley-com.libaccess.lib.mcmaster.ca/doi/full/10.1002/srin.201900477#srin201900477-fig-0014
https://onlinelibrary-wiley-com.libaccess.lib.mcmaster.ca/doi/full/10.1002/srin.201900477#srin201900477-fig-0014
https://onlinelibrary-wiley-com.libaccess.lib.mcmaster.ca/doi/full/10.1002/srin.201900477#srin201900477-fig-0006

would inhibit the growth of the Al20s3phase in Al20s—MnS inclusions, whereas
Al203(pure) inclusions would grow to larger sizes. A similar effect of the presence of MnS
on the growth of AIN is observed for AIN-MnS inclusions, where the area of AIN phase in
AIN-MnS is smaller than that of AINgure). However, the overall area of AIN-MnS
inclusions become more substantial than the area of AlNure) due to irregular morphology
and larger size/area of MnS present in AIN-MnS formed by Scenario 1, and protruding
MnS phase in AIN-MnS formed by Scenario 2.

A larger area of AIN-MnS and Al203—MnS inclusions for 2033 as compared with those in
other steels is due to its significantly high Mn and S contents. Figure 3.9 also shows some
tendencies regarding the influence of steel composition on the area of AlN(ure) and
Al203(pure) inclusions. Further investigations are required to develop an understanding of
those results.

3.5 Conclusions

The effect of manganese on the inclusion formation in light-weight Fe-Mn-Al steels is
investigated by conducting laboratory experiments. The characteristics of inclusions are
observed in three dimensions using an electrolytic extraction method and two dimensions
on a polished cross-section by SEM. Moreover, an automated SEM analysis (ASPEX) is
also used. The following can be concluded from the obtained results. A systematic inclusion
analysis has been conducted to develop inclusion classification rules for an automated
inclusion analysis (ASPEX) system to enable detection of AIN containing inclusions.
Based upon that, ASPEX has been successfully used for analyzing inclusions in steels
containing high Al (3%) and Mn (2-20%) contents. The inclusions observed in light-weight
Fe—Mn—Al steels can be classified as Al203(pure), Al203—MnS, AlNure), AIN-MnS, AION—
MnS, AION, and MnS. Moreover, increasing the manganese content from 2% to 20%
increases the total amount of inclusions by 4-8 times. Mainly, this increase is in the number
of AIN and MnS inclusions. Furthermore, the AR of MnS inclusions increases (from 8 to
13) by increasing the Mn content of steel from 2% to 5%, and then it decreases with an
increase in the Mn content to 20%. However, the decrease in AR is associated with a
substantial rise in the MnS amount. For all three steel compositions, the AIN-containing
inclusions formed during cooling and solidification due to their low nitrogen content. The
inclusion analysis indicates that both AIN and Al20s inclusions can serve as a site for
heterogeneous nucleation of MnS. Moreover, MnS inclusions can also be nuclei for the
precipitation of AIN.
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Chapter 4

Effect of Aluminium Content on the Formation of Inclusions in
Fe-5Mn-xAl Steels

Chapter 4 is a pre-publication version of the article published in Ironmaking and
Steelmaking 2020, DOI: 10.1080/03019233.2020.1791549. The following chapter
discussed the effects of aluminum content (0.5, 1, 3, and 6%) on the characterization of
inclusions in the laboratory produced Fe-5Mn-xAl steels. In this investigation, the
automatic scanning electron microscope (SEM) equipped with the ASPEX feature was used
to detect and analyze the inclusions. The inclusion classification rules provided in Chapter
3 were applied in this chapter. It was found that as the Al content increased, the total amount
of inclusions also increased. The types of detected inclusions were Al2O3pure), Al203-MnS,
AlNpure), AIN-MnS, AION, AION-MnS, and MnS. The thermodynamic calculations were
conducted to study the formation mechanism of the AIN-containing inclusions. It was
concluded that AIN inclusions were formed during the solidification of steel (except for
6% Al-containing steel) due to the low nitrogen content of the steel (<10 ppm). Moreover,
MnS inclusions co-precipitate with Al20s or/and AIN inclusions, which act as the
heterogeneous nucleation sites for MnS inclusion. The preference of MnS inclusion to co-
precipitate together with Al20s or AIN was also investigated by calculating their
precipitation ratio.

All the experiments, data collection, and analysis were completed by the primary author.
Li Sun (ArcelorMittal Dofasco) provided training for using automated SEM (ASPEX). Dr.
Muhammad Nabeel assisted with the mapping of the inclusions. The manuscript was
written by the primary author. Dr. Muhammad Nabeel and Dr. Neslihan Dogan contributed
to the discussion and proofread the manuscript.
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Abstract

The effect of Al content on the characteristics and formation of inclusions in the light-
weight Fe-5Mn—xAl steels was investigated in this study. Four synthetic steels with
different Al content were produced in the laboratory. The types of observed inclusions were
Al203(pure), Al203-MnS, AlNure), AIN-MnS, AION-MnS, AION, and MnS. Increasing Al
content from 0.5% to 6% increased the total amount of inclusions by 2.5 times. As the Al
content increased from 0.5% to 3%, the number of AIN-MnS inclusions increased
significantly. Moreover, the AlNqure) inclusions appeared 6% Al-containing steel.
Thermodynamic calculations confirmed that AIN inclusions formed during the cooling of
the steel. It is also observed that AIN can precipitate on Al203 to form AIN + Al2O3
inclusions, classified as multi-phase AION inclusions in this study. Furthermore, MnS
inclusions could co-precipitate with AIN and Al203 inclusions, but it preferred to co-
precipitate with AIN inclusions.

4.1 Introduction
The development of Advanced High Strength Steel (AHSS) has reached the third
generation.® The second generation of AHSS contains high manganese content (10—-25%)).
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Its production has high cost? and faces difficulties.’3* Therefore, the development of AHSS
with medium manganese content (3-10%) and varied aluminium content attracts the
interest of steel industries.*® The combination of high strength and light weight still remains
the critical parameter for steel in automotive applications. Aluminium is one of the
elements whose high content can make the steel lightweight,® since the addition of 1% of
it can reduce the density of the steel by about 1.5%.>" Nowadays, researchers have tried to
produce Fe—Mn-Al steel with manganese content from 2% to 10% and aluminium content
up to 9% in the laboratory.3°8°

Although there are studies on the microstructure and mechanical properties of medium
manganese steel,>>89 research on inclusion formation in relatively high aluminium steels
is still limited.'® Conventional low Al-killed steels can contain complex inclusions; for
instance, SiO2—CaO—Al20s inclusions were observed in Al-killed steels with Al content
<0.05%.! As the content of alloying elements increases in liquid steel, the formation of
complex non-metallic inclusions cannot be avoided. Park et al.'® observed that the types of
inclusions formed in Fe—-Mn-Al steels are Al20s, AIN, MnAl20s4, Al203(-AI(O)N),
Mn(S,Se), oxide core with MnS, and MnS with Al203(—AI(O)N). They also found that there
is a change in the number of inclusions with increasing Al content from 1% to 6%. AIN
inclusions increased from 8% to 10%, with increasing Al content from 3% to 6%. AIN—
MnS inclusions first increased from 16% to 23%, with increasing Al content from 1% to
3%, and decreased to 20% at Al content 6%. Moreover, it was also observed that AION
inclusions increased two times with increasing Al content from 3% to 6%.

Owing to the similar lattice parameter, AIN inclusion can co-precipitate with MnS
inclusion.? In the equilibrium condition, AIN can form first and become the nucleation site
for MnS inclusion during solidification. However, in a non-equilibrium state, MnS
inclusion can become the site for AIN inclusion to nucleate.'® Besides AIN inclusion, Al203
inclusion can also be the nucleation site for MnS inclusion. Since Al20s inclusion is the
stable inclusion in liquid steel, it will form first at steelmaking temperature and provide a
nucleation site for MnS during cooling. All of these inclusions are detrimental to steel. AIN
is harmful to the hot ductility of the steel** MnS is harmful to the toughness of the steel®®
and Al20s creates a clogging problem in steel processing.'® So, it is essential to control the
content of the reacting species such as N, S, and O to limit the volume fraction of the non-
metallic inclusions.’

The current study investigates the effect of aluminium content on the characteristics of
inclusions in Fe-5Mn—xAl steels. It is followed by the investigation for the co-precipitation
of the detected inclusions. The thermodynamic calculations are also taken into account to
discuss the formation of inclusions.

4.2 Experimental

Experiments were conducted using a resistance heating tube furnace, as shown in Figure
4.1.1819 The furnace chamber was evacuated before the experiment and was subsequently
backfilled with high purity Ar gas (99.999%). Ar gas was passed through Ti turnings at 923
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K to absorb any oxygen traces present in the gas. In each experiment, synthetic steel (500
gr), Fe-5Mn—(0.5-6)AIl-3Si-0.1C, placed in an alumina crucible was heated to 1873 K
(1600°C). After reaching the target temperature, the furnace chamber was once again
evacuated and backfilled with argon gas. Immediately after this, the first sample (S1) was
taken using a quartz tube, and it was defined as time zero for the experiment. Several
samples were obtained at different holding times (0, 2, 4, 6, 8, 11, 21 and 41). The chemical
analyses of steel samples were done by induction coupled plasma optical emission
spectrometry (ICP-OES). The carbon—sulphur and oxygen-nitrogen contents of samples
were measured by LECO C/S analyser and LECO O/N analyser.

Feeding/Sampling I

Tube L
Gas Outlet A’f i Turnings

\ {T00°C)

Gas Flow
Moeter

Uowgen

. Alumina
Sensor

~ Crucible

Cias Exhaust Liguid Steel
’_$d B

W acuum
Pump
A — Argon
© Gias Inlet

Figure 4. 1 Schematic diagram of the experimental set-up used in this study.®1°

The inclusion analysis was carried out by using the ASPEX inclusion analysis system and
using the following parameters: magnification - 456x, accelerating voltage - 20 kV,
emission current - 43.4 pA, and spot size - 35%. The analysed area and the number of
observed inclusions varied from 15 to 50 mm and 180 to 880, respectively. In the current
work, only the inclusions having a maximum diameter (Dmax) > 2 um were analysed, and
they were calssified into different groups according to their chemical composition. The
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details of experimental material and the inclusions classification rules are descrebed
elsewhere.?°

4.3 Results and Discussion

It was found that the chemical composition of steels did not vary during experiments.
Hence, the average composition of pin samples taken at different holding times of each
experiment is summarized in Table 4.1. The detected values for N and O contents were
scattered and less than 10 ppm, which is close to the detection threshold. Further, it is
expected to have +2 ppm in the calibration of N and O analyses.

Table 4. 1 Chemical composition of steel samples for all experiments (in wt-%).

Steeltype | Mn | Al | Si | C | S(ppm) | N (ppm) | O (ppm)

50.53 4810413201 216 <10 <10
513 48109|32|0.1 26 <10 <10
533 491283201 234 <10 <10

563 5257|3201 295 <10 <10

4.3.1 Inclusion Characteristics

The inclusions are classified into four major classes, i.e., Al20s, AIN, MnS, and Other. The
Al20s inclusions are further classified into two subclasses: Al2O3(pure) and Al203-MnS. The
AIN class consists of four subclasses, i.e., AINure), AIN-MnS, AION-MnS, and AION. The
‘Other’ class contains complex oxide inclusions, which do not fall in the aforementioned
classes. The details of the classification rules of inclusions were explained elsewhere.?

In the previous work of authors,? there were insignificant changes in the composition, size
distribution, and the number of inclusions with time in an experiment. Therefore, the
sample taken at 21 minutes holding time is selected for ease of presentation and to resemble
the time needed for the refining process in the steel industry. The comparison of the total
number per unit area (Na) of inclusions in 21 minutes samples for each steel is depicted in
Figure 4.2. The total number of inclusions increases with an increase in Al content in the
steel. The Na values in 50.53, 513, 533, and 563 samples are 12, 10, 23, and 29 mm~2,
respectively.
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Figure 4. 2 Comparison of inclusion classes in 50.53, 513, 533, and 563 steel samples at
the 21 minutes holding time.

Figure 4.2 also presents the number of inclusions for each major class of inclusions present
in the experimental steels. It can be seen in Figure 4.2 that for both 50.53 and 513 steel
samples, the number of Al203 (~6 mm™2) and AIN (~2 mm™2) inclusions are very similar.
However, an increase of Al content to 3% results in ~12 mm~2 Al203, and a further increase
in Al to 6% reduces the number of Al203 to ~6 mm—2. Similarly, a drastic increase in AIN
inclusions is observed by increasing Al content. The number of AIN inclusions in 533 is
~11 mm~2, When the Al content is increased to 6%, the number of AIN inclusions becomes
almost twice as compared to 533 steel sample. The ‘Other’ inclusions count for only ~5%
of the total number of inclusions; therefore, they are neglected for further analysis.

The distribution of Al2O3 and AIN in their subclasses is shown in Figure 4.3. It can be seen
that there is no significant change in the chemistry of Al20s inclusions for all steel
compositions. More than 80% of the Al20s inclusions are Al2Ospure) (Figure 4.3(a)).
Whereas an increase in the Al content of steel has a pronounced influence on the
composition of AIN inclusions (Figure 4.3b). AIN-MnS is the dominant subclass for 50.53
and 513 steel samples. As the Al content increased from 3% to 6%, the quantity of AION
and AION-MnS increased counting for around 46% of the AIN inclusion class. The
decrease in the amount of Al203 inclusions by increasing Al content from 3% to 6% is
reflected as an increase in the fraction of AION. This suggests that a part of Al203
inclusions transformed into AION. In addition, a significant fraction of AINure) (~30%) is
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seen in the 563 steel sample. The formation of different subclasses of AIN inclusions is
discussed later.
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Figure 4. 3 (a) A comparison of Al203 inclusion subclasses and (b) AIN inclusion
subclasses for 50.53, 513, 533, and 563 steel samples.

4.3.2 Formation of AIN inclusions

The reaction equilibrium for the formation of AIN inclusions in liquid steel can be written
as below.?23

[Al] + [N] = (AIN)) (4.1)
AGY = —303500 + 134.6Tye; /Mol (4.2)

lO K = lo aAlN = 10 1 (43)
BRaIN = 0By T OBy [Wt% ALl [Wt% N]
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where AGY,y is the standard Gibbs free energy change of reaction (1), Tstel is the working
temperature (1873 K, 1600°C), Kain is the equilibrium constant of the reaction (1), and hai
and hn are the Henrian activities of Al and N, respectively. fai and fn are the activity
coefficients of Al and N, respectively. A stability diagram for AIN formation was obtained
using Equations (4.2) and (4.3). The activity coefficients of Al and N were calculated using
the concentration of each element (Table 4.1) and first order interaction parameters from
the literature.?>?° The activity of AIN was assumed to be unity. Figure 4.4 shows the
calculated stability diagram and the compositions of experimental steels. The average
measured values of N and O contents were 3 and 10 ppm, respectively. These values were
used to investigate the AIN formation in this study. It can be seen that all the steel
compositions lie below the AIN stability line, which means that AIN is not stable at 1600°C
for these compositions.
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Figure 4. 4 The AIN stability diagram of Fe-5Mn—xAl alloy with different Al content at
1873 K.

Figure 4.4 also suggests that the AIN inclusions observed in the experimental steel would
have formed during solidification and cooling of steel samples. This is because the driving
force of AIN formation increases during solidification owing to the enrichment of Al and
N at the solidification front. The Scheil equation!®®3° was used to calculate the
concentration of [%Al] and [%N] in the liquid phase at the solidifying front. The equations
for [%Al] and [%N] are given below.
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[%A1] = [ %Al],(1 — gg)®ar—D 4)

— [% Nl (5)
N = T d — koA — g9

where g, is the solid fraction, and [ %Al], and [% N], are the initial weight percentages of
solute Al and N in liquid steel, respectively. kai (= 0.6) and kn ( = 0.27) are the equilibrium
partition ratios of solute Al and N, respectively.?®>3! Kan can also be calculated according
to Equation (4.6).%

1585093, 0 (4.6)
KAIN =10 steel

The relationship between the temperature at the solidifying front (T) and the solid fraction
(g) is shown in Equation (4.7).%°

T=T Tm - Tliq (47)
o 1— Tliq - Tsol
Bs Tm — Isol

where Tm, Tsol, and Tiig are the melting temperature of pure Fe (1811 K, 1538°C), the solidus
temperature of steel, and the liquidus temperature of steel, respectively. The values of Tsol
and Tiiq were obtained by FactSage 7.3 (FSstel, FToxid, and FactPS databases) and are
listed in Table 4.2 for each type of steel.

Table 4. 2 The solidus and liquidus temperature of each steel type.

Steel | Tsol (K) Tig (K)

50.53 | 1647.4 | 1739.4

513 1629 | 17394

533 1619 | 17355

563 | 1605.93 | 1722.04

A relationship between the solid fraction (gs) and product of [%Al] and [%N] was
determined using Equations (4.4) — (4.6) and is plotted in Figure 4.5 for different N contents
(3, 5, and 10 ppm). It also presents the variation in Kan for different g¢ values. Figure 4.5
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can be used to determine the value of g4 at which AIN formation starts during solidification.
For instance, for 50.53 steel, the critical value of g for AIN formation at N = 3 ppm is 0.95
(Figure 4.5(a)). The formation of AIN inclusions can start at a lower g for 513, 533, and
563 steel samples (N = 3 ppm), i.e. at 0.89, 0.64, and 0.22, respectively. As the N content
increases from 3 to 10 ppm, the g, values decrease. In the case of 563 steel (Figure 4.5(d)),
the g values for 5 and 10 ppm N contents are shallow which indicates that AIN inclusions
can form in the liquid steel. This discussion explains thermodynamic conditions for the
formation of AIN inclusions. According to the inclusion classification rules adopted in the
current study, these inclusions would be classified as AlNure) inclusions, and only 563
steel contained AlNpure) inclusions. This could be related to the low g4 value at which AIN
formation starts in 563 steel.
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Figure 4. 5 The calculated value for a solid fraction of (a) 50.53, (b) 513, (c) 533, and (d)
563 steel samples.
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Moreover, apart from AlNqure) inclusions, complex nitride inclusions (AION, AION-MnS,
and AIN-MnS) were also observed in steel samples. The formation mechanism of such
inclusions is discussed in the subsequent sections.

4.3.2 Formation of AION inclusions

According to the used inclusion classification rules, AION inclusions contain both O and
N. These inclusions could be either single-phase inclusions (i.e. AION phase) or multiphase
inclusions (i.e. Al203 + AIN). An Al20s-AlN phase diagram suggests that the AION phase
is stable only above 1923 K (1650°C) and below this temperature dissociates into AIN +
Al203.% This indicates that AION inclusions observed in the current study were multi-
phase inclusions (i.e. Al203 + AIN). Figure 4.6 presents an example of a typical AION
inclusion observed in 563 steel sample. The EDS mapping confirms that it is not a single
AION phase, rather it contains distinct Al203 and AIN phases, where Al20s is the core, and
the periphery consists of AIN. Therefore, in the current study, AION inclusions refer to
multi-phase inclusions containing Al20s and AIN (a result of co-precipitation). As
concluded in the previous section, for the current experimental steel compositions, AIN is
not stable in liquid steel at 1600°C. Whereas Al20s is a stable phase in liquid steel. Based
on the stability of these both phases, it can be inferred that the observed AION inclusions
are the result of AIN nucleation on the existing Al203 inclusions. The EDS mapping is
shown in Figure 6 also approves this inference.

Figure 4. 6 Backscattered image and elemental mapping of typical AION inclusion.

The nucleation of AIN on Al203 can be understood by considering the lattice disregistry
concept. Bramfitt® suggested that an inclusion can act as an effective nucleation site for a
solid phase when the disregistry between the substrate inclusion and nucleated solid is less
than 12%. Dovidenko et al.>* reported that the disregistry between (0001) AIN plane and
(0001) Al203 plane is about 12%, which means that AIN can nucleate on Al2Os inclusions.
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The extent of Al20s3 inclusions to act as nucleation sites for AIN can be quantified in terms
of precipitation ratio (PR) of AIN on Al20s, which is defined as in Equation (4.8).

Naaton (4.8)
PRAIN on A1,0, = (AION) x 100%

NA(A1203) + NA(AION)

where NA(AION) and NA(A1203) are the number per unit area of AION and Al203(pure)
inclusions, respectively.

Figure 4.7 shows the influence of Al content on the PR of AIN on Al20s3. The presented
results are the values of 21 minutes samples. The results show that as the Al content
increases from 0.5% to 6%, the value of PR increases from 1.2% to 56%. This can be
justified by considering the presence of a higher amount of nucleation sites (Al.O3) and the
formation of AIN at lower g values for high Al content steels as compared to those with
low Al content.
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Figure 4. 7 The precipitation ratio of AIN on Al20s as in AION inclusions detected in
steel samples at the 21 minutes holding time.

4.3.3 Influence of Al on the amount of complex MnS inclusions

The effect of Al content on the complex MnS inclusions (Al203-MnS, AIN-MnS and
AION-MnS) is considered. Figure 4.8 illustrates the variation in the amount of MnS and
MnS-complex inclusions with Al content in the steel. It can be seen that the total number
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of MnS containing inclusions (MnS and MnS-complex inclusions) slightly decreases by
increasing the Al content from 0.5% to 1%. Further, an increase in Al content to 3% and
6% resulted in a significant increase (almost two times) in this number. It can be clearly
seen that this substantial difference is caused by MnS-complex inclusions. Hence, Figure
4.8 implies that increased Al content introduces a higher number of MnS-complex
inclusions. The formation of MnS-complex inclusions occurs owing to the co-precipitation
of MnS and other inclusions. The precipitation ratio (PR) of MnS on different inclusions

can be assessed according to Equations (4.9) and (4.10).

Na - (4.9)
PRMns on al,0, (%) = (A1;05=MnS) x 100%
2VY3 N +N
A(Al,03) A(Al,03—MnS)
NA(aIN-Mns) (4.10)

X 100%

PR %) =
MnS on AlN( 0) NA(AIN) T NA(AIN_MnS)

where Na(ainy' NAAIN-Mns) and Na(a1,0,-Mns) are the number per unit area of AINpure),

AIN-MnS and Al20s-MnS, respectively.
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Figure 4. 8 Comparison of MnS and MnS-complex inclusions in 50.53, 513, 533, and 563
steel samples at the 21 minutes holding time.
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Figure 4.9 presents the PR values of MnS on Al203 and AIN for each steel. It shows that
MnS prefers to co-precipitate with AIN than Al20s3 as the PR value of MnS on AIN is more
than 93% (except for 563 steel), whereas this value for Al203 is only 3-20%. However, the
PR value of MnS on AIN for 563 steel is lower (41%) compared to that of other steels due
to the formation of AlNure). The difference in the PR of MnS on AIN and Al20s inclusions
is related to the potency of the latter to act as a nucleation site. As mentioned earlier, the
potency of a particle to act as a nucleation site for another particle depends on the
crystallographic matching between them. A lower mismatch means a higher possibility of
heterogeneous nucleation. Ohta and Suito® calculated the lattice mismatch between MnS
and different types of inclusions.They reported that the mismatch between MnS and AIN
is ~6%, whereas that between MnS and Al203 is more than 12%.% This means less
interfacial energy is required for the nucleation of MnS on AIN in comparison to that on
Al20s3; hence, MnS would preferentially co-precipitate with AIN.
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Figure 4. 9 Precipitation ratio of MnS on AIN and Al203 for 50.53, 513, 533, and 563
steel samples.

Further, due to the low mismatch between MnS and AIN, both AIN and MnS can act as
nucleation sites for each other.'? In a previous study,?® the authors reported that MnS could
co-precipitate with AIN by two scenarios: Scenario 1: Heterogeneous nucleation of AIN on
MnS inclusions, and Scenario 2: AIN acting as a nucleation site for MnS. In Scenario 1,
AIN is located at the edge or boundary of MnS inclusion, whereas, in Scenario 2, MnS is
on the periphery of AIN inclusion. Typical examples of both two scenarios are presented
in Figure 4.10.
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Figure 4. 10 Morphology of co-precipitates of AIN and MnS formed according to (a)
Scenario 1 and (b) Scenario 2.

In the current study, it was observed that the co-precipitation behaviour of MnS and AIN
is influenced by Al content in the steel. In order to quantify this observation, the
morphological information of the MnS and AIN co-precipitates (AIN-MnS inclusions) was
used to divide them into two groups. The groups represent co-precipitates formed according
to Scenario 1 and Scenario 2. This analysis was conducted for 533 and 563 steel samples
because of the abundance of AIN-MnS inclusions in these steels, which is required to have
enough statistics to see a clear tendency. Figure 4.11 shows the obtained results. It can be
seen that for 533 steel ~93% of AIN-MnS inclusions exhibit morphology in accordance
with Scenario 1. For the case of 6% Al in steel (563), ~35% of co-precipitates are formed
according to Scenario 2. This is in agreement with the thermodynamic data presented in
Table 4.2. In the case of 563 steel, the AIN formation temperature is almost similar to the
liquidus temperature. So, AIN inclusions most likely form first in liquid steel followed by
MnS formation, resulting in a higher fraction of Scenario 2 morphology.
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Figure 4. 11 Comparison of the morphology of AIN and MnS co-precipitates in 533 and
563 steel samples at the 21 minutes holding time.

Based upon the previous discussion, it can be presumed that AION-MnS inclusions are the
result of duplex heterogeneous nucleation, where Al2O3 is the first nucleation site. The
formation sequence of AION-MnS could be:

a. AIN nucleates on Al203 and later MnS nucleates on AIN

b. Al20s3 is nucleation site for MnS and then AIN nucleates on MnS

c. Both AIN and MnS nucleate simultaneously on Al20s.

Further investigations are required to explore the formation mechanism of AION-MnS
inclusions.

4.5 Conclusion

The effect of aluminium on the inclusion formation in lightweight Fe-5Mn—xAl steels is
investigated by conducting laboratory experiments. In these observations, an automated
SEM analysis (ASPEX) is utilized. The following can be concluded from the obtained
results.

e The observed inclusions in light-weight Fe-5Mn-Al steels are Al203(pure), Al203—
MnS, AlNure), AIN-MnS, AION-MnS, AION and MnS.

e Increasing aluminium content from 0.5% to 6% increases the total amount of
inclusions by 2.5 times. The increase in the number of inclusions is specifically due
to the rise in the number of AIN inclusions.

e For all four steel compositions, the AIN containing inclusions are solidification
products due to their low nitrogen contents.
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e AIN and Al20s inclusions can serve as a site for heterogeneous nucleation of MnS.
MnS inclusion prefers to coprecipitate with AIN than Al20s inclusions.
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Chapter 5

Effect of Nitrogen Content on the Formation of Inclusions in
Fe-5Mn-3Al Steels

Chapter 5 is a pre-publication version of the article published in the special edition journal
of Crystals 2020, DOI: 10.3390/cryst10090836. The following chapter discusses the effects
of nitrogen content (2-54 ppm) on the characterization of inclusions in the laboratory
produced Fe-5Mn-3Al steels. In this study, two different techniques for nitrogen addition
were applied. Previously in Chapter 3, FeN was introduced to the synthetic melt, whereas
N2 gas was either purged on the liquid metal or injected through a lance into the liquid
metal. Similar to Chapters 3 and 4, the analysis of the inclusion was performed by an
automated scanning electron microscope (SEM) equipped with the ASPEX feature, and
identical inclusion classification rules were applied in this chapter. It was found that as the
N content increased, the total amount of inclusions increased; however, there were no
changes in the composition of detected inclusions. It was found that AIN-MnS inclusions
were the primary inclusion type when the N content in the steel is low (~2 ppm N). As the
N content in the steel increased to 54 ppm, the dominant inclusions changed to AlNure).
The thermodynamic calculations were conducted to study the formation mechanism of the
AIN-containing inclusions. The AIN inclusions formed in low N content steel are the
solidification products, while the AIN inclusions in high N content steel are formed in the
liquid steel. Moreover, the samples with different cooling rates were also discussed. In the
slow cooling rate steel, AIN-MnS inclusions always formed regardless of the content of N
in the steel. AIN inclusions were also observed to have different morphologies such as
plate-like, needle, angular, agglomerate, and irregular.

All the experiments, data collection, and analysis were completed by the primary author.
Li Sun (ArcelorMittal Dofasco) provided training for using automated SEM (ASPEX). Dr.
Muhammad Nabeel assisted with the SEM inclusion imaging. The manuscript was written
by the primary author. Dr. Muhammad Nabeel and Dr. Neslihan Dogan contributed to the
discussion and proofread the manuscript.
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Abstract

The effect of N content on the characteristics and formation of inclusions in the Fe-5Mn-
3Al steels was investigated in this study. Two synthetic steel melts were produced by two
different methods to introduce nitrogen into the melt. They are namely N2 gas purging and
injecting. The N content of steel melt varied from 2 to 54 ppm. An increase in the N content
to 47 ppm (for 533N-P) and 58 ppm (for 533N-1) increased the total amount of inclusions
from 13 to 64 mm2and from 21 to 101 mm2, respectively. The observed inclusions were
Al203pure), Al203-MnS, AlN@ure), AIN-MnS, AION, AION-MnS, and MnS. When the N
content was less than 10 ppm, AIN-MnS inclusions were the primary type of inclusions,
and they formed as solidification products. With an increase in the N content, AlINpure)
inclusions became the dominant type of inclusions as AIN was stable in the liquid steel.
These findings were confirmed with the thermodynamic calculations. The influence of
cooling rate on the types of inclusions was studied and a higher number of AIN-MnS
inclusions were observed in samples with a slow cooling rate.

5.1 Introduction

Among the third generation of Advanced High Strength Steel (AHSS), medium manganese
steels are getting more popular because they have a high tensile strength similar to that of
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high manganese steels while having reduced production cost.! Medium manganese steels
are preferred over the high manganese steels because of problems associated with
continuous casting due to poor hot ductility of high manganese steels.>* This poor hot
ductility is caused by the precipitation of inclusions (e.g., AIN) in the steel.® The presence
of inclusions in steel is known for their adverse impact on the mechanical properties of the
steel and the information regarding the characteristics of inclusions (such as their size,
morphology, and composition) in medium manganese steels is limited.>>® Notably, the
influence of the alloying elements on the formation of inclusions in the medium manganese
steel is not well known.>8 The authors!**® investigated the effect of Mn and Al contents in
liquid steel on the formation of inclusions. They found that with an increase in the Mn
content, the number of inclusions increased, particularly AIN and MnS inclusions.' It was
justified by the fact that manganese content can increase the solubility of nitrogen in the
steel.1®1 Moreover, it was also found that with increasing Al content from 0.5% to 6% in
the medium manganese steel (~5% Mn), the total number of inclusions also increased 2.5
times, especially the number of AIN inclusions which increased from 2 mm to around 20
mm—2'15

Liu et al.’8 investigated the formation of AIN inclusions in high manganese steel (Fe-25Mn-
3Al-3Si) produced in Electroslag Remelting (ESR) and Argon Oxygen Decarburization
(AOD) processes with a nitrogen content of 6 and 24 ppm, respectively. They reported that
the AIN inclusions observed in ESR steel (6 ppm N) formed during the solidification
process and the AIN inclusions found in AOD steel (24 ppm N) formed in liquid steel
during cooling. Xin et al.'® also observed AIN inclusions in high manganese steel (Fe-
17Mn-2Al-0.6C) with N content of 43 ppm. The calculated formation temperature of AIN
in the steel was around 9 degrees lower than the liquidus temperature,*® which suggests that
AIN inclusions were formed in the mushy zone during solidification of steel. Thus, the
formation behavior of AIN inclusions depends on the N content of steel, i.e., AIN inclusions
can be solidification products in low N containing steels?® or they can form during the
refining of liquid steel with high nitrogen content.32! The inclusions that are formed as a
solidification product usually exist in small sizes.?? On the other hand, the inclusions which
form in liquid steel can grow to a larger size or agglomerate with other inclusions. Thus, a
difference in the size distribution of AIN inclusions formed at different N contents can be
expected. Moreover, AIN inclusions exhibit different morphologies. In the previous
studies,>?*% the morphology of AIN inclusions has been reported as hexagonal,® plate-
like,?* rod® or needle-like,? and dendritic?® form. To the authors’ knowledge, there is no
systematic study on the effect of N content on the characteristic of inclusions and their
formation behavior in medium Mn steel.

Therefore, this study aims at investigating the influence of N content on the formation of
inclusions in medium Mn steels. For this, two experimental steel melts were produced in
the laboratory by introducing N gas into steel through different methods. Both steel melts
were investigated for variation in the characteristics of inclusions, i.e., their number density,
composition, size, and morphology. Furthermore, the formation mechanism of inclusions
is discussed, considering the characteristics of inclusions and thermodynamics.
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5.2 Materials and Methods

A resistance-heated vertical tube furnace was used to produce synthetic steel containing
Fe-5Mn-3AlI-3Si-0.1C. A schematic diagram of the experimental set up is shown in Figure
1. Before heating, the furnace chamber was evacuated and backfilled with high purity Ar
gas (99.999%) at a flow rate of 500 ml/min. The oxygen content in Ar gas was reduced by
passing it through Ti turnings at 923 K. The steel material was charged in an alumina
crucible and heated to 1873 K. Two experiments were set up using different methods for
introducing N2 gas into the molten steel. In both experiments, the furnace chamber was
evacuated after reaching the target temperature. In the first experiment (533N-P), the
chamber was backfilled by purging a mixture of Ar and N2 gas (1:1). After 180 minutes,
the mixing ratio was changed to Ar:N2 = 1:2. In the second experiment, after the
evacuation, the chamber was backfilled with only Ar gas (500 ml/min), and N2 gas was
introduced by injecting it into the molten steel bath by using alumina tube at a rate of 300
ml/min. The alumina tube was at the height of 1.5 cm from the bottom of the crucible, i.e.,
almost in the center of the molten steel bath. This set of experiments is denoted as 533N-I.
In this experiment, N2 gas was purged directly from a cylinder (99.999% N2) without
passing through Ti turnings, see Figure 5.1. In both experiments, several pin samples were
taken to monitor the N content in the steel melts. The sampling sequence is shown in Table
5.1. The first sample (S1) was taken before introducing N2 gas in the system. All the pin
samples were air-cooled, while the remaining bulk steel was cooled along with the furnace,
at a cooling rate of 0.167 K/sec. In the case of the 533N-P experiment, there is a 180
minutes gap between S4 and S5 samples. Several samples were taken between S4 and S5;
however, there was no significant change in the N content during that holding time. So, the
samples shown in Table 5.1 were chosen to represent the considerable variation in the N
content of steel melt.

Table 5. 1 Experimental steps

533N-P 533N-1

Purge Purge Purge Ar

Gas ArN;=1:1 ArN, =12 Gas Inject N,
Samples 51 52 S3 S4 S5 56 Samples  S1 §2 §3 S4 S5
Time (min) (0 15 45 90 180 270 300 | Time(min) 0 10 15 30 60
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Figure 5. 1 Schematic diagram of the experimental set-up used in this study.

The oxygen-nitrogen and carbon-sulfur contents of samples were measured by commercial
LECO O/N (ON736)™2 and LECO C/S (CS744)™?2 analyzer, respectively. The chemical
analysis of steel samples was conducted by Induction Coupled Plasma Optical Emission
Spectrometry (ICP-OES). The steel samples were analyzed for inclusions by using an
automated scanning electron microscope (SEM) equipped with an ASPEX™,28 which is a
commercial system for inclusion analysis. The following parameters were used:
magnification — 356x, accelerating voltage — 20 kV, emission current — 43.4 YA, and spot
size — 35%. The analyzed area and the total number of detected inclusions varied from 10
to 42 mm? and around 330 to 2943, respectively. In this study, the inclusions having a
maximum diameter (Dmax) > 2 um were detected. All the inclusions were classified into
four major inclusion classes, which are Al20s3, AIN, MnS, and Other. Furthermore, the
Al20s3 class was divided into two subclasses, Al2O3pure) and Al2O3-MnS. In the case of AIN,
it had four subclasses, which were AlNgure), AIN-MnS, AION-MnS, and AION. The
‘Other’ class contained complex oxide inclusions besides the aforementioned classes. The
details of the inclusion classification were described elsewhere.
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5.3 Results

5.3.1 Chemical Composition of the Steels

The chemical composition of the steel samples is listed in Table 5.2. The nitrogen content
of the 533N-P steel samples increased with the holding time. For Ar:N2 = 1:1, the highest
value of N content was measured in S4. An increase in the N2 ratio in the gas mixture
(Ar:N2 = 1:2) resulted in a maximum value of 54 ppm after 270 minutes (S5). However,
the N content in the 533N-I steel reached 54 ppm only after 10 minutes of injecting N2 gas
into the steel melt, and it remained almost constant throughout the experiment. The O
content of the samples of 533N-I steel was higher, especially for samples taken at 10 and
15 minutes. These high values could be the result of oxygen impurities in N2 gas, which
was injected into the steel melt. N2 gas was not passed through the titanium turning in the
533N-1 experiment. The results from the LECO analyzer will have a deviation of around +
2 ppm while the elemental analysis using ICP-OES has a relative standard deviation (RSD)
of less than 5%.

Table 5. 2 The chemical composition of the steel melts.

Time Mn Al Si C N O

Steel Set | Sample | iy | ©6) | ©6) | @) | @) | S* | @pm) | (ppm)
S1 0 2 14

S2 15 23 3

S3 45 33 9

533N-P S4 90 496 | 263 | 3.77 | 0.103 | 0.0028 47 )
S5 270 54 2

S6 300 52 3

S1 0 - 4

S2 10 54 16

533N-1 S3 15 4.77 2.74 | 4.12 | 0.102 | 0.0027 54 25
S4 30 - -

S5 60 54 11

5.3.2 Characteristics of Inclusions

Figure 5.2 presents the number per unit area of inclusions (Na) observed in samples taken
during the two experiments. It could be seen that sample S1, which was taken before
introducing N to the steel melt, contained 13 mm2 and 21 mm of inclusions in 533N-P
and 533N-I steel, respectively. In sample S1 from 533N-P, the Al203 inclusions counted
for almost 80%, and the rest of the inclusions were AIN. While, before N2z injection in
533N-1 steel melt, it contained ~40% of Al20s and AIN inclusions each. In 533N-P steel
melt, the Na value of inclusions gradually increased from 13 to 64 mm as the N content
of steel reached 47 ppm (after 90 minutes of N purging in the system). Thereafter, the Na
value remained almost constant with increasing holding time despite a slight increase in the
N content of steel (to more than 50 ppm). The Na value of Al203 inclusions decreased from
10 to less than 1 mm2, while the Na value of AIN inclusions substantially increased from
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3 t0 62 mm2. The number of MnS and ‘Other’ inclusions were generally low, i.e., < 5% of
total inclusions.
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Figure 5. 2 The total number of inclusions per unit area and their composition detected in
(a) 533N-P and (b) 533N-I steel melts.

Similar to 533N-P, a significant increase in Na of inclusions was observed in 533N-I steel
samples after injection of N2 gas in the steel melt (Figure5. 2(b)). The Na value increased
from 21 to 101 mm within 10 minutes of N2 injection as the melt achieved an N content
of 58 ppm. A little increase in the Na value of inclusions occurred in sample S3 (15 minutes
after N2 injection). Thereafter, although the N content of steel did not show much variation,
the number of inclusions decreased by almost 50% after 30 minutes of holding, and then it
remained virtually constant. Similar to the 533N-P steel, as N content of 533N-1 steel
increased, the Na value of Al20s inclusions decreased to less than 1 mm2, and that of AIN
substantially increased counting for more than 95% of the total number of inclusions. The
Na of MnS inclusions in 533N-1 steel samples was also relatively small (Na <5 mm), and
the Na of ‘Other’ inclusion was negligible.

A comparison of both experiments shows that it took a longer holding time (more than 90
minutes) for steel to achieve the highest N content when N2 gas was purged in the system,
while the maximum N content was attained within 10 minutes of injecting N2 gas into the
melt. Moreover, 533N-1 steel contained ~60% higher number of inclusions as compared to
that of 533N-P steel for a similar N content of steel melt.

The variation in the characteristics of inclusions was further explored by analyzing the sub-
classes of Al20s and AIN inclusions. In 533N-P samples, more than 90% of Al203
inclusions were Al203(pure), and remaining were Al203-MnS. The sample S1 from 533N-I
contained 8 mm of Al.Os inclusions, out of which ~60% are Al203(ure). In the remaining
samples, the percentage of Al2O3(ure) Varied from 20-90% of Al2O3 inclusions. However,
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the fraction of Al2Osinclusions were generally insignificant in all samples except in S1 and
S2 from 533N-P and S1 from 533N-1 steel.

Figure 5.3 presents the influence of N content on the characteristics of sub-classes of AIN
inclusions. AIN-MnS was the dominant sub-class before the purging of N2 gas in 533N-P
steel (Figure 5.3(a)). It made over 60% of AIN inclusions in S1, while the fractions of AION
and AION-MnS were ~18% each. As the N content increased to 23 ppm in sample S2, a
significant amount (more than 50%) of AINure) inclusions appeared, and the fraction of
AIN-MnS was reduced to less than 10%. The fraction of AION inclusions in S2 was almost
40%, and the amount of AION-MnS was negligible. With further increase in N content in
533N-P steel, the percentage of AlNure) inclusions kept on increasing at the expense of
that of AIN-MnS and AION-MnS. The AIN inclusions in sample S5 (54 ppm N) and S6
(52 ppm N) contained more than 95% of AlNure) and ~5% of AION, while ~1% of these
inclusions was AIN-MnS.
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Figure 5. 3 The fraction of subclasses of AIN inclusions for (a) 533N-P and (b) 533N-I
steels.

As shown in Figure 5.3(b), before N2 gas injection, MnS containing nitrides (i.e., AIN-MnS
and AION-MnS) were also dominated sub-classes among others of AIN in 533N-I steel.
AIN-MnS and AION-MnS added up to ~80% of AIN inclusions. The AIN inclusions in S2
(58 ppm N) and S3 (56 ppm N) from 533N-1 steel exhibited similar characteristics as those
of AIN inclusions observed in S5 and S6 from 533N-P steel. AIN inclusions in these
samples contained <5% MnS containing nitrides. Thereafter, despite the high N content of
samples S4 and S5, the fraction of AIN-MnS and AION-MnS inclusions increased to
(~26%) and (~10%), respectively. Though Figure 5.3 suggested that the fraction of AIN-
MnS and AION-MnS inclusions was significantly influenced by the N content of steel, the
Na value of these inclusions was not much affected by N content. It can be seen in Table
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5.3 that the Na values of AIN-MnS and AION-MnS were consistently low (< 6 mm™)
compared to the total amount of inclusions in each sample in both steel melts.

Table 5. 3 The Na values of AIN-MnS and AION-MnS inclusions in 533N-P and 533N-I
steel melts.

533N-P S1[S2][s3[sa]s5]se
AIN-MnS (mm?) | 2.081.70 | 1.05 | 0.76 | 0.41 | 0.23
AION-MnS (mm) | 0.58 | 0.20 | 0.14 | 0.12 [ 0.08 | 0.03

533N-I S1 | S2 | s3| s4 S5
AIN-MnS (mm?) | 457 1.78|3.20|658| 3.10
AION-MnS (mm?) [ 2.21[0.11 050 | 1.10| 0.45

5.4 Discussions
5.4.1 Thermodynamics of AIN Formation

The thermodynamic analysis was carried out to evaluate the formation behavior of AIN
inclusions. The analysis aimed at determining: the critical N content required for the
formation of AIN in liquid steel, the effect of temperature on the formation of AIN, and the
solid fraction (gs) values at which AIN forms during solidification.

Figure 5.4 presents an AIN stability diagram for the experimental steel composition of
533N-P and 533N-I, obtained by using FactSage 7.3 (FSstel, FToxid, and FactPS
databases). The figure also shows AIN stability lines for different temperatures, including
liquidus temperature (Tiiq) of experimental steels. Tiiq was around 1726.3 K, while the
critical N content for the formation of AIN at 1873 K was 50 ppm for the steel melt
containing 2.67% Al (average value) in the current study. Whereas, at 1823 K and 1773 K
it was 30 ppm and 15 ppm, respectively. The experimental compositions plotted in Figure
5.4 indicate that AIN could form in liquid steel at 1873 K in sample S5 and S6 from 533N-
P. The composition of S4 lay just below the 1873 K line, and those of S3 and S2 were above
the 1773 K line. This indicates that AIN is not stable at 1873 K for S4, S3, and S2. However,
AIN can form in liquid steel at temperatures above 1773 K during the cooling of these
samples. Moreover, the composition of S1 was below the Tiiq line, suggesting that AIN can
only form in the mushy zone during solidification of S1.

For the case of 533N-1 steel, AIN can form at 1873 K in all the samples, except S1. The N
content of S1 was not known. However, authors have observed in previous work®™ that
Fe5Mn3Si3Al steels (without N addition) contained < 10 ppm of N. Therefore, it was
reasonable to assume that S1 in 533N-I steel had an N content of less than 10 ppm. This
assumption would locate the S1 below the Tiiq line in Figure 5.4. Thus, the AIN inclusions
observed in S1 samples of both experiments were formed during solidification of the steel
due to the enrichment of Al and N at the solidifying front. The enrichment led to a higher
driving force for the formation of AIN. The solid fraction (gs) values at which AIN would
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start to form for the S1 compositions were calculated by adopting the Scheil equation. 82230
The detailed procedure for this calculation was given elsewhere.!*'® According to the
estimates, the gs values for S1 samples should be higher than 0.11 (based on 10 ppm N),
and they could be as high as 0.71 assuming 2 ppm N content.
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Figure 5. 4 AIN stability diagram for the experimental steel composition of 533N-P and
533N-I, obtained by using FactSage 7.3

The current steel compositions could be divided into three groups following their N
contents, i.e., low N (2-10 ppm), medium N (23-47 ppm), and high N (> 50 ppm) containing
steels. Based on the thermodynamic analysis, it could be inferred that for low N containing
steel samples, AIN inclusions formed in the mushy zone due to the segregation of Al and
N at the solidification front. For both medium and high N containing samples AIN formed
in the liquid steel. However, AIN formation occurred during the cooling of medium N
containing samples. Whereas, AIN observed in high N containing samples formed at the
experimental temperature.

A variation in the characteristics of AIN inclusions in the above mentioned three groups
could be expected due to the difference in the formation behavior of AIN inclusions in
them. These characteristics included the number density of inclusions, their chemical
composition, and their size distribution. The expected response was reflected in the results
presented in Figure 5.3(a) and Figure 5.3(b).

The influence of N content on the particle size distributions (PSD) of AIN inclusions can
be seen in Figure 5.5. In the case of low N containing samples (i.e., S1), most of the AIN
inclusions lay in size range of 1-2 um. Specifically, 92% and 80% of AIN inclusions in S1
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from 533N-P and 533N-1 steel melts had Dave < 2 um, respectively. It is evident from Figure
5.5(a) that the percentage of AIN inclusions with Dave < 2 pm decreased as the N content
increased in samples of 533N-P steel. In high N containing samples (S5 and S6), ~40% of
AIN inclusions were greater than 2 um. Similarly, the samples with high N from the 533N-
I melt (Figure 5.5(b)) contained only ~20% of AIN (except S3, which contains ~45%) in
the size range of Dave < 2 um in comparison to 80% in low N sample. A higher fraction of
small-sized inclusions (Dave < 2 um) in samples with low N levels supports the inference
that AIN inclusions form during solidification in these samples. Interestingly, the fraction
of large-sized inclusions in high N containing samples of 533N-I was considerably higher
than in those of 533N-P. This can be attributed to a higher growth rate of AIN inclusions
due to turbulence induced by injection of N2 gas in the melt. The increased size of
inclusions was also reflected as a decreased number of AIN inclusions in S4 and S5 of
533N-1 (Figure 5.2(b)) steel, which was probably due to the floatation of inclusions to the
steel surface.
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Figure 5. 5 The particle size distribution of AIN primary class for (a) 533N-P and (b)
533N-1 steels.

The thermodynamic analysis and characteristics of observed AIN inclusions also suggest
that at low N levels, AIN-MnS inclusions are formed. Moreover, medium and high N levels
resulted in AlNure) inclusions. It could be inferred that AIN formed at the solidification
front ended up having a composition of AIN-MnS, while the ones formed in liquid steel
did not promote AIN-MnS formation; instead, they became AINpure) inclusions. This
phenomenon was investigated by considering the effect of the cooling rate and presented
in the following section.
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5.4.2 Formation of AIN Inclusions during Solidification

Samples from bulk steel had been analyzed to study the behavior of AIN at the solidification
front. The bulk samples were cooled at a slow cooling rate, i.e., 0.167 K/sec, as compared
to 20-30 K/sec?! of air-cooled pin samples. The obtained data were compared to the results
of a previous study. The data of the prior research was for steel containing Fe5SMn3Si3Al
and < 10 ppm N. This steel was referred to as 533 steel in the current study. Figure 5.6
compares the fractions of different sub-classes of AIN inclusions observed in pin and bulk
samples of 533N-P and 533 steel melts. For this comparison, the pin samples were taken
before the cooling of bulk steel starts have been selected, i.e., the sample was taken at 300
minutes of holding time from 533N-P steel and at 41 minutes of holding time from 533
steel. The selection of these pin samples enabled a plausible comparison to their respective
bulk samples as in both experiments, the bulk steel was exposed to similar holding time
and cooling rates after these pin samples were taken.
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Figure 5. 6 The fraction of AIN subclasses in the pin and bulk samples of 533N-P and 533
steel melts.

As can be seen in Figure 5.6, AINure) inclusions were the dominant sub-class (more than
90%) in the pin sample of 533N-P steel. Whereas, AIN-MnS made a significant portion
(~80%) of AIN inclusions in 533 steel’s pin sample, and the remaining were AION (15%),
AION-MnS (5%), and a negligible amount of AlNure). The fraction of AlNure) inclusions
decreased to ~60% in the bulk sample of 533N-P as compared to its respective pin sample.
Moreover, a significant fraction (~30%) of AIN-MnS inclusions appeared in the bulk
sample, and these inclusions were not present in the pin sample. On the contrary, in 533
steel melt, the slow cooling resulted in an increase (~20%) and a decrease (~30%) in the
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percentage of AlN@ure) and AIN-MnS inclusions, respectively. It was interesting to see that
despite a high N level in both pin and bulk samples of 533N-P steel, a substantial quantity
of AIN-MnS inclusions was found in the slowly cooled bulk sample. Similarly, although
533 steel contained a low N level, its bulk sample had a considerable amount of AlINure)
inclusions. To understand this and elucidate the formation behavior of AlNpurey and AIN-
MnS inclusions, two things needed to be considered: formation temperature of AIN and
MnS, and capability of AIN and MnS to heterogeneously nucleate on each other.

Firstly, the formation temperature of AIN (Tan) and that of MnS (Twmns), along with liquidus
and solidus temperature of both 533N-P and 533 steel samples are given in Table 5.4.
Secondly, it is known that AIN and MnS can co-precipitate together due to similarities in
their crystal structures.?’ For co-precipitation, AIN can act as the nucleation site for MnS
or MnS can act as the nucleation site for AIN.™

Table 5. 4 The temperature of liquidus, solidus, AIN, and MnS inclusion formation in the

steel.
533N Steel Melt | N (%) | Tam (K) | Twns (K) | Tiig (K) | Tsol (K)
Low N 0.0002 | 1679.05 | 1472.78
. 0.0023 | 1796.09 | 1473.89
Medium N =0047 [ 1865.39 | 1473.06 | 17263 | 1611
High N 0.0054 | 1879.46 | 1473.97

For low N level samples (533 steel), Tain was higher than Twmns and lay between liquidus
and solidus temperatures. AIN was formed at the solidification front, which was enriched
in solute elements Al, N, Mn, and S. There was ~206 K difference between Tain and Twmns.
At a high cooling rate, the formation of AIN and MnS took place almost at the same time
resulting in AIN-MnS inclusions. In the case of the bulk sample, the slow cooling rate
facilitated the formation of AlNure) at an early stage of solidification (gs value in the range
of 0.71-0.11 for N < 10 ppm). This occurred before the liquid steel at the solidification front
becomes enriched in Mn and S at a level that enabled MnS formation. However, the AIN
inclusions formed at the end of solidification, closer to Mn and S segregated region, became
sites for heterogeneous nucleation of MnS and eventually had a composition of AIN-MnS
inclusions.

In the case of a pin sample from 533N-P, a higher difference (~405 K) between Tan and
Twmns resulted in the formation of a higher fraction of AINgure) inclusions. When this high
N containing steel solidified at a slow rate, AlNqure) inclusions formed in liquid steel at
1873 K until the start of solidification and at the early stage of solidification, and AIN-MnS
inclusions formed at the end of solidification.
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According to the above discussion and in section 5.4.1, the AIN-MnS should always form
due to segregation at the end of solidification. The fraction of AIN-MnS inclusions
appeared to be very low in the pin sample of 533N-P (Figure 5.6); however, as shown in
Table 5.3, there was a similar amount (Na) of AIN-MnS present in all the pin samples of
533N-P. It is to mention a scatter was observed in the (Na) of AIN-MnS inclusions in the
pin samples taken at different holding times during an experiment. This scatter could be
caused by a difference in the mass of the sample, leading to some variation in the cooling
rate of the individual pin sample. However, it appeared that the N content of steel did not
influence the amount of AIN-MnS inclusions in samples taken during an experiment. For
instance, the Na value of AIN-MnS inclusions in low N sample (S1) of 533N-I was ~4.5
mm2, whereas S4 and S5 (high N samples) contained ~6.5 mm and ~3 mm of AIN-MnS
inclusions. The (Na) of AIN-MnS inclusions in low and high N samples (S1 and S4) of
533N-P was ~2 mm2 and ~0.8 mm, respectively. Hence, there was no apparent influence
of N content on the amount of AIN-MnS inclusions. This was in agreement with the
explanation that AIN-MnS inclusions were formed at solidification front enriched with Mn
and S and that their amount depended on the cooling rate.

As mentioned, AIN and AIN-MnS inclusions were the common types of inclusions present
in the current experimental steels. Few studies®*>* focused on the influence of AIN and
AIN-MnS inclusions on the mechanical properties of the steel. AIN inclusions could be
found both inside the grain® or at the grain boundaries.®>3* However, the AIN inclusions
were reported to be more detrimental when they were located at the grain boundaries. Kang
et al.*? studied the hot ductility on the TWIP steels and observed that AIN inclusions
precipitated at the austenite grain boundaries promoted the poor ductility of the steel. The
AIN inclusions that precipitate at grain boundaries usually combine with MnS to form AIN-
MnS due to the ease of co-precipitation of AIN and MnS to occur. Ushioda et al.>3 observed
that AIN-MnS inclusion formed in the austenite grain boundaries in low carbon steel and
reported that the complex precipitation of AIN and MnS is harmful to the hot ductility of
the steel. The current study suggests that the N content of steel did not influence the amount
of AIN-MnS inclusions. However, this inference is based on fast cooled pin samples and
inclusions having a Dave >2um. In the case of slow-cooled samples, the N content of steel
could influence the amount of AIN-MnS inclusions, i.e., a higher N content could result in
a higher number of AIN-MnS inclusions especially considering that the AIN inclusions
could be pushed to the solidification front during solidification of steel.

The formation of AION and AION-MnS took place as follows. First Al20s inclusions were
formed in the liquid steel, as they were stable at 1873 K. It was followed by the formation
of AIN inclusions when the N content in the steel was sufficient for AIN formation. AION
could be a result of AIN precipitation on Al20s3 or collision of AIN and Al20s particles. The
precipitation of AIN on Al2Oz is possible, but on specific crystallographic orientations,®
therefore, the number of observed AION inclusions was small. Similar to AIN-MnS, the
formation of AION-MnS occurred during the solidification process, where either Al2O3
and/or AIN in AION inclusion became the nucleation site for MnS inclusion.
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5.4.3 Co-precipitation of Inclusions

In the current study, the formation of complex inclusions (AIN-MnS, Al20s-MnS, and
AION) mostly occurred due to co-precipitation. The co-precipitation behavior can be
quantified by considering precipitation ratio (PR) of one phase on another. The PR of phase
1 on phase 2 to form co-precipitates is defined as the ratio of the number of co-precipitates
to the sum of the number of phase 2 particles and co-precipitates. The PR value is related
to the potency of a phase to act as a heterogeneous nucleation site for others. In a previous
study,® the authors compared the PR values of MnS on AIN and Al2Os3 for the formation
of AIN-MnS and Al203-MnS co-precipitates, respectively. It was reported that the PR value
of MnS on AIN was always higher than that on Al203 due to a low mismatch between MnS
and AIN (~5%)%*® as compared to that of MnS and Al203 (~12%).%¢ However, that was based
on low N containing steels. In the current study, it was observed that the PR values of AIN
containing co-precipitates could be influenced by the N content of the steel.

Figure 5.7 shows a comparison of the PR values of MnS on AIN and Al203 observed in the
previous study™"* (533 steel), which had low N content and the present study for 533N-P,
which has low, medium, and high N containing samples. In the case of the PR value of
MnS on AIN inclusions, in the low N content (533 and S1 of 533N-P), the PR value was
more than 98%. However, in the medium (S2-S4) and high (S5 and S6) N containing
samples, the PR values were significantly low, less than 15%. On the other hand, the PR
values of MnS on Al203 were always less than 15% and were not influenced by the N
content of the steel. It appeared that for samples having medium and high N content, the
MnS PR values could be higher for Al2Os as compared to for AIN. However, it should be
noted that the lower PR values in medium and high N containing samples did not indicate
that MnS prefers to nucleate on Al20s. The lower MnS PR values on AIN were due to the
formation of AlNure) in liquid steel.

The N content also influenced the PR values of AIN on Al20sto form AION. Figure 5.8
shows the AIN PR values observed in 533%° and 533N-P. The low N containing samples
(533 and S1 from 533N-P) had PR values of less than 20%. As the N content in the steel
increased (S2-S6), the PR values increased dramatically to over 80%. This implied that
more AIN inclusions were available to co-precipitate with Al2O3pure) to form AION
inclusion.
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Figure 5. 7 A comparison of the MnS precipitation ratio (PR) values for AIN and Al203
inclusions.
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Figure 5. 8 The precipitation ratio (PR) value for AIN on Al203(pure) inclusions on 533N-P
steels.

5.4.4 Effect of N Content on the Morphology of AlNure) Inclusions

In this study, the AlNqure ) inclusions were classified into five types based on their
morphology, as displayed in Table 5.5. The inclusions having 5 or 6 sides were grouped as
a plate-like type, and those with 3 or 4 sides were classified as angular. The inclusions
exhibiting a long and thin morphology were grouped as a needle-like type. Agglomerates

represented inclusions that consist of two or more particles. The remaining inclusions had
irregular morphology.
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Table 5. 5 Morphology of AlN(ure) inclusions

Plate-like Angular Needle Agglomerate Irregular
10 pm 10 pm 10 pm 10 um 10 pm
—
. - > e

The low N containing sample (S1) from 533N-P did not contain any AlNure) inclusions,
and that from 533N-I contained only 4 AlNure) inclusions, which were all angular. The
morphology of AINure) inclusions observed in the medium and high N containing samples
of both steel melts was shown in Figure 5.9(a) and 5.9(b), respectively. In 533N-P samples,
around 70% of AlNqure) inclusions have angular morphology. A small fraction (~ 6%) of
inclusions with needle shape was found in samples containing medium N levels (S3 and
S4). The number of plate-like inclusions was relatively higher in high N samples, i.e.,
around 14-18%, as compared to 8-9% in medium N samples. Approximately 6-13%
inclusions were agglomerate, while irregular morphology makes 4-13%. In the case of
533N-I steel samples, plate-like morphology was a dominating type (36-60%). It was
followed by an angular type that is around 26-36%. The fraction of agglomerate inclusions
increased from 11 to 32% with increased holding time (S2 to S4) and then decreased to
19% in sample S5. The needle and irregular shaped inclusions were present in small
amounts, i.e., 4-10% and ~ 2%, respectively.
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Figure 5. 9 The fraction of morphology of AlNure) inclusions in (a) 533N-P and (b)
533N-I steel melts.
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It is of interest to observe a higher fraction of plate-like inclusions in samples with high N
content. It could be related to the stability of AIN at 1873 K for high N containing samples.
The effect of N content was observed in both experimental steel melts; moreover, the
fraction of plate-like inclusions in 533N-I was significantly higher than that observed in S5
and S6 of 533N-P steel. This could be due to fast kinetics conditions in this steel. The
turbulent conditions could lead to a faster growth rate of inclusions, enabling them to be
detected under settings of current inclusion analysis (Dave > 2 um).

Moreover, a few samples were electrolytically etched ina 10% AA (10 v/v% acetylacetone
- 1 w/iv% tetramethylammonium chloride - methanol) electrolyte to expose three-
dimensional morphology of inclusions. It was found that a considerable number of AIN
inclusions were oriented at different angles to the analyzed surface. Such orientation of
plate-like inclusions could make them appear as angular inclusions on a two-dimensional
surface. Figure 5.10 shows examples of such inclusions. It was clear from secondary
electron images (SEI) (Figure 5.10(a)) that the observed inclusions are, in fact, plate-like
in shape. While from the back-scattered electron (BSE) images (Figure 10(b)), they could
be defined as angular inclusions, especially if the surface had been polished.

4

SEI  15kV WD11mm SS44 x10,000 1um — BEC 15kV WD11mm 8544 x10,000 1pm —

(@) (b)

Figure 5. 10 (a) SEI and (b) BSE images of AIN inclusions which are positioned in a
different angle.

Applying the same reasoning, it could be argued that there is a possibility that inclusions
with needle morphology could also be plate-like when observed in three-dimensions. To
clarify this, the maximum diameter (Dmax) Of plate-like and needle inclusions observed in
S4 and S5 of 533N-P steel was compared and shown in Figure 5.11. It could be seen that
the Dmax values of plate-like inclusion varied from 1 to 5 um (Figure 5.11(a)). Whereas
needle-shaped inclusions had Dmax values in the range of 3 to 10 pm, and more than 90%
of them were larger than 5 pm (Figure 5.11(b)). It is evident from Figure 11 that needle-
shaped inclusions were not plate-like inclusions oriented at an angle as the Dmax values of
needle-shaped inclusions were significantly higher than those of plate-like inclusions.
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Based on Figure 5.9 through Figure 5.11, AIN inclusions were detected in various
morphologies. A similar observation was made by previous researchers.®>*°2° Tuling and
Mintz? investigated the morphology of AIN inclusions in high Al transformation induced
plasticity (TRIP) steels with 2.5% Mn, 60-70 ppm N, and 1%-1.5% Al. According to the
thermodynamics, AIN inclusions were formed during solidification for both 1% and 1.5%
Al containing TRIP steels. Dendritic and hexagonal (plate-like) AIN inclusions were
observed in steel with 1% Al and 1.5% Al, respectively. Liu et al.* reported plate-like
morphology of single AIN inclusions in the twin-induced plasticity (TWIP) steel (Fe-
18Mn-1.5Al with 78 ppm N) and suggested that these AIN inclusions were formed above
the Tiiq of the investigated steel. Wang et al.2 detected fine particles of AIN inclusions at the
grain boundaries of TWIP steel (Fe-16Mn-0.54Al) with 63 ppm N content and coarse
hexagonal (plate-like) AIN particles at the fracture site of TWIP steel (Fe-17Mn-2.1Al)
with 43 ppm N content. For both these compositions of steel, thermodynamically AIN
should form during solidification i.e., below the Tiiq. Moreover, Kang et al.® suggested that
the presence of MnS inclusions can affect the morphology of AIN inclusions. They
observed AIN inclusions in high Al TWIP steel (Fe-18Mn-1.5Al and 80-93 ppm N) with
different sulfur content. It was reported that in the absence of MnS inclusions i.e., when the
steel had 32 ppm S, the AIN inclusions had hexagonal (plate-like) shape. In case of an
abundance of MnS (S content up to 100-230 ppm), AIN inclusions exhibited dendritic and
hexagonal (plate-like) morphologies. Based on thermodynamics, AIN inclusions would
have formed during solidification for all the compositions investigated by Kang et al.’.
From the above mentioned literature it can be seen that AIN inclusions can exhibit various
morphologies regardless of whether they are formed during solidification or above Tiig.
Similar behavior is observed in the current study. A three-dimensional inclusion analysis
is recommended for further investigation.

10 3
o §2 ome S2
—0—83 —0—S3
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N, (mm?)

D, (um) D (pum)
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Figure 5. 11 The size distribution of the AIN inclusions with (a) the plate-like and (b)
needle shape in 533N-P steel samples.
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5.5 Conclusions

The influence of N content on the characteristics of inclusions in Fe-5Mn-3AlI-3Si steel was
investigated in the current study. N was added into liquid steel by purging the N2 gas into
the atmosphere of a sealed furnace containing molten steel or by directly injecting N2 gas
into the molten steel. The steel compositions were divided into three groups based on their
N levels, i.e., low N (<10 ppm), medium N (23-47 ppm), and high N (> 50 ppm) containing
steels. The following findings are obtained.

1. A high N content of steel can be achieved in a short time by injection of N2 gas into
the melt.

2. The number of inclusions increased from ~13 mm to ~64 mm as N content increased
from low to medium level, as observed in 533N-P steels. The number of inclusion
remained constant by a further increase in N content. However, in the case of 533N-I
steels, the number of inclusion increased up to 108 mm-at the high level of N content.

3. In low N content steel, AIN-MnS inclusions were dominating class (40-60% of the
total inclusions). While in medium and high N content steel samples, AlNqure)
inclusions are the primary class of inclusions (50-90% of the total inclusions).

4. The number of AIN-MnS inclusions is not affected by the N content of steel as they
are formed during solidification. However, the cooling rate has an influence on their
number.

5. The amount of Al20s inclusions decreases with an increase in the N content of the
steel. Low N samples contained 10 mm2 of Al.03 inclusions, which decreased to 2
mm-2and 1 mm2 in medium and high N containing samples, respectively.

6. AIN inclusions exhibit different morphologies such as plate-like, needle-like, angular,
and agglomerates. Three-dimensional observation of angular AIN inclusions showed
that they could be plate-like inclusions which are positioned at different orientations,
making them appear angular.

7. Since the morphological information can be misinterpreted in a two-dimensional
observation, a three-dimensional inclusion analysis is recommended for detailed
morphological investigation of AIN inclusions.
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Chapter 6

Precipitation Mechanism of (Ca,Mn)S with AIN Inclusions

6.1 Introduction

As investigated in previous chapters, the inclusions that are formed in medium manganese
steel and high manganese steel are primarily AIN-containing inclusions. These inclusions
can be harmful to steel production because their presence leads to poor hot ductility.[* As
mentioned previously, AIN inclusions can form both in the liquid steel and during the
solidification of steel, depending on the N content of the steel. Moreover, AIN inclusions
can co-precipitate with other inclusions, for example, MnS, and form AIN-MnS
inclusions.[***I In the secondary steelmaking process, adding Ca is a common approach
for modifying the composition of oxide inclusions**”l and controlling the shape of sulfide
inclusions.[*"? It is possible that MnS in AIN-MnS inclusions can react with Ca to form a
(Ca,Mn)S phase as MnS and CaS both can form a (Ca,Mn)S solid solution.[t73-17]

This brief chapter investigates the effect of Ca addition on characteristics of inclusions in
medium manganese steel with emphasis on modification of AIN inclusions. For this
purpose, two experiments were conducted, and thermodynamic calculations were carried
out to study the stability of inclusions at experimental temperature.

6.2 Experimental
Two synthetic steel melts (300 grams) containing Fe-5Mn-3AlI-3Si-0.1C were produced by
using a resistance heating vertical furnace.

Experiment 1. Fe-5Mn-3Al-3Si-0.1C steel with Ca addition (533-Ca steel): the furnace
chamber was evacuated after the temperature reached 1873 K (1600°C) and backfilled with
Ar gas. Then the calcium particles (~0.48 gr) and Fe electrolytic (~3.3-3.5 gr) encapsulated
in Fe foil were added into the steel melt. Steel samples were taken before and after the
addition of calcium at different holding times, as shown in Figure 6.1(a).

Experiment 2. Fe-5Mn-3Al-3Si-0.1C steel with both Ca addition and N injection (533N-I-
Ca steel): a similar experimental procedure (as 533-Ca) was adopted. In addition, N2 gas
was injected into the steel melt after the addition of Ca. The sampling timeline for 533N-I-
Cais given in Figure 6.1(b).

All the samples were analyzed for their oxygen-nitrogen content with LECO O/N (ON736)
and carbon-sulfur content with LECO C/S (CS744) analyzer. Calcium, manganese,
aluminum, and silicon contents were analyzed by Induction Coupled Plasma Optical
Emission Spectrometry (ICP-OES). The inclusion analysis was conducted by an automated
SEM equipped with the ASPEX feature. For these Ca-containing steels, elemental Ca was
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included in earlier used inclusion classification rules (presented in Chapter 3) to classify
Ca-containing inclusions.

Ca Addition Ca Inject 533N-I-Ca

R o

Samples L1 L2 13 L4 L5 Samples M2 M3 M4 NS
Time(min) 0 3 5 10 15 Time (min) 0 510 15 20
@) (b)

Figure 6. 1 Experimental steps.

6.3 Results and Discussion

The compositions of experimental steel melts are listed in Table 6.1. The concentrations
of Mn, Al, Si, C, and S were constant during the experiments. In 533-Ca steels, the initial
Ca content in the steel (sample L1) was about 4 ppm. After Ca addition, the Ca content
was increased to the targeted value of around 20 ppm and was almost stable except in the
L3 sample, which was slightly lower. It was most likely due to the time required for the
homogenization of Ca after the addition. In the 533N-I-Ca steel, the fluctuation of Ca
content could be due to turbulence generated by the injection of N2 gas. The average Ca
content in 533-Ca and 533N-1-Ca steels after the addition was ~ 23 ppm.

There were some missing values for N and O contents in 533-Ca steel due to insufficient
material to be analyzed. Since there was no addition of N in the 533-Ca steel, the N content
in this steel should always be low. Even though an attempt was made to obtain a sample
before Ca addition, M1 during Experiment 2 (533N-I-Ca steel), the sampling was
unsuccessful. It should be noted that the chemical composition of this sample is expected
to be similar to L1 in 533-Ca steel since the initial conditions are the same. Moreover,
before the injection of N2 gas, the N content was 5 ppm (M2 sample). After the N2
injection, the N content of the M3 steel sample was significantly high. This value was
decreased with time as the bath became homogenized. The high O content in the L2 sample
in 533-Ca could be due to some air introduced while adding Ca from the top of the furnace.
The O content in 533N-1-Ca steel was relatively high due to the oxygen impurities in the
N2 gas.

Table 6. 1 The chemical composition of 533-Ca and 533N-I-Ca steels.

Steel Set Mn | Al | Si C S Ca N @) Time Sample
(%) | (%) | (%) | (%) | (ppm) | (ppm) | (ppM) | (PpM) | (Min)

4 - - 0 L1

533-Ca | 5.03 | 2.61 | 2.44|0.101 | 25.6 —, 5 o 3 5
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18 - - 5 L3

23 3 1 10 L4

27 - - 15 L5

21 5 7 0 M2

533N-I- 23 92 18 5 M3
Ca 469 |2.63|299|0.105| 19.3 15 74 6 10 M4
32 68 6 15 M5

The steel composition in Table 6.1 was used for the thermodynamic calculations to predict
the stable inclusions in the 533-Ca (Ca =23, N = 3, O = 10 ppm) and 533N-1-Ca (Ca = 23,
N = 78, O = 13 ppm) by using FactSage 8.0 (Fsstel, FToxid, and FactPS). The stable
inclusions at 1873 K for 533-Ca steel were liquid calcium aluminate and CaS (Figure
6.2(a)). As the temperature decreased, other calcium aluminate inclusions such as CA, CA2,
and CAs were formed (C stands for CaO and A stands for Al203). Figure 6.2(b) shows the
thermodynamic calculations for 533N-I-Ca steel. At 1873 K, the stable inclusions were
liquid calcium aluminate, CaS, and AIN inclusions. Similar to 533-Ca steel, as the
temperature decreases during cooling, CA, CA2, and CAs were formed.

Mass (gr)

0.020
0.016 |
0.012 |
0.008 |
CasS
0.004 |
Al,O,
MnS AIN \
0 . . -
1000 1200 1400 1600 1800
T (°C)
(a)
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Figure 6. 2 Thermodynamic calculation of (a) 533-Ca and (b) 533N-1-Ca steel melts at
1873 K using FactSage 8.0.

Figure 6.3 shows the number per unit area (Na) of different types of inclusions. In 533-Ca,
the total number of inclusions was initially around 10 mm (Figure 6.3(a)). After Ca
addition, the total number of inclusions gradually increased, and it reached approximately
47 mm2 at 15 minutes of holding time (the L5 sample). Al203 (Na =6 mm2), and AIN (Na
= 3 mm?) inclusions were present initially. After the addition of Ca, Ca-containing
inclusions started to form, such as CAx and CaS-Other inclusions. The CAXx inclusions
included all calcium and alumina-containing inclusions regardless of the presence of
nitride in them. Similarly, CaS-Other inclusions included all calcium sulfide-containing
inclusions, either CaS or combined with oxide and/or nitride inclusions on it. The number
of CAX inclusions increased with time from 2 to 5 mm and that of CaS-other inclusions
also increased from 6 to 27 mm,

In 533N-I1-Ca (Figure 6.3(b)), after the addition of Ca, the total number of inclusions was
around 7 mm. The steel mostly contained CAx and CaS-Other inclusions with an amount
of 2 and 3 mm?, respectively. After the injection of N2 gas, the total number of inclusions
drastically increased to Na = 108 mm™. There was a variation in the total number of
inclusions with time. It is probably due to the inhomogeneity of the melt just after the
injection of N2 gas. AIN inclusion became the dominant type of inclusion. Furthermore,
the number of CAXx inclusions decreased, but the number of CaS-Other slowly increased
to 5 mm- after 15 minutes of injection of N2 gas (the M5 sample).
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Figure 6. 3 The total number and type of inclusions in (a) 533-Ca and (b) 533N-I-Ca steel
melts.

The CaS-Other inclusions were classified into three sub-classes, i.e., (Ca,Mn)S, (Ca,Mn)S-
Nitride, and (Ca,Mn)S-Oxide inclusions. Due to relatively high Mn content, Mn was
always detected in CaS-Other inclusions. Thus, no pure CaS inclusions were observed.
Figure 6.4 shows the number of CaS-Other inclusions in both 533-Ca and 533N-I-Ca steel
melts. It can be seen that more than 92% of the CaS-Other inclusions were (Ca,Mn)S-
Nitride or (Ca,Mn)S-Oxide, whereas the percentage of (Ca,Mn)S was really low in both
melts. In the 533-Ca steel (Figure 6.4(a)), after the addition of Ca (L2 sample), (Ca,Mn)S-
Oxide inclusions were the dominant inclusions (Na = ~5 mm), and few (Ca,Mn)S-Nitride
inclusions were detected (Na < 2 mm2). Then, the Na of (Ca,Mn)S-Nitride inclusions (Na
= 20 mm) was three times more than that of (Ca,Mn)S-Oxide inclusions (L5 sample). A
similar trend was also shown in Figure 6.4(b). After the addition of Ca (M2 sample),
(Ca,Mn)S-Oxide became a dominant inclusion (Na = 3 mm-?). With the injection of N2 gas,
the formation of (Ca,Mn)S-Nitride inclusions started. Their Na value increased to 5 mm
after 15 minutes of N2 gas injection (M5 sample). A possible reason for the lower number
of CaS-Other inclusions in 533N-1-Ca steel could be related to the higher N content of the
steel. In this steel, AIN was stable in liquid steel and existed as AlNure), and as discussed
in Chapter 5, AlNqure) particles did not participate in co-precipitation. The difference in the
number of CaS-Other inclusions could be due to different process conditions involved in
both experiments, and they also could form as solidification products. In addition, the lower
Na value of CAx and CaS-Other in 533-1-Ca than 533-Ca steel is due to the turbulence from
the injection of N2 gas in 533-1-Ca, which promotes inclusions that float up to the steel
surface.
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Figure 6. 4 The number of (Ca,Mn)S-contained inclusions in (a) 533-Ca and (b) 533N-I-
Ca steel melts.

6.4. Co-precipitation of Inclusions

It is known that CaS and MnS inclusions can form a solid solution in steel.[!”® Moreover,
they can also precipitate during solidification. The presence of other types of inclusions,
such as Al20s and AIN, makes it possible for both CaS and MnS inclusions to co-precipitate
and form complex inclusions. The possibility of two inclusions to co-precipitate as a result
of heterogeneous nucleation can be determined by calculating the lattice misfit between the
crystal structures of two inclusions. Table 6.2 lists the lattice parameters and the crystal
structures of inclusions detected in the current steel composition. The data in Table 6.2 is
used to calculate the misfit by applying Equation (6.1) below.[!%°]

Table 6. 2 List of lattice parameter and the crystal structure of inclusions.[t4115176.177]

Inclusion | a (nm) | ¢ (hm) | Crystal Structure
MnS 052 | 0.52 Cubic
AIN 031 | 049 HCP
CaS 0.57 | 0.57 Cubic

Al203 0.48 1.30 Rhombic

a a
Misfit = lan = asl X 100%

as

(6.1)

where a,, and a, are the lattice parameters of the nucleated inclusion and substrate,
respectively. The calculated misfit between two types of inclusions is listed in Table 6.3.
For AIN, the ‘c’ lattice parameter is used in misfit calculations because it is almost similar
to the lattice of other inclusions, which provide the preferential co-precipitation site. Zhang
and Kelly™® reported that the interatomic spacing misfit should be less than 10% for two
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crystal structures to have the minimum strain energy and precipitate together. Moreover,
Bramfitt''% also analyzed that the misfit (or disregistry) between the nucleated solid and
substrate inclusion should be less than 12% to be ideal for the nucleation site. Based on
previous criteria, Table 6.3 shows that the misfit between CaS and MnS, and between AIN
and MnS is less than 10%, whereas the misfit between CaS and AIN, and between CaS and
Al203 is more than 14%. These values imply that the co-precipitation of CaS and MnS is
relatively easier than the co-precipitation of CaS and AIN, and CaS and Al20s. These values
are in agreement with the result of the previous researchers.[!*3l Ohta and Suito!***]
calculated the misfit parameter of various inclusions with MnS and reported that the misfit
between CaS and MnS is 8% and between AIN and MnS is 6-9%. Tuling and Mintz[*4]
mentioned that although AIN and MnS do not have a similar crystal structure, they can co-
precipitate because the ‘c’ lattice of hcp crystal of AIN is almost identical to the lattice of
cubic crystal of MnS.

Table 6. 3 Calculated interatomic spacing misfit of inclusions

Nucleated Inclusion | Substrate | Misfit (%)
MnS CaS 8.77
CaS MnS 9.61
CaS AIN 16.33
AIN CaS 14.03
MnS AIN 6.12
AIN MnS 5.77

6.4.1 Formation of (Ca,Mn)S-Nitride Inclusions

It is apparent from Table 6.3 that AIN and CaS cannot co-precipitate. However, the ease of
co-precipitation of MnS with AIN and CaS can result in complex (Ca,Mn)S-Nitride
inclusions. The formation of (Ca,Mn)S-Nitride inclusions could occur as follows:

1. AIN-MnS co-precipitates during solidification of steel, and then CaS nucleates,
collides, or dissolves in the MnS phase of AIN-MnS inclusions.

2. CaS-MnS forms due to heterogeneous nucleation and its MnS phase co-precipitates
with AIN.

3. Asolid solution of CaS and MnS precipitates on AIN inclusions.

6.4.2 Formation of (Ca,Mn)S-Oxide Inclusions

For both compositions, liquid calcium aluminates are formed in liquid steel. It is reported
that CaS has some solubility in these liquid inclusions, which can precipitate out during
cooling, and it creates a ring/crescent around calcium aluminate.*?® During cooling, MnS
can co-precipitate with or dissolve in the CaS phase of calcium aluminate-CaS to form
(Ca,Mn)S-oxide inclusions.
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The above discussion on the mechanism of inclusion formation and co-precipitation is
based on thermodynamic prediction and lattice misfit calculation. More detailed analysis
and investigation to validate these proposed mechanisms are required. This validation has
not been proceeded with due to limited time and data. Based on the above discussion, the
addition of calcium to medium manganese steels in the present study cannot modify AIN
inclusions directly. The addition of calcium contributes more to the formation of CAXx, CasS,
or (Ca,Mn)S-contained inclusions. The co-precipitation of CaS with MnS as (Ca,Mn)S
inclusions can promote the formation of (Ca,Mn)S-Nitride, as AIN can nucleate on MnS.
However, the co-precipitation of these types of inclusions has not been investigated so far,
and there is no report on its effect on the mechanical properties of the steels.

In addition, Figure 6.5(a) and Figure 6.5(b) show the typical morphology of (Ca,Mn)S-
Nitride and (Ca,Mn)S-Oxide inclusions, respectively. (Ca,Mn)S-Nitride inclusions are
irregular/angular in shape whereas (Ca,Mn)S-Oxide inclusions appear to have a globular
shape with (Ca,Mn)S present on the periphery of oxide inclusions. Both morphologies
would deform differently during the hot rolling of steel. However, it needs more analysis
and investigation of these inclusions’ morphology to have a more meaningful discussion.

~ o -

(a)

° 4

(b)
Figure 6. 5 Typical morphology of (a) (Ca,Mn)S-Nitride and (b) (Ca,Mn)S-Oxide
inclusions.

6.5 Conclusion
The addition of Ca into the medium Mn steel influences the chemistry of inclusions present
in the steel. The observation related to this type of inclusions is listed below.
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1. CAS-Other inclusion class consists of (Ca,Mn)S, (Ca,Mn)S-Nitride, and (Ca,Mn)S-
Oxide inclusions.

2. After the addition of Ca, (Ca,Mn)S-Oxide inclusions are the primary inclusions in
the CAS-Other class. However, the number of (Ca,Mn)S-Nitride inclusions
increases with time and injection of N2 gas.

3. Formation of (Ca,Mn)S-Nitride results from co-precipitation of AIN, MnS, and
CaS.
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Chapter 7

Concluding Remarks

This thesis focused on understanding the evolution of inclusions during the refining process
of medium manganese steels (the present study has Mn = 5%) and high manganese steels
(Mn = 20%). Numerous laboratory-scale experiments were performed to investigate the
effects of the alloying elements, such as manganese, aluminum, and nitrogen, on the
morphology, chemistry, size, and number density of the observed inclusions using two and
three-dimensional inclusion analysis techniques. This work proposed the formation
mechanism of the inclusions by considering thermodynamics and heterogeneous
nucleation.

7.1. Key Findings and Contributions

7.1.1 General Overview

Chapter 1 and 2 presented background and literature review for the current study, with a
focus on the inclusion analysis methods and the characteristics of inclusions in the medium
manganese steels (3% < Mn < 10%) and high manganese steels (10% < Mn < 30%).
Further, the relationship between the characteristics of inclusions and the mechanical
properties of steels was presented.

Chapter 3 presented a systematic study on establishing inclusion classification rules for an
automated inclusions analysis (SEM equipped with ASPEX system) for medium
manganese steels and high manganese steels. The new inclusion classification rules can
successfully differentiate the nitride inclusions from the oxide and sulfide inclusions. The
established inclusion classification rules were applied to study the effect of alloying
elements, such as Mn, Al, and N, on the characteristics of inclusions which were described
in Chapters 3, 4, and 5, respectively.

Chapter 3 also contributed to understanding the impact of manganese content on the
formation of inclusions in the experimental steels. The investigated manganese contents
were 2, 5, and 20%. It was found that a higher manganese content led to the formation of a
higher number of inclusions and didn’t impact the chemistry of inclusions. The observed
inclusions were classified into three major classes, i.e., Al20s, MnS, and AIN. These major
classes were further categorized into subclasses which contain their pure phases and the co-
precipitates of different phases. To the best of the authors’ knowledge, both inclusion
classification rules and a comparison of characteristics of inclusions have not been reported
previously.
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The co-precipitation of AIN and MnS inclusions in the investigated steels was discussed
by introducing two co-precipitation scenarios in Chapter 3. Scenario 1 was for
heterogeneous nucleation of AIN on MnS inclusions, and Scenario 2 was for AIN
inclusions as a nucleation site for MnS.

Chapter 4 contributed to the limited available data on the effect of varied Al content on the
formation of inclusions in medium manganese steels. The investigated content of Al was
0.5, 1, 3, and 5%. This chapter reported that increasing Al content led to an increase in the
number of inclusions. It also addressed the co-precipitation of inclusions by calculating the
precipitation ratio (PR) between AIN and Al203, Al203 and MnS, and AIN and MnS
inclusions.

As reported in Chapter 2, there is a lack of work studying the effect of N content on the
characteristics of inclusions in the medium manganese steels. This was addressed in
Chapter 5 by systematically studying the influence of N addition in the melt. Nitrogen was
introduced by two different methods, i.e., purging N2 gas in the furnace chamber and
injecting N2 gas into the steel melt. The N content was varied from low (2 ppm) to high (54
ppm) N content. Samples with different cooling rates and various N contents were
compared for the difference in fractions of AIN subclasses. Based on experimental results,
Chapter 5 reported the formation mechanism of AIN-containing inclusions. Further, the
morphology of AIN-containing inclusions was observed in all the steel samples. It was
found that the morphology of AIN inclusions in samples containing more than 50 ppm of
N was mostly plate-like.

Chapter 6 explored the possibility of modification of AIN-containing inclusions by the
addition of Ca into medium manganese steel. It was found that Ca treatment might not be
an effective method for modification of AIN-containing inclusions, as Ca cannot directly
react with AIN. Calcium could react with MnS in AIN-MnS inclusions and form (Ca,Mn)S-
AIN, as MnS and CasS both can form a (Ca,Mn)S solid solution. The lattice misfit between
these inclusions was calculated to study the feasibility of co-precipitation between CasS,
MnS, and AIN inclusions. The formation of complex (Cas,Mn)S-AIN inclusions has not
been reported in the literature and their influence on the properties of steel is unknown and
needs to be investigated.

7.1.2 Specific Findings
The research objectives mentioned in Chapter 1 have been achieved, and the key findings
of the present study are listed below.

1. In Chapters 3, 4, and 5, it was found that the investigated steels contain Al203(pure),
Al203-MnS, AlN(pure), AIN-MnS, AION, AION-MnS, and MnS inclusions.

2. Results from Chapter 3 demonstrated that the increase of Mn content from 2 to 20%
increases the total number of inclusions by 8 times. Manganese content mostly
influences the number of AIN and MnS formed in the steel. The increase in the Mn
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content directly influences the N solubility in the steel, which is also confirmed by
the rise in the N content in the steel composition.

Chapter 4 presented that an increase in Al content from 0.5 to 6% also increases the
total number of inclusions by 2.5 times, especially AIN inclusions.

Results from Chapters 3 and 4 showed that the N content in the steel is
approximately 10 ppm, and the critical N content to form stable AIN in the liquid
steel is not achieved. So, AIN inclusions are formed as the solidification product or
during cooling of the liquid steel.

Results from Chapters 3 and 4 demonstrated that AIN and MnS could
heterogeneously nucleate on each other, resulting in the formation of AIN-MnS co-
precipitates. The co-precipitation could occur according to two scenarios, i.e., 1)
heterogeneous nucleation of AIN on MnS inclusions and 2) AIN acting as a
nucleation site for MnS. This co-precipitation is possible due to the low lattice
mismatch between AIN and MnS inclusions. Chapter 4 also showed that Al20O3
inclusions could be the nucleation site for both AIN and MnS inclusions. It was
found that for the low N-containing steel, MnS inclusions prefer to nucleate on AIN
inclusion rather than Al203 inclusion.

Chapter 5 found that the N content of steel increases faster by injecting N2 into the
steel melt as compared to purging N2 gas in the furnace chamber. The increase in
the N content increases the total number of inclusions from ~13 to ~64 mm2 by
purging N2z gas while the total number of inclusions increases from 21 to 108 mm
when N2 gas injection is used. As expected, AIN-containing inclusions had a
significant increase.

Chapter 5 discussed that when the N content in the steel is low (2-10 ppm), AIN
inclusions are solidification products. Then AIN co-precipitates with MnS
inclusions and forms AIN-MnS inclusions, which are the dominant inclusion type.
As the N content in the steel increased to medium content (23-47ppm), the AIN
inclusions could be formed in the liquid steel during cooling of steel from 1873 K.
However, when the N content is high (>50 ppm), the primary inclusions change to
AlNpure), as it is stable in the liquid steel at 1873 K.

Chapter 5 compared the steel samples cooled at different cooling rates, air-cooled
pin samples (20-30 K/sec), and bulk samples which were slow-cooled in the furnace
(0.167 K/sec). It was found that AIN-MnS inclusions are always formed in slow-
cooled steel regardless of the N content in the steel. This phenomenon was related
to the formation temperature of AIN (Tain) and MnS (Twmns) and the capability of
AIN and MnS to nucleate on each other. Thus, the co-precipitation of inclusions
happens when the inclusions (AIN and MnS) form during the solidification process.
However, AIN inclusions that formed in the liquid steel do not participate in the co-
precipitation. It was also observed that N content does not influence the amount of
AIN-MnS inclusion since the slow cooling rate provides enough time for the
formation of MnS during solidification and nucleation of MnS on AIN inclusion.
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9. Chapter 5 described that AIN inclusions exhibit different morphologies, such as
plate-like, needle, agglomerate, angular, and irregular. However, it is difficult to
correlate the effect of N content in the steel to the morphology of AIN inclusion.
Moreover, the three-dimensional observations revealed that the inclusion analysis
performed on a cross-section (two-dimension) might not provide the correct
morphology of AIN inclusions. For instance, it was observed that plate-like AIN
inclusions, which are positioned at different orientations, could appear as angular
on a cross-section.

10. In Chapter 6, the calculated misfits between CaS and MnS and between AIN and
MnS are less than 10%, whereas the misfits between CaS and AIN, and between
CaS and Al20s3 are more than 14%. It was found that CaS and AIN cannot co-
precipitate; however, CaS could interact with AIN-MnS inclusions resulting in the
formation of (Ca,Mn)S-Nitride inclusions.

The medium manganese steels and high manganese steels are bound to have high N content
because the presence of Mn increases the solubility of N in the steel. Moreover, due to high
Al concentrations in these types of steels, the formation of AIN-contained inclusions cannot
be avoided. AIN inclusions are detrimental to the steel performance (e.g., poor hot
ductility); therefore, their formation should be controlled by optimizing the Al and Mn
content of steel, and by keeping the N content as low as possible during steel refining
operations. This understanding is crucial for high manganese steels and medium manganese
steels which are a relatively new type of AHSS. As these types of steel are under
development, a lot of information is needed to improve their production process. The
present study is expected to guide steelmakers to design workable processes.

7.2. Future Works

Besides Mn and Al, Si is another main alloying element for medium manganese steel and
high manganese steel. The Si content of steel and N solubility have an inverse relationship.
A decrease in Si content can lead to an increase in the formation of nitride inclusions.
Therefore, a complete understanding of the effect of the alloying elements on inclusion
formation can be achieved by including the effect of Si content.

In Chapter 5, the effect of N content on the morphology of AlNure) inclusions was studied.
A 3D observation with the application of the electrolytic etched technique was conducted
for a few samples. It was found that some plate-like AIN inclusions were oriented at a
different angle. This orientation could make plate-like inclusions observed as angular
inclusions in the 2D surface. Therefore, a more detailed 3D inclusion analysis is
recommended to understand the morphology of AIN inclusions better.

Moreover, the modification of inclusions can be further explored. In the present study, Ca
was added before the injection of N2 gas. However, this addition still cannot give the
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optimum inclusion modification result. The sequence can be changed by first injecting N2
gas until reaching a specific content of N and then continuing with the addition of Ca. In
this way, the modification of inclusions is not disturbed by turbulence from the gas
injection. Besides Ca addition, rare earth (RE) elements can also be added to modify
inclusions. Since RE elements are denser than Ca, they can have a longer residence time in
the liquid steel to react or collide with more inclusions.

The classification of inclusions in the present study does not include spinel inclusions. In
the actual steelmaking process, there could be other elements as alloying elements or
impurities from the refractory lining, such as Mg, promoting the formation of MgAI204
spinel inclusions. It would be worth studying the possibility of co-precipitation of nitride
inclusions with spinel inclusions.
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