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“If you can’t have zero inclusions, then at

least make them friendly”

M. S. Millman [1]
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ABSTRACT

Advanced High Strength Steels (AHSS) are seeing a dramatic usage increase in order
to achieve the reduction in weight required for automotive vehicles to adhere to new
legislation on emissions. This has resulted in the increase of use of Calcium (Ca), as a
means of both oxide and sulphide-based inclusion control. However, this process is
not well understood, with no definitive answer on the level of Ca required to obtain

adequate modification of the inclusion population within the steel.

As a result, this thesis studied the level of Ca addition applied to the dual-phase steel
grade, FB590, by analysing its Calcium Sulphur Ratio (Ca:S). This allowed for the
level of modification needed to obtain the required mechanical properties to be
studied. It was discovered that even at the low Ca:S of 0.23, sufficient modification of
the inclusions was achieved to obtain these properties. Samples across the entire Ca:S
range obtained a substantial increase in the number of ‘globular’ inclusions when

compared to non-Calcium treated samples.

The second aspect of this project was to automate the process of analysing the
inclusion populations within the steel. Typically, this is done manually and is very
time consuming. The resulting automated process analysed a stitched image of the
entire sample surface (200mm?) taken at a typical magnification (100x) and was
conducted as closely as possible to the BS EN 10247 and ASTM E45 standards. A
custom macro was written that allowed this image to be broken up into fields, each of
which were analysed individually, for both inclusion population and size. This method
proved significantly less time consuming while generating a vast amount of data that

would be unavailable utilising standard analysis techniques.

The key problem with the technique, however, is that it did not include the ‘grouped’
inclusions stated in the standards. Nevertheless, EDS analysis proved that a significant
proportion of these inclusions were in fact distinct globular inclusions and therefore
not the inclusions separated by the polishing process that the standard assumes. A
suggestion has been made to conduct all future inclusion analysis on FB590 at 500x
magnification so as to reduce the negative effects of pixel size. A series of different

regions would then be analysed to better ensure the accuracy of the results.
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Chapter 1

Introduction



With the ever increasing demands to reduce CO> and other emissions, the
automotive industry is becoming ever more reliant on Advanced High Strength Steels
(AHSS) and Ultra High Strength Steels (UHSS) in order to facilitate the mass
reduction required to conform to stringent EU regulations [2]. This has led to an

increase in the use and variety of secondary steelmaking practices due to:

1. A demand for higher quality steel products that have lower levels of impurity

elements (e.g. hydrogen, carbon, nitrogen, sulphur and phosphorus.)
2. A need for improved cleanliness with lower levels of segregation.
3. The need for a closer control over composition and temperature [3].

The presence of non-metallic inclusions is one of the main reasons why
manufacturers struggle to reach the desired level of cleanliness in many grades of
commercial steel. Generally, inclusions have significantly different properties to the
steel and form weak interfaces with the surrounding matrix. This causes a negative
effect on the mechanical properties of the steel, resulting in the reduced ductility of
the wrought and cast metal, increasing the risk of mechanical failure of the final
product. Among the various types of non-metallic inclusions in steels, it is the oxide
and sulphide inclusions that are thought to be the most numerous and therefore of the

highest concern.

Alumina (Al>O3) inclusions occur mainly as the by-product of the aluminium-
based deoxidation (killing) of steel. However, they can also be caused by exothermic
reheating of the melt. Due to pure AbO; have a melting point above 2000°C, it is

present in a solid state in liquid steel. These solid inclusions tend to clog the
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Figure 1-1. Blocked tundish nozzle from Al-killed steel highlighting the effects of alumina

agglomeration [4].

2



submerged-entry nozzle in the continuous caster [4] (Figure 1-1). Following Calcium
(Ca) addition to steel, these inclusions modify their composition from pure AlO3 to
calcium aluminates. Up until a point, the melting temperature of these calcium
aluminates decreases with increasing Calcium Oxide (CaO) content. This enables the
inclusions to be liquid during casting temperature of 1550-1560°C. The liquidus
approaches the casting temperature when the Al>O3 percentage is roughly 42-58wt.%
[5], any higher than this and the melting temperatures will rise resulting in solid

inclusions during casting.

As well as AlOs, it is important to control the dissolved sulphur. This is
because Manganese Sulphide (MnS) inclusions tend to elongate during rolling,
lowering the through thickness strength of the steel [6]. The Ca reacts with these MnS
inclusions, forming the globular calcium sulphide (CaS) particles shown in Figure 1-2.
Even though these small globular particles are not able to float out of the steel, they
have been shown to be far less detrimental to both the physical and mechanical

properties of the steel than pure Al2O3 [7].
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Figure 1-2. Schematic representation showing modification of inclusions with Ca treatment [8].

As a result, the injection of Ca and its alloys into liquid steel has become very
important for sulphur, oxygen and inclusion control. However, while the Ca
modification process itself is broadly known, it tends to be employed as a result of
past practice, with no definitive level of Calcium Sulphur ratio (Ca:S) agreed. In fact,
previous studies have this this ratio anywhere between 0.7 [9, 10] and 3 [11] in order

to obtain complete modification of the inclusions.



As a result, a key objective of this study is to determine the Ca:S for the
automotive AHSS grade, FB590, where complete modification of the sulphide-based
inclusions is achieved. There will also be a specific focus on calculating the required
Ca:S needed to obtain the level of inclusion modification that achieves the desired
mechanical properties. This will allow the steel to be designed more efficiently and on
the basis of this information, it may be possible to specify the required Ca that needs
to be added to obtain the required inclusion modification as a function of batch
composition, instead of using a set quantity. The key impact of this is that if too much
Ca is added, it can ultimately lead to clogging and further cleanness issues within the

steel.

The second aim of this study relates to the acquisition and processing of
characterisation data. Ultimately, if this inclusion analysis is not conducted accurately,
and in a time-efficient manner, it will be impossible to determine the Ca:S required to
achieve the mechanical properties. Currently, inclusion analysis tends to be conducted
manually, using a standard optical microscope and a graticule to measure each
individual inclusion. As a result, this method is extremely time consuming, potentially
taking several months to complete an in-depth study, the results of which can vary

depending on the person completing the analysis [12].

Whilst there is software available that is capable of completing this analysis
automatically and therefore at a much quicker rate, they are proprietary, with the
analysis procedure less available for auditing. As a result, work was carried out to
automate this process as much as possible, and in such a way that it could be employed
using standard equipment, whilst also making suggestions on how to further improve

this analysis to yield more accurate results in the future.



Chapter 2

Literature Review



2.1. Calcium Modification of Steel

2.1.1. Inclusions

There are 2 main groups of inclusions that form during secondary steelmaking.
These 2 groups are determined by their route of origin within the steel, naturally

classifying them as either ‘indigenous’ or ‘exogenous’.

The indigenous inclusions, according to Sims’s definition [13], are those that
precipitate through homogenous reactions within the steel melt. They largely comprise
of oxide and sulphide-based inclusions that form from either alloying addition to the
steel melt, or by changes in solubility as the steel solidifies. Within the indigenous

inclusion family, there are two main subsets, ‘primary’ and ‘secondary’.

Primary indigenous inclusions are non-metallic compounds that precipitate in
the molten steel and as such, tend to have a negative effect on the final material
properties. Their tendency to nucleate early on during steelmaking can also make this
process more difficult. A typical example of this type of inclusion would be aluminium

oxide or alumina (Al>O3).

Secondary inclusions, on the other hand, incorporate compounds that
precipitate as a result of the decreased solubility within the solidifying steel. As a
result, they tend be much smaller in size than the primary inclusions and can
commonly be found nucleating upon them during formation [14]. Unlike primary
inclusions however, this inclusion type is commonly used to improve the steels final
properties. They have been exploited in the past to control both a grains growth rate
and its final size. Another common use case for secondary inclusions is to alleviate

the influence that certain elements have on the final steels properties [15].

In contrast, exogenous inclusions appear in the steel melt from external sources
such as refinery lining fragments or entrapped slag [15, 16]. However, it is rare that
exogeneous inclusions remain in the melt in large quantities unless that is, they
extensively react with melt and change significantly. While in the past this type of
inclusion used to play an important part in the overall population [17], modern
steelmaking practices have greatly reduced their impact [15]. It should be made clear,
however, that while their impact has been reduced, it does not mean it has become

negligible [18].



Exogenous inclusions tend to be easily distinguishable from their indigenous

counterparts due to a number of characteristic features [19]:

1. Generally larger size

2. A favoured location within the steel (either a physical position or a
position that is relative to the time of its entrapment)

3. [Irregular shape

4. Complex structures

5. Sporadic occurrence — usually in association with an identifiable

production event.

If, as proposed by Ruby-Meyer et al [20], this exogenous inclusion definition
was expanded to include, for example, inclusions that form through interacting with
air or the entrained slag, the range of inclusions classified as exogenous increases
dramatically. While this is possibly a more suitable definition of exogeneous
inclusions, it can be argued that these interactions are ‘part of the process’, therefore
it must be asked to what extent this exogenous-indigenous classification actually
helps. Irrespective of its origin, from the moment an inclusion enters the steel melt, it
influences, and is influenced by, the entire life of the steel. This results in non-metallic
inclusions that can change both their phase and composition continuously, until the

diffusion rate becomes negligible. This can even occur in solidified steel.

The composition of the inclusion alone tends to not be enough to fully
determine its origin, with its shape, size, morphology and position also being
contributing factors to an accurate determination. This has led to the development of
a number of standards to help in this identification which are made up of a series of
comparative-chart inspection systems [21]. While these standards provide useful
information that can help quickly identify inclusions and supply a general analysis of
a steel’s cleanliness levels, these charts are based upon dimensions that are no longer
common in modern steelmaking. As a result, whilst these can be useful as a guide for
initial analysis, equipment such as scanning electron microscopes or image analysis

should be used to conduct proper investigations.



2.1.2. Oxide Inclusions

Oxide inclusions are commonplace within the steel industry due to the large
number of circumstances which can lead to their formation. This is especially evident
in the heavy use of oxides within Basic Oxygen Steelmaking (BOS) which provide
plenty of routes for exogenous inclusions to form. Primary indigenous inclusions on
the other hand, tend to form via deoxidisation treatments during the manufacture of

strip-products.

The solubility of Oxygen (O) in Iron (Fe) is 0.185% at 1550°C and increases
to >0.4% at 1800°C [19]. However, at room temperature, this solubility level is
virtually reduced to zero with any remaining O therefore precipitating as inclusions.
Because of the obviously large quantity of iron within steel, these inclusions tend to
form a substantial volume fraction of FeO. However, the more stable oxides, e.g.
Manganese Oxide (MnO) and Alumina (Al,O3) are also found. If this concentration
of O is increased further, it combines with Carbon (C) forming a gas that is rapidly
released from the ladle. This rapid gas expulsion forms a ‘mushroom-like’ foamy
structure in the solidified ‘unkilled’ steel [22]. As a result, the comprehensive removal
of O from the melt has become commonplace in strip-steel manufacture. The

acceptable remaining level of O is dependent on the final products application [23].

Figure 2-1 shows the free energy of formation (AG®) for various oxides. The
more negative the value, the more stable the compound and, therefore, the more likely
it is to precipitate. As can be seen, Al2O3; has one of lowest AG® values, this has
resulted in it becoming the deoxidisation element of choice within the steel industry.

The resulting indigenous oxide precipitates are split into the 3 classifications:

1. The Aluminium Oxide system
2. The Spinel system

3. The Calcium Aluminate system

In addition to Al use as a deoxidisation agent within steel, the reaction that
forms the oxide is also highly exothermic producing roughly 1.01MJ per mole of
alumina [24]. This has resulted in the use of Al to chemically reheat the steel. Any
reaction product that then forms tends to be so close to the steel/slag interface, that it

easily floats out of the melt, reducing any potential impact on final material properties.
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Figure 2-1. Standard free energies of formation AG°(kcal) for various oxides from the elements
as a function of temperature. The light dash-dot curves are lines of equal oxygen pressure (atm)

of the gas phase, as labelled on each curve [25].



2.1.2.1. The Aluminium Oxide (Al203) System

Three stable forms of Al,O3 have been known to exist; a, § and y. However,
as the other forms of alumina transform into a-Al>O3 at steelmaking temperatures, o-
AlO3 will be the primary focus of this literature review and from now on will simply
be referred to as Al2Os3. Al2Os forms either by reducing FeO and FeO-Al>O3 or through
direct precipitation from the melt [26] with structures varying from small and facetted
to large dendrites [27]. The structure that develops depends on the point in the
production route where they were analysed [28]. Both these morphologies, however,
have the same melting temperature of 2050°C and therefore remain solid throughout

the entire steelmaking process.

Because of Al,O3 inclusions ‘non-wetting” with liquid steel, a high interfacial
free energy variation forms at the inclusions interface. Their effort to minimise this
interfacial energy encourages particle agglomeration, resulting in the formation of
large clustered inclusions [29]. Yin ef al [30] calculated that any Al,O3 inclusions
within 50pm of each other, induced an attractive force of 107N due to a combination
of surface energy and capillary effects. Subsequent deformation of the steel can then
lead to the mechanical fracture of these inclusions resulting in the formation of a string
of discrete AlbO3 particles that can significantly reduce the materials isotropy and
therefore its ability to be formed into parts [31, 32]. This affinity for agglomeration
can also lead to the blockage of both the ladle shroud and the SEN of the continuous
caster resulting in the loss of mould-control and entrapment of exogenous inclusions

[31].
2.1.2.2. The Spinel (MgO-Al203) System

Spinel’s are crystalline oxides that have a high structural flexibility that gives
them their characteristic chemical and thermal stability [33]. While the true spinel
phase has the composition MgO-ALOs, either the Mg and the Al oxides can be
substituted for several II-valence (A) or Ill-valence (B) elements. This has resulted in
the spinel name being applied to a family of double oxides that possess the same
chemical structure and therefore general formula AO-B,03 [34]. Common members

of this family include FeO-Al,O3; (Hercynite) and MnO-ALO3 (Galaxite).
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MgO-Al>Os; forms via the reaction of AloO3 with MgO through a number of
different routes [35]:

1. Contamination on the Al to be used for deoxidation of the steel with
Magnesium (Mg).

2. Reactions between the liquid steel and the refractory lining of the ladle.

3. Vaporisation of Mg from slags during arc-heating.

4.  Steel melt reacting with the slag during the refining process.

Irrespective of the type of spinel that forms, they all conform to a cubic lattice.
The MgO-Al>Os spinel, specifically, shares a lot of similarities with Al>O3, in that they
both exhibit similar dendritic/facetted structures [28], they both exhibit high melting
temperatures (2135°C for MgO- Al>,O3) so remain solid during the steelmaking process
and, also similar to AlOs, they are ‘not-wetting” with steel and, as such, have a

tendency to accumulate on the SEN resulting in clogging of the continuous caster [36].
2.1.2.3. The Calcium Aluminate (XCaO-YAl203) System

As can be seen in Figure 2-1, Ca displays the lowest AG® for all the oxides. As
a result, it is particularly adept at controlling the formation of detrimental alumina

inclusions within the steel.

5 stable phases of calcium aluminate (CaO-Al,Os3) have been observed. While
there has been a sixth phase (5Ca0O-3Al>03) identified, it most likely exists as a ternary
phase that contains Fe [34] and as such is not included in the pseudobinary phase
diagram shown in figure 2-2. In the diagram, the oxides have been written in the
standard convention of C3A = 3CaO-Al;03, Ci2A7 = 12Ca0-7A103, CA =
Ca0O-AlO3, CA; = CaO-2A1203 and CAs = CaO-6AL0s.

While CaO-AlO;3 can occur accidentally by the reduction of basic slags, it
tends to be engineered via a Ca addition process. In terms of oxide control, this is
because they typically have a lower melting temperature than AlLO3 — e.g.
12Ca0-7A1,03 at =1455°C — which means these modified inclusions would be liquid
in the ladle and, as such, do not have the clogging tendencies of either Al,Os; or
MgO-ALOs [15]. However, if the Ca content of the steel is either too high or too low,
higher melting temperature inclusions can form (e.g. CaO-6A1>03 at =1850°C). While

these inclusions do not have the tendency to move towards each other in the melt, they
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can still agglomerate if they come into contact. As such, they can still present the

nozzle clogging propensities of Al,O3 [37].

Another impact of CaO-Al>,O3 and the fact that they tend to remain liquid in
the molten metal, is that the inclusions that form are globular in nature due the effect
of surface tension on the liquid inclusion [38]. As a result, these inclusions do not
suffer from the stress raising effects of the facetted/dendritic structures of Al>O3; and

MgO-AlOs.
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Figure 2-2. A CaO-AL2Os Equilibrium Phase Diagram that shows the five stable calcium

aluminate phase [39].
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2.1.3. Sulphide Inclusions

A graph showing the AG® for a range of sulphides important in steelmaking is
shown in Figure 2-3. From this, Kiessling [34] was able to approximate that the
preferential formation of sulphide inclusions within a pure metal, conforms to the

following sequence:
Ni — Fe, Cu — Mn, Ti — Al - Mg, Na, K — Ca

Out of these potential sulphide systems, the most commonly found in modern
steelmaking practices are Iron Sulphide (FeS), Manganese Sulphide (MnS) and
Calcium Sulphide (CaS). As a result, these are the ones that will be investigated further

within this literature review.
2.1.3.1. Iron Sulphur System

Within the Iron-Sulphur system, there are 2 main intermediate phases, FeS and
FeS». Of these two phases, FeS is the most common and as such will be the focus here.
Because FeS has a large stability range if the Iron Sulphur ratio (Fe:S) is less than or
equal to 1, a more accurate representation of the nomenclature would be FexS. Within
this, the x-value varies between zero and roughly 0.125 [28]. This molar variation must
be attributed to the Fe since it has been known for this inclusion type to exhibit metal

vacancies [40].

Because S is soluble in liquid Fe but has very low solubility when the Fe is
solid, any S that is present within the steel precipitates as FeS. This takes the form of
either a primary sulphide dendrite (melting point of 1190°C) or as part of an Fe eutectic
[34]. While this eutectic already has a low melting point (988°C), any addition of O
would further lower this. This means that when the steel solidifies, the S segregates to
the regions of the steel that are last to solidify, the grain boundaries. If the steel is then
reheated to anywhere between 900 and 1200°C, in order to conduct any hot working,
the FeS then re-melts resulting in voids appearing on the grain boundaries of the steel.
These voids can then coalesce during plastic deformation leading to rapid crack

propagation through the steel. This phenomenon is known as ‘Hot Shortness’ [41].

In modern steels, the formation of FeS and the resulting ‘hot shortness’ is
avoided through the addition of Manganese (Mn) [42]. This is because the resulting

MnS that form have a lower AG® and therefore form a more stable inclusion than FeS.
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The reason the aforementioned ‘hot shortness’ is prevented is because this inclusion
type has a significantly higher melting temperature (1610°C) and is therefore a solid
during hot working. While it is generally accepted that a minimum Manganese Sulphur
Ratio (Mn:S) must be obtained to allow for the modification of all the FeS inclusions,

there are a few opposing views on what this ratio should be.

Kiessling & Lang [34] suggested that due to the peculiar metal affinities that
exist in the Fe-Mn-S system, the Mn/S ratio must be higher than 4 for complete
modification of FeS. Mann & Vlack [41] put this value to be closer to 20 if the sulphur
level is not too high, while Brimacombe [44] argues that the Mn/S ratio should in fact
be between 25 and 30 to reduce crack formation and improve hot-ductility in steel

billets.
2.1.3.2. The Manganese Sulphur System

Similar to the iron-sulphide system, MnS also shows two intermediate phases,
MnS and MnS,. While the MnS; phase shares a common structure with Pyrite (FeS»),
it is not of great interest in steelmaking. MnS, on the other hand, is both the most
common and most important sulphide inclusion in modern steelmaking. While MnS
forms three different modifications (a, B and B’ (otherwise known as y)) only the a-
MnS phase has been regularly encountered as a steelmaking inclusion [34] and as

such, will simply be referred to as MnS from now on.

MnS shows greater stability than its iron counterpart and is identifiable by its
light-grey colour, although it is usually slightly transparent. As MnS is softer than FeS,
it is plastically deformed if subjected to rolling loads. This leaves extended inclusion
stringers that are parallel to the rolling direction. This elongation gives rise to stress
concentrations on the tips of the MnS inclusions which act as sites of crack initiation
as well as causing anisotropy within the steel. As such, the MnS inclusions are usually

considered to be harmful and to be reduced wherever possible [41, 45].

Since 1938, MnS has been classified into the 3 forms employed by Sims and
Dahle [46]. The form that develops within the steel is entirely dependent on the

steelmaking practice that is used to develop the steel.
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Type I MnS

Type I MnS (figure 2-5) precipitates as duplex, globular inclusions, with an
oxide phase of either alumina or silicate. It also commonly exhibits a variety of
different elements held in solid solution (e.g. Cr). This type of MnS can form in a
variety of different sizes and tends to be randomly distributed through the entire steel
thickness. The formation of its characteristic duplex structure is because it precipitates
while the deoxidisation process is still on-going. As a result, it nucleates at higher

temperatures than would be expected given sulphurs low solubility in steel.

Because this type of MnS tends to form in semi-killed steels that possess a
reasonably high soluble-O content, they are rarely found in modern steels. This is
because modern steelmaking tends to demand O content that is below Sppm. However,
they have been found in free-cutting steels due to their ability to cause internal stress
concentrations that chip the steel at the cutting edge. These micro-cracks in the shear
deformation zone, decrease the size of the shear area and therefore reduce the overall

cutting stress on the material [47].

Figure 2-5. A photomicrograph depicting an example of a Type I MnS Inclusion taken from an
Si-killed Electrical Steel [34].

Type I MnS

Type II MnS are traditionally referred to as ‘Eutectic MnS’ and tend to form
within fully-killed steel grades. Because these steel grades undergo a significant level
of deoxidation, they tend to show a high-level of S solubility. As a result, they form
within the regions that are last to solidify, precipitating as the dendritic shape seen in
figure 2-6 on primary grain boundaries. In Al-killed steels, the Al,O3 which are present

often act as nucleation sites for the MnS inclusions [3].
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Figure 2-6. A photomicrograph depicting an example of a Type II MnS Inclusion taken from an
Al-killed Steel [34].

Type III MnS

It is believed that this type of MnS inclusion forms directly from the melt as a
solid particle which is what causes its irregular and often angular shape (Figure 2-7).
They tend to form in fully killed steels that have been treated with an excessive amount
of deoxidising agent which, as mentioned earlier, is normally Al. This high degree of
deoxidisation prevents the formation of oxide inclusions that can act as a nucleus or
form a duplex inclusion with the MnS. This results in the formation of a monophase
particle that is generally considered to be the purest form of MnS that can precipitate
[34]. The high level of Al, which is present to act as a deoxidising agent, suppresses
the S solubility. This is similar to how O content favours the precipitation of Type I
MnS. As a result, they share significantly more in common with each other than Type
II MnS. For example, both types precipitate much earlier in the solidification process

and are therefore randomly distributed throughout the steel.

100pm ‘

&

Figure 2-7. A photomicrograph depicting an example of a Type III MnS Inclusion taken from
an Al-killed Steel [34].
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2.1.3.3. The Calcium Sulphur System

There are 2 common sulphide inclusions that precipitate from Group II metals,
these are CaS and Magnesium Sulphide (MgS). However, as can be seen in Figure
2-3, out of these 2 sulphides, CaS preferentially forms due to its lower level of AG®.
This, combined with the fact that Ca still has a strong tendency to form sulphides even
if O is also present [34], means Calcium (Ca) is the one most commonly used to reduce
the S content to low levels (<0.005% S) [14]. CaS has a high melting point (in excess
of 2500°C) and often appears as a ‘shell’ precipitated around an oxide inclusion,
typically Calcium Oxide (CaO) or alumina [9, 48, 49]. Its key discerning property over
MnS, other than its higher affinity to S, is that it is hard and therefore does not deform
upon rolling [50].

2.1.3.4. The CaS — MnS System

CaS and MnS are both cubic isostructures of NaCl, forming the continuous
sulphide solid solution (Ca,Mn)S at high temperatures. When reduced to room
temperature however they tend to split into 2 phases, (Ca,mn)S and (Mn,ca)S [51] -
Figure 2-8. Because CaS has a larger lattice constant than MnS — 5.683 A compared
to 5.226 A — it hardens the solid solution by cation substitution of Mn?" and Ca**,
paralleling the mechanism of hardening found in simple metal systems, e.g. Copper
hardening of Nickel and vice versa. This means the odd sized atoms stop dislocation
movement by locally reducing strain energy therefore requiring a higher shear stress
to induce slip. In addition, Ca®" is more ionic than Mn?" and therefore increases the
hardness further. This all results in only a few percent of CaS in solid solution

successfully hardening the MnS [52] - Figure 2-9.
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2.1.4. Calcium Treatment

The addition of Ca to steel comes with its own list of distinct advantages, some

of which have been touched on before:

1. Improves the steel’s castability during continuous casting by modifying the

alumina into calcium aluminates thus helping to minimise the effects on

nozzle blockage [31, 54-59].

2. Modifies the detrimental MnS stringers into CaS, increasing the level of

isotropy of the steel [60—62].

3. Reduces the overall O and S levels therefore improving the cleanliness of the

steel [63].

As a result, Ca treatment is applied whenever any of these properties are

required. Enough Ca must then be applied to react with the alumina and ensure that

the calcium aluminates that form are liquid at steelmaking temperatures.

If the system is simplified to its 4 components (Al, Ca, O and S), the most

essential reactions that control the formation and transformation of the inclusions are

[59]:

2[Al] + 3[0] = (Al,03)inc

[Ca] + [0] = (Ca0)nc

[Ca] + [S] = (CaS)inc

[S]+ (Ca0) = (CaS)inc + [0]

[Ca] + 6§(Al203)inc = Ca0 - 6Al,05 ;4 inc + %[Al]
[Ca] + 2§(Al203)inc = Ca0 - 24,03 ;4 inc T %[Al]
[Ca] + %(A1203)mc = Ca0 - 241,05 ;4 inc T+ %[Al]
3[Ca] + (Al;03)inc = 2[Al] + 3(Ca0) .

3(Ca0) e + 2[Al] + 3[S] = 3(CaS) i + (Al,03)ine
(CaS)ine = CaSsotid inc

(2-1)
(2-2)
(2-3)
(2-4)
(2-5)
(2-6)
(2-7)
(2-8)
(2-9)
(2-10)

In these equations, a square bracket represents an element that is dissolved in

the steel melt, round brackets indicate components that are dissolved in liquid slag

inclusions and the subscript ‘solid inc’ represents a solid (saturation) phase. Beyond

this; (2-1) — (2-4) shows the deoxidisation and desulphurisation reactions by Ca and

Al, (2-5) — (2-7) are the reactions in which the alumina inclusions are modified by Ca
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to form solid calcium aluminates; (2-8) is simply the general reaction for this
modification; and (2-9) - (2-10) shows sulphurs interaction between the steel and the
inclusions including the precipitation/dissolution of sulphides. It should be noted that
if the transformation proceeds by reaction (2-7), liquid aluminates are formed. Also,
while these are only some of the reactions that take place, they still aid in the overall

understanding of the Ca modification process.

As a result of this there are 3 key classes of inclusions which form that can

result in the efficiency of the Ca treatment being evaluated [38]:

Class 1. Non-metallic inclusions consisting of intermingled sulphide and
aluminate phases indicating that the inclusions have been liquid
through the whole process, and they have solidified at the same time.
The sulphide phase tends to be CaS with a calcium aluminate of either
Ca0-Al>0Os or 12Ca0O-7AL0Os. This suggests high levels of Ca due to

formation of the lowest melting calcium aluminates.

Class 2. These are the most prevalent in Ca treated steels and consist of a ‘core’
that consists of CaO-AlLO3 or CaO-2A1,03 that has solidified first,
surrounded by a sulphide ‘shell’. In this instance the sulphide tends to

be a solid solution of (Ca,Mn)S.

Class 3. This is indicative of incomplete Ca treatment and consist of an
unmodified MnS phase and a central calcium aluminate which tends to

be Ca0O-6Al1,0:s.

If CaO-6Al1,05 precipitates during casting it can result in a severe blockage in
the SEN that can be even worse than the clogging caused by alumina. This is due to
the fact that the volume of the CaO-6Al1,03 phase unit cell is practically seven times
the size of alumina — 579.25 A® compared to 84.50 A® [54]. As a result, the possible
benefits which can be obtained from Ca modification can be overshadowed by the

limitations faced in the liquid steel.

The increase in the use of Ca within the ladle also provides the chance for
additional solute interactions and therefore increases the appearance of previously

unknown precipitation patterns. This has been shown in the observations of Boussard
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et al [64] which highlight the significance of the relative sulphur (S), aluminium (Al)

and oxide concentrations during attempts to modify oxide inclusions.

If any of these elements were present at unusually high levels it resulted in a
non-equilibrium relationship as well as the prolific and unwanted precipitation of high
melting temperature CaS. This means that it will be solid throughout the majority of

the steelmaking process and can actually accelerate nozzle clogging [58].

The equilibrium diagram of the Fe-Al-Ca-O-S system at 1600°C, that was
developed by IRSID [65, 66], is shown in Figure 2-10. If a steel contains 0.05% wt.
Al, when Ca is added, the amount of dissolved Ca is minimal because of its general
low level of solubility in Fe. This means it reacts with AlbO3; forming calcium
aluminates and the percentage amount of CaO in these inclusions increases along with
the amount of Ca. When these newly formed calcium aluminates reach 40% CaO, they
become liquid at 1600°C. At this point, if the S content of the steel is too high
(>0.035%), it will result in the formation of solid CaS inclusions. When the S content
is low (<0.006%), it allows for the formation of calcium aluminates with atleast 50%

CaO.

Figure 2-11 then breaks this down further for a specific grade of steel, showing
the impact of different Al contents. For both these diagrams, the solid lines indicate

the boundaries in which various oxides form. The dotted line on the other hand shows
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Figure 2-10. Equilibrium Diagram for the System Fe-Al-Ca-O-S at 1600°C [67].
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Figure 2-11. Stability Regions for Solid & Liquid Oxides at CaS Precipitation during Ca
Treatment for a Steel (0.8%C, 0.65%Mn, 0.2% Si, 0.13%Cr) where:
(a) 0.015%Al; (b) 0.065%Al [68].

the points at which CaS saturation occurs for the associated S contents. When both the
Al and the S content are low, CaS can only form after high levels of Ca addition
leaving a wide window in which calcium aluminate inclusions can form. However, if
the Al levels in the steel are high, it completely closes this “liquid window” for S levels
as low as 0.009%. As a result, the level of Ca addition needs to be carefully controlled

depending on the general S and Al content of the steel.

However, what is important to note is that as the CaO content of these
inclusions increases beyond 40%, it becomes more and more difficult to ensure the
formation of these liquid aluminates without the accompanying precipitation of CaS.
Figure 2-12 shows this phenomenon, as well as indicating regions (A-D) that
correspond to ever more stringent manufacturing conditions. As a result, it is important
to ensure that the CaO content of these aluminates is a maximum of 50% - preferably

between 40-45% [64, 69].

Steel composition alone is not the only factor in the successful modification of
Al>0s3 inclusions without the formation of detrimental CaS. As shown by the invariant
equilibrium diagram in Figure 2-13, temperature also plays a major role in the quality
of S that can present in the steel while still preventing potential nozzle blockage. As
can be seen, the higher the temperature, the higher the amount of S that can be present

and vice versa.

Due to advances in modern steelmaking, steels with a maximum 0.002% S can
be easily achieved if required [39]. This value is however closer to 0.0025% in Tata

Steel Port Talbot’s best practices. What this does show, however, is that these calcium
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aluminates with >40% CaO can be achieved over a wide range of Al content and Ca
addition levels. What is less obvious, is what happens to the sulphur itself if it does

not form the detrimental CaS early in the steelmaking process.

Research by Gatellier et al [70] and Wang et a/ [71] has shown that as the
metal cools, the calcium aluminates act as nuclei for the precipitation of MnS-rich
inclusions. This MnS then reacts with the Ca in the oxide core, resulting in a globular
AlOs-rich core and an outer layer of (Ca,Mn)S or potentially pure CaS. This reaction

is according to (2-9) where [S] corresponds to MnS.

What is less obvious however, is the specific levels of Ca and S that need to
be within the steel for this reaction to occur to such an extent that there is little to no
detrimental elongated inclusions after rolling. From previous research, the indicator of
successful modification of these “soft” MnS inclusions into “hard” (Ca,Mn)S/CaS is

the Ca:S. However, this research does not agree on a definitive ratio.

Turkdogan [39] calculated that, should the S level of the steel be less than 30
ppm, the Ca:S should be at least 1 but would preferably be somewhat higher. Ototani
[10] states that this value should be at least 0.7 which was corroborated by Lis [9] who

also calculated this value to be 0.7, as long as the Ca:Al was above 0.14.

This is further backed up by work by Jehan [72] during testing conducted at
Lackenby Steel works (Figure 2-14 (b)). This shows that significant modification
occurs when the Ca:S is between 0.7 and 1, with full modification occurring if the

ratio is greater than 2. Figure 2-14 (a) on the other hand shows complete
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modification at roughly Ca:S of 1.44 (corresponds to an Atomic Concentration Ratio

(ACR) of 1.8), with acceptable levels at 0.32 (ACR 0.4).

32[% Ca]

ACR = ,
40 [% Si]

(2-11)

However, these results cannot be generalised for all levels of S, with the
acceptable level of Ca:S in low S steels possibly being several times higher than that
of steel with higher levels of S [38]. At these higher S levels, Ca:S of approximately
3 have been seen [74] to be needed for compete modification. This variation in
chemistry could be one of the potential causes for the differences in required Ca:S. In
the case of Turkdogan, it could also be the fact that it is based on calculations that
assume a need to have more CaS than MnS in solid solution to achieve hardness values
that are high enough to prevent elongation, when in fact it could be lower. It could
also be the fact that general improvements in steelmaking have resulted in the size of
the inclusions being analysed by Jehan at Lackenby Steel works no longer being

regularly encountered.

In addition to this, there appears to be very limited research that directly
connects a specific Ca:S to the required mechanical properties for a steel grade. The
only research that could be found that directly links Ca:S (and the resulting level of
detrimental elongated inclusions) to mechanical properties indicated that, for a low
temperature Si-Mn steel, a Ca:S > 0.7 was required to eliminate anisotropy within the
steel. It was also found that this value should be no higher than 1.3 because this led to
the agglomeration of spherical inclusions that seemed to deteriorate the steels
properties (Taken from [10] which covers a study conducted in 1979 by Okamura et

al, unfortunately the original study could not be found).

This specific Ca:S is important because even without complete modification,
a steel may still obtain its required properties if the level of detrimental stringers has
been reduced to a sufficiently low level. As aresult, both the Ca:S needed for complete
modification of the sulphide inclusions and the effect of Ca:S on mechanical properties

will be significant aspects of this research.

The fundamental thermodynamic properties of Ca also add some limitations to
its use. The low solubility of Ca in liquid steel is the principle of these limitations,

with Sponseller and Flinn [75] reporting the solubility of Ca to be as low as 0.032%
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at 1607°C. At these conditions, the Ca-vapour was measured to be 1.69 atm. This
means that at atmospheric pressure, the solubility of Ca is just 189ppm. However, as
Ca evaporates at 1440°C, achieving even these levels of solubility can be difficult
since the Ca will evaporate almost immediately at working-steel temperatures (1600-
1650°C). This rapid evaporation results in a high-pressure vapour (1.69 atm) that
rapidly ejects from the ladle.

This high-pressure vapour also promotes the collision and coalescence of
alumina inclusions. This means that, with a combination of intense bath stirring, the
alumina inclusions are aided in their removal from the melt when compared to small
non-buoyant alumina inclusions which must cluster on their own without forced

convection [38].

Fortunately, Ca can be engineered to increase its level of dissolution within
steel. By alloying the Ca powder with elements of nickel, carbon, silicon and Al, its
solubility has shown a marked improvement, to the extent that some products report
yields of up to 30% [76]. Ferro-static pressure can also be used to help slow down Ca

evaporation, therefore extending the ladle residence time.

The boiling point of a liquid is defined as the temperature at which the vapour
pressure of the liquid and the atmospheric pressure are equal. This means, at a certain
depth in the ladle, the pressure exerted by the weight of the steel (the ferro-static
pressure) combined with the atmospheric pressure equals the Ca vapours pressure (i.e.
1.69 atm). As a result, the Ca evaporation would be suppressed if it can be transported
to depth that is greater than this point. In modern secondary-steelmaking facilities, this

is usually between 1.8 - 2m from the surface of the melt.

While the powder injection method is effective, it does have the following
weaknesses that have resulted in it being rapidly replaced by Ca cored wired injection.

The principle of these being [10]:

1. There is an increase in nitrogen content if the melt comes into contact
with air at any point.

2. As CaC; decomposes in the melt, the leftover C remains within the
molten steel.
Because of the gas injection of powder, hydrogen pickup is inevitable.

4. There is a danger of powder explosions due to excessive reactivity.
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2.1.4.1. Wire Feeding Method (WF Process)

The method of adding Al wire to a steel melt has been widely used in the
adjustment of soluble Al content, largely due to its ability to produce a high and
controlled yield. This has developed into a technique for the addition of Ca to the melt
via a continuous feed directly into the ladle. During this process, the melt is normally
stirred by channelling a gas through a porous brick at the base of the ladle. Figure 2-15
shows the outline of this feeding process.

Wire feeder
- . ; Pay off
Guide pipe )
N ’<I>—\ /

, . QOO =
Calcium wire s s (T ] B ] ﬁf_!,

Figure 2-15. Schematic of the wire feeding process [10].

The wire itself consists of a core containing either pure Ca, a Ca/Al mixture or
a calcium silicide (CaSi) powder that is sheathed in steel and placed on a pay-off reel.
The wire is designed with this outer steel sheath as a means of delaying the release of
the highly reactive cored materials which have a significantly lower melting
temperature and density than steel. As a result, it delays the wire from melting
completely, allowing the cored materials to fuse before being released deep in the steel
melt, and therefore making the Ca treatment more effective. The existence of the

aluminium or silicon in the wire core provides the following advantages [10]:

1. The combined action of the Ca plus either aluminium or silicon results in
an improved deoxidisation and desulphurisation rate.
2. The solubility of Ca in the steel bath increase which in turn leads to a

better distribution and quieter reaction of the added Ca.

A feeding machine pulls this wire through a series of pinch rolls until it is
finally drawn through a guide pipe and into the steel melt. The wire pulling speed can
be varied from 0.05 to 5.1 m/s depending on the volume of the melt to be treated.

Unwanted smoke development and excess Ca evaporation at the melt surface can also

29



be prevented by varying this pulling speed. This results in a much more stable addition
process with a higher percentage of Ca which is either retained in the melt or bonds

with residual elements (e.g. O and S).

In industry, general Ca yields of 15-25% can be obtained during the steel
refining processes which is 2-3 times higher than those achieved through powder
injection methods. Additionally, these high yield levels are stable and are easily
reproduced between different melt charges [10]. As a result, this is the method of Ca
treatment that is utilised within Tata Steel, Port Talbot where they use a CaSi powder

core€.
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2.2. Effect of Inclusions on Mechanical Properties

In general, inclusions are detrimental to the properties of steel, even more so

for high strength steels in critical applications. These properties include [14, 19, 77]:

e Mechanical properties (e.g. strength and fatigue)
e Ductile and Brittle Fracture

e Hot Shortness and Tearing

o Weldability

e Machinability

e Surface Finish

e Corrosion

The key factors that can cause these effects are inclusion geometry (i.e. size
and shape), distribution and quantity of inclusions as well as the properties of the
inclusions themselves. These properties include plasticity/hardness in relation to
temperature, thermal expansion coefficient, crystallisation behaviour (in relation to
“glassy” inclusions) and, less significantly, the solubility of any metallic components

[78].
2.2.1. Influence on Ductile Fracture of Steel

Ductile fracture is an important characteristic in the structural and mechanical
application of steel as it directly influences, not just the steels ductility, but also its
formability and toughness [78]. This is of course dependent on the deformation
occurring at temperatures where the ductile deformation is still a predominant part of

the fracture process — i.e. above the ductile-brittle transition temperature. In most
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Figure 2-16. Longitudinal Section Taken from a Tensile Specimen in Necking Region that

Shows the Nucleation and Coalescence of Microvoids Around Inclusions [79].
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cases, ductile fracture occurs through the nucleation of microvoids within the steel,
which then grow and coalesce, potentially resulting in the ultimate failure of the
material. It has been shown [80] that this nucleation of microvoids preferentially
occurs around inclusions, with the coalescence then proceeding as the result of necking
developing between the microvoids which surround separate inclusions. A good

example of this is shown in Figure 2-16.

When deforming the steel, these voids can form due to the difference in
plasticity between the inclusion and the surrounding steel. This “relative plasticity” —
as shown by the deformability index (v) - is the ratio between the true deformation of
inclusions to the true deformation in the steel and was summarised by Kiessling [81]

in the graph shown in Figure 2-17.

Because inclusions are made up of ionic, covalent and mixed bonding, they are
generally brittle at room temperature and do not have strong bonding to the
surrounding metallic matrix. This means that when the steel is deformed, inclusions
can either elongate in line with the deformation, fracture or show a combination of the
two (Figure 2-18). For inclusions that are too hard to deform to the same extent as the
surrounding steel matrix (0 <v <0.5), the combination of low bonding strength to the
matrix and the deformation of the matrix itself leads to the formation of a void between
the inclusion and the surrounding matrix [78]. The size of the void is then proportional

to the amount of deformation the inclusion has undergone - i.e. the lower the v.

Inclusions with ~0.5 <v < 1, usually deform plastically with the steel and as
such, the deformation of the steel alone is not expected to cause voids. However, the
inclusions themselves can act as stress raisers in the slip planes of the steel causing

anisotropy [19]. This anisotropy cannot be eliminated by further heat treatment [78].

The size and distribution of these inclusions also plays a vital role in void
nucleation, growth and coalescence. The size of the inclusion is important because the
larger the inclusion, the smaller the strain needed to nucleate a void [80]. As for the
distribution of these inclusions, if the inclusions are close enough together, the stress
concentrations surrounding the inclusions can interact, allowing voids to coalesce
more easily. In fact, if the distance separating the inclusions is small enough, it can
actually increase the stress concentration to the point that a micro-crack forms in

between the inclusions [77].
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Figure 2-17. How Changing Temperature Affects the Relative Plasticity of Different Inclusions.
Please Note That the Curves are Semi-Quantitative in Nature. (Taken from [78] which in turn

was adapted from [81])
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Figure 2-18. Representation of Different Inclusion Types and their Morphologies Before and
After Hot Working [78].
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Of the two however, it has been shown that the number of inclusions has a
greater impact on the properties of the steel. Research conducted by Roesch et al [82]
on alumina particles within sintered compacts of iron with inclusion volume fractions
ranging from pure iron (i.e. 0%) to 7% and particle sizes between 15-35um can be
seen in Figure 2-19. While they concluded that the volume fraction of inclusions was
more important than particle size, the research also showed that as the quantity of

inclusions increased it resulted in:

1. The disappearance of the upper yield point.
2. Both the yield stress and ultimate tensile stress (UTS) decreasing.

3. A decrease in ductility.

The shape of inclusions themselves also plays a key role. Spherical inclusions
by their very nature have no effect on the isotropy of a material. If, however, the
inclusion was plastic at working temperature, as mentioned previously, this inclusion
would elongate in line with the working direction, resulting in anisotropy in the

material.

An example of this is seen on the effect of MnS on tensile properties. In the
longitudinal direction, MnS have little to no effect on yield strength, UTS, work

hardening exponent or work hardening rate. However, when a 3” bar of AISI 1144
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Figure 2-19. Graph Illustrating How the Amount of Alumina Influences the Tensile Properties

of Sintered Compacts of Iron [82].
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was tested in both the longitudinal and transverse directions, the average UTS dropped
by 23.8%, the average yield strength dropped by 24.6% and the elongation dropped
by 77% [61].

The key reason for this is that, even though MnS is plastic at the elevated
temperatures of hot rolling, when returned to cold working conditions the inclusions
become harder than the surrounding ferrite. Instead of deforming with the surrounding
matrix, Wu et al [83] observed 4 typical variations during the load process (Figure

2-20):

1. Decohesion of the MnS from the surrounding matrix

2. Fragmentation of the bulk MnS inclusions

3. Microvoids forming along the line connecting two MnS inclusions if the
void surrounding the inclusion had become rounded, blunting the crack tip.

4. Cracks caused by the sharp tips of the MnS inclusions themselves.

It was found that no cracks that were caused by decohesion of the matrix
propagated because the crack tip rounded under the low stress. As the tensile load
increased however, stress concentrations formed at the MnS that could not be abated
by elastic deformation. This meant that the stress was higher in the regions of the
matrix that were perpendicular to the load. As a result, microvoids nucleated in a line
which in turn coalesced to form cracks. It was also found that if the inclusions
themselves are relatively evenly distributed (Type C in Figure 2-21), the cracks are

blunt and quasi-one dimensional and may not propagate until the specimen fractures.

M.\ | decohesion,

Figure 2-20. Image Taken of the Surface Perpendicular to Necking of a Specimen that was

Unloaded at a Strain of 0.1 [83].
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Figure 2-21. Void and Crack Behaviour at Different Types of MnS Inclusions During
Deformation [83].

This is because the void coalescence is caused by localised shear and necking
between the inclusion. However, at a certain distance, this internal necking of the
matrix between two voids becomes inconsequential. At this point the mechanism of
failure in samples with MnS Type C is just random void nucleation, growth and
coalescence. As this distance decreases so does the strength of the matrix between
them leading to the premature end of the necking process and preferential void

nucleation and coalescence.

Whu also found that for MnS inclusions that had sharp tips, the increase in stress
concentrations at these points causes microcracks to form regardless of the process of
void nucleation & coalescence, as shown in Figure 2-20. While not captured in this
image, Wu believed that the small radius of the void caused by the decohesion at these
tips might be responsible for the cracks. This implies that the more an inclusion has
elongated, and thus the higher the inclusions length/width (L/W) ratio , the more likely
it is that that inclusion will form a microcrack on the tip that could coalesce, potentially
resulting in the earlier failure of the material under transverse loads. The other logical
impact would be that, the higher the L/W ratio, the larger the void that would form
through decohesion of the matrix and the inclusion, if the load is applied transverse to
the rolling direction compared to longitudinally. While it would be preferable to be
more quantitative about the impact of the shape of the inclusion, currently there is no

literature available that can provide this information.
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2.3. Assessment of Inclusion Analysis

With increasingly cleaner steels becoming ever more important to the steel
industry, the demand for analysis techniques that can characterise the inclusion
population within the steel has only increased. This characterisation consists of
evaluating the inclusions’ size, distribution, morphology and chemical composition
[84, 85]. While there are various techniques and preparation methods that can evaluate
one or more of these parameters at the same time [86, 87], the way they accomplish
this varies from direct to indirect methods. Direct methods, while typically accurate,
tend to have a high cost associated with the analysis. Indirect methods, on the other
hand, are fast and inexpensive but as they rely on indicators for inclusions’ content,

can be unreliable [23].

There are numerous types of direct methods including Sulphur prints, Laser
Microprobe Mass Spectrometry (LAMMS), X-ray Photoelectron Spectroscopy (XPS),
Mannesmann Inclusion Detection by Analysis Surfboards (MIDAS) [23]. However,
the most widely used are optical and scanning electron microscopy [88]. Both these
techniques tend to analyse steel cross-sections and, as such, only offer a 2-dimensional
representation of a 3-dimensional structure. As such, they are often not a true

representation of the inclusion (Figure 2-22).

While optical microscopy offer no chemical-composition of the inclusions
unlike EDS-based SEM analysis [89], it is still the most commonly used inspection
method in the industry [90]. This is likely due to it being a relatively cheap technique,
that does not require extensive training to complete to a high standard. If conducted
manually, however, it is not only both incredibly time consuming and tedious [23, 89].
In addition to this, a study by Vander Voort [12] in 2017 found that not only were
there misclassification problems associated with manual assessment, there was also a
poor level of reproducibility when the experienced metallographers, employed within

the study, examined the same samples.

As a result, an effort needs to be made to not only automate this procedure, so
it is not only as reproducible and accurate as possible, but also cost/time effective.
While commercial software/hardware is available to automate this analysis, they tend
to be proprietary and expensive. This proprietary nature therefore means that the
method used to assess the inclusions is not fully auditable.
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Figure 2-22. Example of 3 Different Inclusions That Would Appear Identical After Cross-

Section Analysis.

As the standard method of determining the size and shape of inclusions is by
using a microscope, it is too time consuming to implement as a means of quality
control during the steel making process [91]. This has led to the development of
Optical Emission Spectrometry with Pulse Discrimination Analysis (OES-PDA) for
the on-line bulk analysis of steel samples [91, 92]. During OES-PDA analysis, most
of the signals are generated by the bulk material, with only a few percent caused by
the actual inclusions themselves. In order to identify these inclusions signals, the
outliers in the dataset will have to be isolated [93]. Because OES-PDA data is not
normally distributed, the peaks at the higher intensities are not only being associated
with inclusions themselves, but also incorporates data from the bulk material (Figure
2-23). As a result, existing algorithms that have been developed to detect outliers in

normally distributed datasets, have to be modified [93].

After work using OES-PDA to characterise deoxidation inclusions was
conducted at IRSID, Tata Steel (then CORUS(UK)) collaborated with SPECTRO to
develop a commercial tool [92]. However, while initial work analysing low sulphur
Nissan steels yielded both statistical and qualitative identification of inclusions, it was
decided to broaden the data interpretation to also include a quantitative component by
factoring in the relative emission of each of the elements in the inclusion. This led to
an ECSC funded project by Whiteside et al [94]. The project had the principal aim of
developing both instrumentation and data interpretation algorithms that could predict
the final steel products physical properties based off the size and composition of the
inclusion population and therefore enable more effective inclusion engineering. This

projects model, however, is still in need of validation [95].
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Figure 2-23. Separation of Aluminium that is Associated to AL:Os and the Aluminium that is

Dissolved in the Steel Matrix [91].

Because of the cost, time requirements and sampling difficulties which are
usually associated with direct inclusion measurements, indirect methods of assessing
a steels cleanliness levels are generally used in the steel industry [23]. However, due
to their very nature, they can only be used to indicate whether inclusions are within
the steel and cannot be definitive [96]. A typical example of an indirect method is that
of measuring the total O of the steel [20]. Because O is a key component of the harmful
inclusions within steel, a decreasing trend of total O is considered a good estimation
of the total amount of oxide inclusions in the steel, and thus its overall cleanliness

levels [96].
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Chapter 3

Experimental Practices
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3.1. Investigated Grade

3.1.1. FB590

The grade that will be the focus of this study is a hot rolled FB590 which is a
ferrite-bainite high strength steel (AHSS). It is designed to offer high strength,
ductility, and formability and is used in automotive chassis and suspension
applications, such as; upper and lower control arms, engine sub-frames and road
wheels (specifically wheel discs) where a high strength, highly formable material is
required. This grade was chosen because it offers a good range of Ca:S ratios while
being a widely used grade. As a result, not only is a deeper understanding of its
properties vitally important but it also ensures that it is regularly manufactured in Tata

Steel Port Talbot, thereby making sample collection more straightforward.

Upon retesting to obtain PDA analysis, it was discovered that these updated
chemistries differed from the original chemistries. Some varied in relatively large
amounts, including one sample that was originally classified as Ca treated sample
(11QS44/7) subsequentially showing no signs of treatment. This was potentially
because these chemistries were calculated from lollipops taken from the ladle, instead
of from the actual coil strip. As a result, an effort was made to reanalyse as many
samples as possible, in order to get both updated and more accurate chemistries, but
also to obtain PDA data from a larger sample set. The resulting chemistries for these

retested samples can be seen in Table 3-2 and Table 3-3.

Unfortunately, not all samples were available for reanalysis. As a result, to
include the mechanical data from these samples in the analysis, some assumptions had
to be made about their chemistries. The subsequent chemistries can be seen in Table
3-4 and Table 3-5, with further details on the calculation of these chemistries shown

in Appendix B.
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Table 3-1. Accepted composition range chemical composition (wt.%) of FB590.

| | c | s [ m]sialmoalmw | 0| e

Aim 0.07 0.197 1.33 0.036 0.04 0.045 0.017 0.0023
Min. 0.05 0.150 1.20 0.020 0.02 0.035 0.010 0.001

Max. 0.08  0.220 1.40 0.045 0.05 0.050  0.020 0.003

Table 3-2. Highlighted OES Chemistries from Retested Samples (Part 1).

mple Process s wm o So T cas cal
11Q544/7 P&O  0.019 1.322 [0.0054 0.033 0.035 [0.0003 | 0.06 0.009
12543/1 P&O  0.182 1.324 [0.0029) 0.03 0.032 [0.0029° 1.00 0.091
12543/2 P&O 0204 1.320 [0.0045 0.034 0.036 [0.0025 0.56 0.069
13524/18 P&O  0.198 1.314 [0.0042] 0.038 0.041 [0.0023 0.55 0.056
14517/1  HR  0.194 1.303 [0.0056  0.044 0.047 [0:0028" 0.50 0.060
14s17/2 HR  0.194 1.301 [0.0060 0.045 0.048 [0.0025 0.42 0.052
14517/3 P&O  0.198 1.307 [0.0032) 0.037 0.039 [0.0026' 0.81 0.067
14517/4  HR  0.199 1.306 [0.0030 0.036 0.039 [0.0025 0.83 0.064
14517/5  HR  0.243 1335 [0.0059 0.044 0.048 [0.0029 0.49 0.060
14517/6 =~ HR  0.187 1.298 010035 0.033 0.036 [0:0026] 0.74 0.072
14517/7 HR  0.185 1.293 [0.0035  0.032 0.035 [0.0024 0.69 0.069
14517/8  HR  0.179 1.346 [0.0050 0.029 0.032 [0.0020° 0.40 0.063
14517/9  HR  0.176 1.337 [0.0049 0.030 0.033 [0.0019 0.39 0.058
145s17/10  HR 0204 1.340 [0.0051 0.039 0.042 [0.0028" 0.55 0.067
14517/11  HR 0201 1.333 [0.0051] 0.038 0.041 [0.0028 0.55 0.068
14517/12  HR  0.191 1.333 [0.0037  0.035 0.038 [0.0021 0.57 0.055
14s17/13  HR  0.198 1.364 [0.0054  0.034 0.036 [0.0020° 0.37 0.056
14521/1 P&0O  0.202 1.335 [0.0052| 0.038 0.040 [0.0029" 0.56 0.073
14521/2 P&O  0.164 1.412 [0.0079 0.034 0.037 [0.0018 0.23 0.049
14521/4 P&O  0.179 1345 [0.0057 0.025 0.027 [0:0045 0.26 0.056
14521/7 P&O  0.179 1.364 [0.0055" 0.027 0.029 [0.0015] 0.27 0.052
14521/8 P&O  0.179 1.365 0.00521 0.027 0.030 [0:0016° 0.31 0.053
14521/9 P&O  0.179 1.369 [0.0052  0.027 0.030 [0.0016 0.31 0.053
14521/10 PO  0.180 1.371 [0:0052" 0.027 0.029 [0:0045] 0.29 0.052
14521/11 P&O  0.181 1.366 00054 0.027 0.029 [0.0015 0.28 0.052
14521/12  HR  0.192 1.295 [0.0064| 0.035 0.038 [0.0014  0.22 0.037
14521/13 HR  0.190 1.286 [0.0065  0.034 0.037 [0.0015 0.23 0.041
14521/14 HR  0.193 1.295 [0.0066 0.035 0.038 [0.0015' 0.23 0.039
14521/15 HR  0.193 1.289 [0.0064| 0.034 0.037 [0.0014  0.22 0.038
HR = Hot Rolled Dry P&O = Hot Rolled Pickled & Oiled
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Table 3-3. Highlighted OES Chemistries from Retested Samples (Part 2).

14521/16 0.193 1.292 [0:00581 0.031 0.034 - 0.24 0.041
15524/1  HR  0.202 1.354 0.038 0.041 [0:0023] 1.00 0.056
15524/2  HR  0.203 1350 [0.0027 0.041 0.044 [0.0023] 0.85 0.052
15524/3 | HR  0.203 1.350 [0.0029" 0.041 0.044 [0:0025 0.86 0.057
15524/4  HR  0.199 1.322 [0:0029" 0.033 0.036 [0:0027] 0.93 0.075
15524/5  HR  0.196 1.326 00028 0.030 0.033 [0:0024] 1.14 0.073
15524/6 =~ HR  0.186 1.341 [0.0015 0.032 0.035 [0.0021 1.40 0.060
15524/7 | HR  0.190 1.329 [0.0022" 0.034 0.037 [0:0025" 1.14 0.068
15524/8  HR  0.184 1.334 [0.0018 0.036 0.038 [0:.0021] 1.17 0.055
15524/9  HR  0.184 1.323 [0.0014 0.032 0.035 [0:0021] 1.50 0.060
15524/10  HR  0.191 1.331 [0.0020° 0.032 0.034 [0.0025| 1.25 0.074
15524/11  HR  0.187 1.318 00021 0.034 0.037 [0:0025] 1.19 0.068
15524/12  HR  0.188 1.317 [0.0023' 0.035 0.037 [0:.0027 1.17 0.073
15524/13 HR  0.187 1.321 [0.0023" 0.034 0.037 [0.0027| 1.17 0.073
15524/14 HR  0.199 1.365 [0.0025' 0.037 0.040 [0.0024 0.96 0.060
15524/15 HR  0.197 1.362 0.0030" 0.040 0.043 [0:0025] 0.83 0.058
16518/10 HR  0.018 1.184 [0.0041 0.042 0.045 [0.0003| 0.07 0.007
16518/14  HR  0.028 0.731 [0.0048 0.034 0.037 [0:.0003' 0.06 0.008
16518/15 HR  0.023 0.739 [0.0049" 0.039 0.042 [0:0008] 0.06 0.007
16518/17 HR  0.027 1.138 [0.0042" 0.050 0.053 [0:0003] 0.07 0.006
16518/21 HR  0.024 1.164 [0.0051 0.061 0.065 [0.0003] 0.06 0.005
16518/22 HR  0.015 1.098 [0.0046' 0.026 0.028 [0:0003] 0.07 0.011
16518/24 HR  0.025 1.179 [0.0051 0.041 0.045 [0:0003] 0.06 0.007
16518/25 ~ HR  0.024 1.095 [0.0037 0.045 0.048 [0.0003' 0.08 0.006
16518/26 ~ HR  0.016 1.106 [0.0048 0.026 0.028 [0.0003] 0.06 0.011
16518/27 HR | 0.016  1.146 [0:0046 0.045 0.048 [0:0003] 0.07 0.006
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Table 3-4. Averaged OES Chemistries from Samples that Were not Available for Retesting but

Sample
ID.
13s524/4
13s24/5
13s24/6
13524/13
13s524/14
13524/15
13s524/16
13s24/17
14S21/3
14s21/5
14s21/6

Process
Route
P&O
P&O
P&O
HR
HR
HR
P&O
P&O
P&O
P&O
P&O

Had Samples from the Same Heat Number Retested.

Si
0.198
0.198
0.198
0.198
0.198
0.198
0.198
0.198
0.184
0.180
0.180

Mn

1.314
1.314
1.314
1.314
1.314
1.314
1.314
1.314
1.370
1.363
1.363

0.0042
0.0042
0.0042
0.0042
0.0042
0.0042
0.0042
0.0042
0.0057
0.0054
0.0054

Sol.
Al
0.038
0.038
0.038
0.038
0.038
0.038
0.038
0.038
0.034
0.027
0.027

Tot.
Al
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.037
0.029
0.029

0.0023
0.0023
0.0023
0.0023
0.0023
0.0023
0.0023
0.0023
0.0020
0.0015
0.0015

Ca:S

0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.35
0.29
0.29

Ca:Al

0.056
0.056
0.056
0.056
0.056
0.056
0.056
0.056
0.054
0.052
0.052

Table 3-5. Estimated Chemistries for Samples that Were Neither Available for Retesting nor

12523/13

13524/1

13524/2

13s24/3

13s24/7

13524/8

13524/9

13524/10

13524/11

13524/12

13s3/1

13S3/2

13s3/3

14517/14

14517/15

14517/16

14517/17

14517/18

14517/19

14517/20

14517/21

14517/22

14517/23

14517/37

14517/38

14517/39

HR
HR
HR
HR
P&O
P&O
P&O
HR
HR
HR
HR
HR
P&O
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
P&O
P&O
P&O

had Samples from the Same Heat Retested.

0.2069
0.1815
0.1815
0.1815
0.1815
0.1815
0.1815
0.1747
0.1747
0.1747
0.1913
0.1913
0.1913
0.0322
0.0322
0.0459
0.0410
0.0410
0.1562
0.0586
0.0390
0.0390
0.0488
0.1601
0.1601
0.1601

1.3200
1.2802
1.2802
1.2802
1.2802
1.2802
1.2802
1.2563
1.2563
1.2563
1.2882
1.2882
1.2882
0.4818
0.4818
0.5077
0.5027
0.5027
1.2056
0.4579
0.4878
0.6869
0.6769
1.2056
1.2056
1.2056
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0.0312
0.0331
0.0331
0.0331
0.0331
0.0331
0.0331
0.0263
0.0263
0.0263
0.0283
0.0283
0.0283
0.0253
0.0253
0.0341
0.0331
0.0331
0.0263
0.0370
0.0370
0.0390
0.0312
0.0263
0.0263
0.0263

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
0.0282
0.0408
0.0398
0.0427
0.0340
0.0281
0.0281
0.0281

0.48
0.48
0.48
0.48
0.48
0.48
1.25
1.25
1.25
1.21
1.21
1.21
0.35
0.35
0.95
0.33
0.33
0.67
1.03
0.64
0.40
0.41
0.67
0.67
0.67

0.073
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

0.096

0.047

0.053

0.037

0.044

0.096

0.096

0.096



3.2. Mechanical Testing

3.2.1. Tensile Testing

Tensile testing was conducted in order to calculate the ultimate tensile strength
(UTS), elongation and strain to failure of the material. This was then used to compare

the differences between steels of varying levels of calcium sulphur ratio.

The tensile testing was completed on a Zwick Roell 1471 (Figure 3-1) under a
100kN load. The analysis was completed at Tata Steel’s Harbourside facility in Port
Talbot by an on-site technician, due to restrictions regarding access to the equipment.
The testing was completed so that it adheres to the BS EN 10002-1:2001 [97]
specifications. The instrument works under an electric screw mechanism with serrated
wedge grips to hold onto the sample. It is equipped with an extensometer for both

gauge length and width.

The samples were taken from the positions shown in Figure 3-2 and cut to the
dimensions illustrated in Figure 3-3.The only variable to these dimensions was the
sample thickness, which varied depending on the sheet thickness from which the

sample was taken from.

Extension
Extensometer

Width
Extensometer

Figure 3-1. Zwick Tensile Tester
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Figure 3-2. Positions of the Samples Through the Width of the Coil.

260.000

154.698
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Figure 3-3. Tensile Test Specimen Dimensions
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3.2.2. Hole Expansion Testing

Depending on its design, the vast majority of automotive chassis components
undergo at least some forming, hole punching and expansion during manufacture. As
a result, the Hole Expansion Coefficient (HEC) is an important product property when
it comes to HR strip steels as a means of assessing its sheared edge flangeability. This
gives a measure of the quality of the steel by showing how much the hole size has

increased the moment a crack propagates through the thickness of the material.

The hole expansion testing was performed at Tata Steel’s Swindon Technology
Centre (STC) in Rotherham. The testing was conducted by an on-site technician in
accordance to the ISO 16630 standard [98] due to restrictions on access to the
equipment. The sample is cut to a 100mm x 100mm square before a 10mm hole is
punched in the centre of each sample. The sample is then clamped firmly, exposing
the centre area (70mm diameter) with the burr of the hole facing up. This hole is then
expanded using a conical punch with a 40mm diameter and a 60° top angle (Figure
3-4). When a through thickness crack is seen, the punches movement is stopped

immediately, and the final diameter of the hole is measured.

The HEC is then calculated using the following equation:

n= "L x100% (3-1)

0

Where Dy is the average initial diameter of the hole and Dr s the average final diameter

of the hole.
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a) Before the test b) After the test

Figure 3-4. Illustration of Hole Expansion Test [98].

Figure 3-5. Hole Expansion Tester
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3.3. Sample Preparation

To conduct the inclusion analysis in line with both ASTM E45 [99] and BS
EN 10247 [100], 200mm? samples were ground and polished down to a minimum of
0.25um finish, using the grinding and polishing procedure found in Table 3-6. This
ensured that any scratches remaining on the sample did not interfere with the greyscale

reading for the automated inclusion assessment discussed in section 3.4.3.

The polishing pads listed in Table 3-6 were chosen specifically as any other
type of polishing pad designed for this finish range led to a significant amount of

inclusion pull-out. The same was also true for the general polishing parameters.

49



Table 3-6. Grinding and Polishing Procedure.

Time Force | Disk Rotation | Head Rotation

Stage Grit Cloth (min) (N) Speed (U/min) | Speed (U/min)
P80 3:00
Grinding Ezgg N/A Zgg -0
P2500 6:00

6 um Monocrystalline Oil

MetP Pl loth 15:
Based Diamond Suspension etPrep Planoclot 5:00

1 um Monocrystalline Qil MetPrep 15:00 12 -150
Based Diamond Suspension Alphacloth '
Polishing 0.25 um Monocrystalline Oil | MetPrep Alphacloth**/ 1:00 +50
Based Diamond Suspension Buehler Microcloth*** )
0.05 pm Alumina Powder
MetP
Micropolish Suspended in et.rep 15:00
Chemicloth
Ethanol*
+ = Clockwise - = Counter-Clockwise

* Found to be ineffective as it led to mild etching of the sample but did complete some samples successfully so included for completeness.
Quickly replaced with 0.25um Monocrystalline Oil Based Diamond Suspension

** Used if conducting this stage on the ATM Saphir 550 Autopolisher
*#* Used if conducting this stage by hand on the Struers LaboPol-5 also at a disk rotation speed of 150 U/min.
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3.4. Inclusion Measurements

3.4.1. Manual Inclusion Measurements

To give the most complete analysis possible for the inclusion population of
each sample, which can also be compared to an automated procedure, the Random
Scanning technique for Average Field Measurements: Method K —BS EN 10247 [100]

was used. This is one of the assessment techniques employed by Tata Steel.

Based on previous analysis (i.e. Reichart Method), an underestimation of the
average number of inclusions was employed with 10 inclusions per Imm? predicted.
This meant, according to the standard, a minimum number of 80 fields had to be
analysed at 100x magnification to obtain a minimum 90% level of confidence in the
data. In a further effort to ensure accuracy, these fields were taken at roughly the top,
a quarter down and in the middle of the sample to incorporate the variation of inclusion

size and shape through the thickness of the steel strip.

The sample was investigated using a bright field inverted optical microscope
(Zeiss Axio Observer 7). Using the microscope’s “Mosaic” function, an image was
obtained of the entire surface area by stitching together a series of images. The entire
image was kept in focus by using the ‘Focus Correction’ tool within the AxioVision
software. This tools allows you to set points that change the focus level as the

microscope moves around the sample, an example of which is shown in Figure 3-6.

A 710um? region of interest (ROI) was placed over the surface of the sample
at 100x magnification. An example is shown in Figure 3-8 of the grid setup on the
Reichart microscope. Only inclusions within this area were analysed with any that
overlapped with the ROI’s boundary were ignored. The ROI was moved around the
sample surface, ensuring that there was no overlap of the individual grids, as shown
in Figure 3-9. The ‘line’ of ROI’s was taken to try to ensure the key areas of the steel

strip (Upper/Lower edge, Middle and Upper/Lower Third) were all analysed.

Each inclusion was measured and any with a length larger than 3um and a
width larger than 2um was included. The inclusions were then characterised based on
their shape, i.e. whether the inclusion classed as an elliptical or globular inclusion.
This classification was completed by dividing the height of the inclusion by its width.

If the resulting aspect ratio was larger than 1.3, the inclusion would be classified as an
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elliptical inclusion, if not, it was categorised as globular (Figure 3-10). If 2 or more
inclusions were close enough together to satisfy the conditions laid out in Figure 3-11
they were classed as a single inclusion. The resulting data was then input into excel to

calculate statistics on the inclusion population.

————
"

Figure 3-6. Example of image positions plus the Focus Correction points.

Figure 3-7. Final stitched Images
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Figure 3-9. Image illustrating movement around the sample (Adapted from [101]).

53



(a) (b)
Figure 3-10. Definition of (a) Globular (b) Stringer inclusion as standard shapes [100].

1 Inclusion 2 Inclusions
If e <40 um and t < 10 um if e >40 pum or t > 10 um
L = L1+ e+ L2
Li=14 Wi=w,
Wy > Wi
w=w, L=1L W2 =W,

Figure 3-11. Definition of inclusion that is composed of single particles [100].
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3.4.2. Semi-Automated Inclusion Measurements

(Reichart Method)

A 200mm? sample was ground and polished before being investigated under a
bright field optical microscope (Reichart MeF3), as close to both BS EN 10247 [100]
and ASTM E45 [99] as was viable. It was not successfully analysed to the complete
standard due to time restraints on accessing the equipment, the volume of images to
be analysed (roughly 300 per sample — roughly taking 5 minutes each to capture plus
processing time) and image overlap/separation. This overlap/separation was caused by
the simplistic nature of the stage, and how it moved around the sample. This would

have resulted in some inclusions being counted twice or not at all.

A compromise was made such that 10 randomly placed images were taken per
sample. This meant an average inclusion density and average inclusion type could be
calculated, per sample, without it being too time consuming, while still giving a good

overall view of the sample.

The captured images were then loaded into Photoshop and cropped to the grid
size. Using Photoshop’s ‘Magic Wand’ tool - which selects all the pixels that contain
a similar colour, within a controllable range, of the selected pixel - the inclusions were
isolated, before deleting the unnecessary parts of the image. A manual check was

necessary to ensure that only the correct features are included.

These inclusions were then quantified using the ‘Record Measurement’ tool
which counts the number of pixels within the designated area and converts the data
into microns. This calculation is based on the measurement taken from the scale bar
and the resulting data was exported into Excel for further analysis. Using the method
described in Section 3.4.1, the inclusions were then characterised into the
globular/stringer shape categories, as well as by inclusion density, average size and

arca.
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Figure 3-12. Inclusion Cell Pre-Photoshop

Figure 3-13. Inclusion Cell Post-Photoshop
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3.4.3. Automated Inclusion Analysis (Observer Method)

The same images used for the manual inclusion analysis described in Section
3.4.1 were also used for the automated inclusion analysis in an effort to better compare
both the results and the assessment method. This also ensured that the
procedure/sample was as close to the requirements of the BS EN 10247 [100] and
ASTM E45 [99] standards as possible. The main deviation being, any inclusion that
was isolated by the software was treated as an individual and not by the standards
shown in Figure 3-11. This will be discussed in greater detail in Chapter 5 —

Assessment of Automated Inclusion Analysis.

The final stitched image (Figure 3-7) was then loaded into ImageJ where it was
cropped and repositioned to create a single image of just the metal surface that is as
close to 200mm? as possible, ensuring that the image was aligned with the rolling
direction. The image was then converted to an RGB stack so as to allow for its
threshold to be adjusted in order to highlight the inclusions as effectively as possible
(Figure 3-14). These features were then quantified using the ‘Analyse Particle’ tool,
which counts the number of pixels within the inclusions on the ‘thresholded’ image

and converts that data into microns using calibration from the scale bar.

After using the ‘Analyse Particle’ tool, a data file for the entire inclusion
population was created, plus an image of the ‘masked’ inclusions (Figure 3-15). The
macro shown in Appendix B was then applied, separating the image into the
designated 710pm? region of interests (ROI) required by the standards, before
measuring the size of each inclusion within each ROIL. While this was occurring, any
inclusion that crossed the boundary of the ROI, and any ROI that did not satisfy the
710um? area requirement were disregarded, just as the standards dictate. As described
in Section 3.4.1, not all the data produced by ImageJ could be used. As a result, IF
functions and filters were used to discard the unwanted data and to characterise the

inclusions based on their shape.
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Figure 3-14 [a] Sample after ‘thresholding’ [b] Thresholding Scale

Figure 3-15. Example of the ‘Masked’ inclusions after using ‘Analyse Particle’ Tool.
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3.4.4. Correlated Inclusion Analysis (EDS)

Without moving the sample from the correlative stage (CorrMic MAT
Universal B) (Figure 3-16.), it was then placed in the Zeiss EVO LS 25 scanning
electron microscope (SEM) (Figure 3-17). The stage itself has 3 calibration points
which allow for the location of inclusions within the image obtained from the light
microscope, so that the SEM can accurately navigate to them. This enables the easy
evaluation of a range of inclusion types and sizes using energy-dispersive X-ray
spectroscopy (EDS) through Oxford Instruments Aztec Software and Detector
(XMax50n).

For the EDS analysis to function, the SEM must first stimulate the emission of
‘characteristic’ X-Rays from the sample. For this to occur, a beam of high-energy
electrons is focused onto the sample surface. Upon interaction with atoms within the
material’s structure, electrons in their inner shell can become excited. If the energy of
the interacting electron is greater than the ionisation energies of the inner-shell
electrons (i.e. critical ionisation energy), the electron will be ejected from the shell,
creating a hole where the electron used to be. This causes an electron from a higher-
energy shell to ‘drop in’ to fill this hole. To facilitate this energy loss, the excess energy
is released as an X-Ray which is ‘characteristic’ of the atomic structure of the emitting

element and can be measured to allow quantification of the specimen composition.

The EDS analysis parameters shown in Table 3-7 were applied to generate

either a spectrum from a specific point or a layered elemental map of an inclusion.

A process time of 6 was chosen for analysing spots to limit the effect of
overlapping peaks in the resulting spectrum, that might limit the accuracy of the
elemental measurement. At this processing time, the effect of ‘dead time’ is limited

because the measurement will be averaged only for that spot.

For creating the elemental maps, a process time of 4 was chosen to both
increase the number of counts and to limit the effect of ‘dead time” which would be
higher in some areas than others. A frame rate of 180 with a pixel dwell time of 100

was chosen to also maximise the amount of counts in these areas.
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Figure 3-16. CorrMic MAT Universal B Correlative Stage

Figure 3-17. Zeiss EVO LS 25 with AZtec EDS Software.
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Table 3-7. EDS Acquisition Parameters.

Image Scan Size 1024
Dwell Time (us) 70
Scan Image Input Signal SE
Settings Number of Frames 1
Frame Time (secs) 55.05
Auto Lock Auto
Energy Range (keV) 20
Number of Channels 1024
EDS Acquire Process Time 6
Spectrum Settings Acquisition Mode Counts
Count Limit 300,000
Pulse Pile Up Correction Yes
Resolution 1024
Fixed Duration — Frame Count 180%*
Energy Range (keV) 20
Map Data Settings Number of Channels 1024
Process Time 4
Pixel Dwell Time (us) 100
Frame Live Time (s) 0:01:19

* If this leads to an excessive scan time, the scan was manually stopped after 1 hour
to ensure a maximum throughput of inclusion analysis in the allotted time on the

instrument while still maintaining accurate measurements and maps.
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3.4.5. Inclusion Analysis (Automated SEM)

Analysis was carried out using the ‘Particle Analysis’ module within the
EDAX Genesis software on a FEI Quanta 600 Field Emission Gun Scanning Electron
Microscope (FEG-SEM) with an EDAX 132-10 EDS Detector. For each of the

samples, it was the centre region that was analysed.

Initially attempts were made to adhere to the BS EN 10247 standard, in order
to aid in comparison. However, the large 710 um? field size dwarfed the finer particles,
making them difficult to identify. A significant amount of de-focussing was also
encountered due to the large scan area, resulting in particle identification being very
unreliable. This, combined with the number of particles found in the first sample,

resulted in both the scan area and the field size being reduced.

For the final analysis, the scans consisted of 400 adjacent fields in a 20x20
matrix. This meant that the field size was limited to 250 um x 196 pm with an
individual scan area of ~19.6 mm?. This lowered the de-focussing significantly while
still enabling a good sample size of the total inclusions analysed in each of the samples.
Because finer particles can be difficult to determine using the SEM, the minimum
inclusion size was also set to 0.49 um. The data obtained was then exported into Excel

for analysis in a similar manner to the methods described in Section 3.1.
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3.5. Grain Size Analysis

The samples were ground and polished down to a 1um finish and then etched
using 2% Nital. This caused preferential attack on the grain boundaries within the steel
sample which enables them to be visible under white light microscopy (Zeiss Axio
Observer 7). The grain size was calculated using the ‘Grain Size Measurement’ tool

within the AxioVision software in accordance to the BS EN ISO 643 standard [102].

The two phases present within the steel were first separated using the phases’
differing grey scales (Figure 3-18). Various parameters were then adjusted, enabling
the software to trace over the grain boundaries as accurately as possible (Figure 3-19).
Any obvious errors in tracing were then manually corrected. This was repeated at 5
different locations through the thickness of the steel strip, thus ensuring a sample size
of over 1000 grains were analysed. The software is able to output this data in the
format of the standard, as well as the raw data. This raw data was then analysed in

Excel in order to obtain an average grain size in pm?.
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Figure 3-19. Software Tracers Over Grain Boundaries
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3.6. Surface Roughness Measurements

The Veeco NT9300 Wide Area White Light Interferometer is a non-contact
optical method that was used to measure the surface profiles of the steel samples using
its vertical scanning mode. This works on the basis of wave superposition theory.
During analysis, the interferometric lens scanned the varying heights of the sample
surface by moving the focus vertically and capturing interference data at fixed
intervals. At each point on the sample’s surface, the interference signal was recorded.
This provides information about the fringe modulation which the Wyko Vision 32

software uses to calculate a height profile of the surface.

The arithmetical mean deviation of the roughness profile (Ra) is calculated

using the following equation:

1,1

Ra = TfOIZ(x)Idx (3-2)

}‘
pr 2 & " Ra

5 o s afit (Y. 0
f‘.'l 1 .-‘- L, § L n-‘ﬁ‘ . & [ Fy _J'-
. A

Sampling Length (1)

Figure 3-20. Diagram Illustrating the Arithmetical Mean Deviation of the Roughness Profile
[103].

Figure 3-21. Veeco NT9300 Wide Area White Light Interferometer.



3.7. Optical Emission Spectroscopy

Optical Emission Spectroscopy (OES) was carried out on the samples using
the OBLF QSG 750 in order to calculate each sample’s chemistry. While an effort was
made to conduct all the specimen’s measurements on the same piece of equipment,
unfortunately 8 of the samples had to be analysed on a separate OBLF QSG 750 due
to time constraints. However, the same standard was used in both cases, with the

standards being rechecked at roughly 6-hour intervals in an attempt to ensure accuracy.

During analysis, a minimum of 2 sparks were taken, with each generating up
to 2000 individual sparks from the ablated steel surface. A number of these sparks will
hit inclusions within the sample, which in turn led to individual spark intensities that
are significantly higher than those for the surrounding steel (Figure 3-22 (a)). A Pulse
Discrimination Analysis (PDA) algorithm identifies these inclusions and by treating
them separately to surrounding steel matrix, was able to calculate the number of

sulphide/oxide-based inclusions that contain enough calcium to be successfully
modified.
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Figure 3-22. Diagram Illustrating the Soluble and Insoluble Aluminium Concentrations of a
Steel Sample (a) Lower Signal Intensities Indicate Dissolved Aluminium While Each of the

Individual Intensity Peaks Indicate Inclusions [104].
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Chapter 4

Mechanical &

Microstructural Analysis of

AHSS Automotive Steel



4.1. Introduction

This sections first presents the mechanical data from all the samples that have
been obtained from both the Hot Rolled Dry (HR Dry) and the Hot Rolled Pickled and
Oiled (HR P&O) process routes. A non-calcium (Ca) treated HR P&O sample was
also analysed to help give an understanding of the mechanical properties if the Ca
modification of inclusions does not take place. This sample set was then broken down
into 19 samples that covered as large a range of Calcium Sulphur ratios (Ca:S) as
possible, in an effort to analyse how the resulting microstructure affects the
mechanical properties. These 19 samples microstructures were then compared to 9

non-Ca treated samples to compare their inclusion populations.

All graphs within this chapter show averaged results, with any resulting error
bars indicating + 1 standard deviations (o) from this average. All results are also to 0
decimal places (dp) simply because the pixel size for the microscopy and testing error
range associated with the mechanical testing meant quoting to a larger level of
significant figures would be impossible. Both these statements are true unless
otherwise stated, with further analysis supporting these results presented in Appendix

C.
4.2. Mechanical Properties of FB590

4.2.1. Tensile Testing Results

For each steel sample, if the sample section allowed it, 8 longitudinal samples
across the coil width were taken and 2 transverse sample were taken at the centre of
the section that correspond to the L1 and L2 sample positions. This allowed for the
comparison of the longitudinal and transverse properties. First the entire sample set is
analysed to see if there is a general effect of Ca treatment level on tensile properties,
before analysing the transverse direction specifically — i.e. the direction that will be
most affected by the detrimental MnS — and, finally, comparing them directly with the

equivalent longitudinal samples.

Because these samples were taken from industrially produced material, they
showed a range of thicknesses. For the entire sample range, this varied from 1.718mm
(14S17/13E1) to 5.817mm (12S23/13L2). While this range is large, the average
sample thickness was 2.989mm =+ 0.777mm (1c) (3dp).
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To generate these results, any Uniform Elongation (UE) result lower than 4%
has been discounted as machine error or defective sample preparation. Any Total
Elongation (TE) value that has a difference of less than 3% when compared with the
UE result has also been ignored as it was most likely caused when the sample had
broken outside of the calibrated gauge length (BOGL). These values have been chosen
in accordance with the 2% error margin of the extensometer and the experience of

operators who work on the equipment in the laboratory.
4.2.1.1. Entire Sample Range

An example of the stress-strain curves exhibited by the samples is shown in
Figure 4-1 and highlights samples taken at a range of sample thicknesses and Ca:S.
Unfortunately, not all tensile curves were available, so this presents samples with as
much of a range in both sample thickness and Ca:S as possible. As can be seen, the
biggest variation between the different samples stress-curves is the degree in which

the sample undergoes Yield Point Elongation (YPE).

A comparison of UE and TE is shown in Figure 4-2. It shows a positive trend
between UE and TE for both the HR Dry (1) and the HR P&O (2) with the following
equations indicating their line of best fits. These lines of best fit were chosen with the

assumption that it would have to go through the origin which a linear line does not.

y = 4.3781x%6%92  R? = (0.36 (2dp) Student T-Ratio = 13.34 (2dp) (1)

y = 4.6628x%59%9 R2? =0.33 (2dp) Student T-Ratio = 8.39 (2dp) (2)

While neither of the sample sets exhibit the R? values that would indicate small
variation in the sample population from the line of best fit, they both show student T-
ratio’s considerably higher than 2, indicating that this trend is significant. Following
this, it can be seen that for equivalent TE values, HR Dry samples on average have
higher levels of UE indicating the earlier onset of necking in HR P&O samples but

they both suffer ultimate failure at similar levels of overall elongation.

Also highlighted is the fact that the non-Ca treated samples, while generally in
the lower range of the results for both UE and TE, sit within the rest of the results for
the Ca treated samples and neither data sets (longitudinal or transverse) are significant

outliers.
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While the HR P&O samples also exhibit UTS & 0.2% Proof Stress (PS) results
that sit within the same range of results exhibited by the HR Dry, they tend to sit in
the lower region of the results, resulting in the average shown for the entire data set
being slightly lower (Table 4-1). The UTS and 0.2% PS values for the non-Ca treated
samples also fall within the range of results shown for the Ca treated samples, with a
slightly higher average. Of course, with significantly fewer non-Ca treated samples

tested compared to Ca treated ones, this is not unexpected.
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Figure 4-1. Example of Stress-Strain Curves Taken at a Range of Sample Thicknesses

Table 4-1. Average UTS & 0.2% PS Results.

Sample Type  UTS (MPa) o (MPa) 0.2% PS (MPa) o (MPa)
HR Dry 610 27 530 25
HR P&O 595 21 508 31

Non-Ca Treated
HR P&O 635 12 507 27
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UE, UTS and 0.2% PS were all compared against both Ca:S and S level as
these were determined to be properties that would be most affected by changes in
inclusion population. Ca:S was chosen because samples with a higher Ca:S
theoretically undergo an increase in Ca modification and thus less elongated inclusions
to negatively impact properties, and S level based on the simple theory that the higher

the S content of the steel, the higher the number of Sulphide-based inclusions.

As highlighted in the comparisons of UE against Ca:S (Figure 4-3) and S level
(Figure 4-4), all the graphs show a flat trend as both the Ca:S ratio and S level
increases. UE exhibits the largest variation in both results and error when compared
to both UTS and 0.2% PS. However, this variation also has no relation to either the

Ca:S ratio or the S level.

Figure 4-3 & Figure 4-4 illustrate that most of the samples achieve a UE value
of between 10-14%. Samples also achieved average UTS values of 550-650MPa and
0.2% PS values of 500-550 MPa respectively.
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Figure 4-3. Comparison of UE and Ca:S in FB590 and a Non-Calcium treated grade.
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4.2.1.2. Transverse Samples Only

Because samples taken in the transverse direction are going to be most affected
by the quantity of stringers within a sample, they were isolated to better analyse the
resulting impact on mechanical properties. As most of the sample sets were only made
up of 2 samples, this meant that the resulting average and error would be more affected
by any variation. It also meant that if the results did not fit the constraints on UE
described in Section 4.2.1 then the average may only consist of 1 sample and therefore

will not have a subsequent error bar.

As highlighted in Figure 4-5, there was no variation in either the values or error
of UE, UTS and 0.2% PS respectively as either the Ca:S or S level changes, instead
showing the same flat trend that can be seen in the full sample set. The Transverse
samples achieve similar overall values for UE, UTS and 0.2% PS on average when

compared to the full sample set in general.
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Figure 4-5. Comparison of UE and Ca:S in FB590 and a Non-Calcium treated grade only in the

transverse direction.
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4.2.1.3. Transverse vs Longitudinal Direction

As has been mentioned previously, the level of Ca modification and therefore
the level of Ca:S is meant to have the most effect on samples taken from the transverse
of the rolling direction of the steel. As a result, the percentage difference between the
transverse sample and its equivalent longitudinal has been calculated, with any
negative results indicating lower values in the transverse direction and vice versa.
However, unlike in the previous sections, each individual result has been plotted,
instead of an average, to get a better understanding of the direct impact on comparable

samples, as well as limit the impact of anomalous results.

Figure 4-6 shows that samples typically showed a difference between 0% and
10% indicating that most samples exhibit a lower UE value in the transverse direction.

If this was not the case however, they difference tended to be smaller, roughly <5%.

Figure 4-7 is indicative of the remaining key properties, in that it shows that
most of the samples exhibit an increase in the UTS in the transverse direction. For a
significant proportion of the samples, this increase was roughly 1-4% and <10% for
UTS and 0.2% PS respectively. If the samples did exhibit a higher 0.2% PS in the

longitudinal direction, this difference was generally markedly small, roughly <2%.

As highlighted in both Figure 4-6 & Figure 4-7, there is no trend in the
percentage differences that can be associated with either a change in Ca:S or S level.
It can also be seen that the HR Dry and the HR P&O samples, as well as the non-Ca
treated sample, all exhibited similar differences in properties between the longitudinal

and transverse directions.
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4.2.2. Hole Expansion Results

Hole expansion was chosen to test the material in a ‘worst case’ scenario
compared to the bulk response during tensile test. This is because different areas of
the material will be under different stresses so will respond differently to failure under
uniaxial load. For each sample, an effort was made to cut 4 test pieces from each
section. However, depending on the width of the section, this was not always possible

so occasionally 3 samples from each coil position were able to be obtained.

As the HEC for a given strength level increases with gauge thickness, for a
direct comparison to be made between samples, it is first necessary to normalise the
results to a standard gauge thickness. This is extremely important as the samples tested
show a large range of gauges, from 1.75mm (14S21/3) to 5.79mm (12S23/13). In-
house investigations at Tata Steel [105] show that there is an approximate gain of 10%
in HEC for each additional mm of steel thickness. Using this relationship, all the HEC

were normalised to 2.75mm, an example of which can be seen in Table 4-2.

Figure 4-8 & Figure 4-9 show these normalised results plotted against Ca:S
and S level respectively. Most of the samples have HEC roughly between 40% and
80% with no distinct change of HEC that can be associated with an increase in either
Ca:S or S level, instead showing a generally flat trend. It should also be noted that
there is no distinct difference between the data sets for the HR Dry and HR P&O
samples. It can also be seen that while the non-Ca treated sample exhibits a very low
HEC with small resulting error bars, 2 of the Ca treated samples also exhibit a similarly
low HEC. While these samples have similar S contents to the non-Ca treated sample,
it should be noted that there are other Ca treated samples that have higher levels of S,

without exhibiting the same poor level of HEC.

Table 4-2. Example of HEC Results before and after they have been normalised to 2.75mm.

Sample ID Key Chemistries  G,yge HOEC Avera%ed Normal‘i)sed N‘?)::rll.:igizg d
Cos (mm) (%) HEC(%) HEC(%)  prliod

1 0.0030 0.83 4.02 48 35
2 0.0030 0.83 4.01 71 58

14S17/4 62 49
3 0.0030 0.83 4.00 54 41
4 0.0030 0.83 4.00 75 62
1 0.0059 0.49 3.44 95 88

14S17/5 2 0.0059 0.49 3.46 65 81 58 74
3 0.0059 0.49 3.45 97 90
4 0.0059 0.49 3.45 68 60
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Non-Calcium Treated Sample.
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4.3. Microscopic Analysis

Optical microscopy and white light interferometry were utilised as a means to
eliminate any outside factors (i.e. other than chemistry) that could impact mechanical
properties. After which a large-scale inclusion analysis was conducted in an attempt
to investigate the full inclusion population to a high degree of accuracy. A Scanning
Electron Microscope (SEM) was then used to analyse a wide range of these inclusions
in order to get a fundamental understanding of their chemical compositions and

structure.
4.3.1. Surface Roughness Analysis

White light interferometry was used to analyse the surface roughness for 20
samples from the 2 differing process routes; 13 HR Dry and 7 HR P&O. For each
sample, 5 scans were taken on the tensile coupons in areas that were unaffected by
either the elongation caused by testing or the indents caused by the grips of the tensile
tester. All of measurements were taken at a magnification of 5.1x, with a sampling
size of 1.96um. Each sample’s average arithmetical mean height (Sa) were averaged

to create an overall average for each process route (Figure 4-10).

While the HR Dry has a lower Sa value than HR P&O, the large error bars for
both data sets indicate that this result should be taken with a level scepticism. This
could be down to the fact that these samples were quite old when analysed and as a
result could, have mildly oxidised or suffered scratches from manhandling resulting
in the large error bars. However, as an effort was made to take a significant amount of
measurements, over as large an area as possible, the averages themselves should still

be indicative of the sample sets as a whole.
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Figure 4-10. Average Arithmetical Mean Height of the Surface for the 2 Process Routes
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4.3.2. Grain Structure Analysis

Grain size analysis was first carried out on 9 Ca treated FB590 grades — 3 HR
Dry & 6 HR P&O — in addition to the non-Ca treated HR P&O sample that was also
mechanically tested. For each sample, a minimum of 5 images were taken through the
thickness of the material in effort to capture a true representation of the whole of the
samples, while also ensuring that a sufficiently large number of grains were measured

to obtain an accurate average.

The general microstructure that was seen across the Ca treated grades is shown
in Figure 4-11. The optical micrograph shows there is a high degree of homogeneity
within FB590 that consists of a fine ferritic matrix with relatively evenly distributed
bainitic islands — the dark regions in the image. The grains also show some elongation
in the rolling direction. Figure 4-12 shows that the non-Ca treated grade exhibits a
similar microstructure with a similar level of Bainite, grain size and comparable
elongation in the rolling direction. There is a slight difference in the appearance of the
Bainite between the 2 samples, however this is most likely due to a variation in the

amount of etching that has occurred to these regions.

This is emphasised in Figure's 4-13 to 4-15 which show the average grain size,
average Feret ratio of these grains and the average amount of bainite in the steel
grades. In an effort to eliminate any incorrect data, any grain that had a height or width
lower than 0.2um was ignored, as any value smaller than that was smaller than the
pixel size and therefore could not be accurate. This small pixel size is also the reason

why the values are quoted to 1dp instead of the standard Odp.

Figure 4-13 shows that on average, all the samples have very fine
microstructures. While there is some variation between the samples, there are no
drastic changes with all samples combined showing an average grain size of 2.8um +
0.4um. This is in line with the FB590 data obtained through Electron Backscattered
Diffraction (EBSD) analysis by McCulloch [106] which is generally accepted as being

a more accurate technique.

Figure 4-14 shows that all the samples have grains that are elongated in the
rolling direction, with only a small variation between each of the samples. If the
average Feret ratios for all the samples are combined and averaged it results in a Feret

ratio of 0.63 + 0.03 (2dp). This is slightly higher than the aspect ratio of 0.47 (2dp)
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Figure 4-11. Optical Micrograph of Calcium treated FB590 (14S17-8MW) exposed by 2% Nital
etch.
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Figure 4-12. Optical Micrograph of non-Calcium treated grade (11QS44-7L1) exposed by 2%
Nital etch.
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seen in McCulloch’s EBSD analysis. This difference could be down to the fact that
optical microscopy is not subject to either the trapezium or tilt correction distortions

associated with the 70° tilt needed for EBSD [107].

The average volume fraction ferrite is calculated, rather crudely, by the amount
of the image that has not been removed through the greyscale segregation at the first
stage of the grain size measurement described in the Experimental Section. Whilst not
as accurate as data obtained through EBSD, it will give a good picture of any large
variations between samples, whilst also indicating the amount of bainite over a much
larger area within the sample. As Figure 4-15 shows, there is a slight variation in the
amount of ferrite between the samples with the overall combined average being 65.5
% =+ 5.0 %. Whilst this is quite significantly below McCulloch’s calculated value of
86.7 % ferrite [106], if the micrographs obtained from the samples in this study are
visually compared to the FB590 micrograph in McCullough’s thesis, it can be seen

that his sample contains a significantly higher level of ferrite.

It should be noted that the standard deviation value quoted in the above
averages does not consider the original variation in the samples and are simply meant

to indicate the variation in the averages themselves.
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Figure 4-15. Average Volume Fraction Ferrite Across the Calcium-Sulphur Range.
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4.3.3. Inclusion Analysis of FB590

From the entire sample set, a total of 19 Ca treated samples were analysed,
using both optical and scanning electron microscopy. These samples were selected to
give a good representation of the entire Ca:S range that was obtained from Tata Steel
Port Talbot. As any significant differences between the 2 different process routes used
during this analysis have no direct impact on the inclusion population/structure, this
was a secondary factor when selecting samples. However, an effort was made to

ensure that a reasonable amount of sample was selected from both routes.
4.3.3.1. Optical Microscopy

In order to conduct the analysis as close to the 200mm? area that the standards
required, the samples - depending on the original gauge thickness - were made up of
between 3 and 6 sections, taken from the grip ends of fractured tensile coupons. The
samples were always taken from the centre of the coil width, from either the MW or
L1/L2 positions, to ensure that an accurate representation of inclusion population was
gathered. This area was then analysed at 100x magnification and in 710um? fields, as

described in Chapter 3.
4.3.3.1.1. Percentage Globular

The resultant average amount of globular inclusions as a percentage of the
overall inclusion population, is presented in Figure 4-16 and Figure 4-17, graphed
against its corresponding Ca:S and S level respectively. It can be seen that most
samples exhibit above 50% globular inclusions, with only 2 samples not showing a
majority of globular inclusions. Instead, both these samples demonstrate 49% globular
if rounded to a whole number. In actuality however, most samples exhibit >60%
globular inclusions or very near to it. Figure's 4-16 and 4-17 also demonstrate that
there is no real change in the percentage amount of globular inclusions that can be

directly associated with an increase in either Ca:S or S level respectively.

However, all of the samples show large error bars indicating a large range of
results within the sample set. This is most likely because some grids will have very
low quantities of inclusions, sometimes only 1, and if this inclusion is a stringer, it will
lead to a result of 0% globular inclusions and while not being indicative of the sample

at large, would result in a larger than normal c.
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4.3.3.1.2. Inclusion Population Density

Figure 4-18 shows the average total number of inclusions in each 710pm? field
against the sample’s corresponding S level. As can be seen there is a general increase
in the number of inclusions as the S level increases. Figure 4-19 then splits these
results to show the average number of globular and stringer inclusions in each 710pum?
field, also against its S level. It shows that there is an increase in the amount of globular
inclusions as S level increases. There is also an increase in the number of stringer
inclusions as the S level increases up until a S level of roughly 0.004 wt.% after which

it levels off.

Whilst there is also a decrease in the number of inclusions as the Ca:S level
increases, the variation around the mean is less. The relationship associated with S
level shows an increased R? value of 0.41 (2dp) over the R? value of 0.35 (2dp) for a
linear trend. This implies that the relationship is more strongly associated with a

change in S level than a change in Ca:S.

Similarly, the relationship is stronger for both globular and stringer inclusion
levels when plotted against S level (Figure 4-19) than against Ca:S. The relationship
relating to globular inclusions show an R? value of 0.37 (2dp) and stringers an R? value
of 0.32 (2dp) for S level, compared to 0.31 (2dp) and 0.27 (2dp) if compared to Ca:S.
It should be noted that while the globular trendlines are linear, the stringer has a
‘power’ trendline in an effect to better represent the relationships that have been

previously described.
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4.3.3.1.3. Size of Inclusions

For each 710um? field, the average inclusion size is shown plotted against the
sample’s S level in Figure 4-20. In a similar fashion to Ca:S, there is a large size
distribution when plotted against the entire S level range, with roughly half of the
samples having an average inclusion size between 10 and 20um?. Some of the
sample’s averages, however, reach up to almost 60um?. There is also an indication of
more samples exhibiting lower average inclusion sizes at lower S levels with the
inclusion size generally increasing as the S level increases. Similar to the average

number of inclusions, this trend is more defined when compared to S level than Ca:S.

Figure 4-21 shows the results split instead into the two inclusion types,
globular and stringer demonstrating that the globular inclusions show a large variation
in average size with average inclusion sizes of up to 72um?. The stringer inclusion
however shows a lower size range with the largest average size being 37um?.
Furthermore, every sample shows a larger average globular inclusion size than the
average stringer inclusion size. It should also be noted that the trend mentioned
previously is also seen here, with the globular or stringer inclusions average size
generally increasing as the S level increase. Once again this is significantly less
distinct if compared against Ca:S. There are however a few anomalies that do not fit

in with either of these trends making it appear less defined.
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4.3.3.1.4. Inclusion Position and Size Distribution

Figure's 4-23 and 4-24 show an example of 8 of the samples that were analysed
in total. For each sample there is two graphs, one demonstrating the average number
of inclusions (left) for each individual row of the sample and one showing the average
size of the inclusions for the given row (right). Each row marker indicates a row of
710um? fields, therefore indicating the average number/size of inclusions in these
distance bands (710pum? from surface, 1420pm? from surface, etc). The vertical lines
(including the 2 vertical axes) on the graph demonstrate where the sample edges are.
The number of lines then depends on how many sample sections the area to be
analysed is built up of. For each sample the averaged results are then split into 3

categories: stringer, globular and the total inclusion population (Figure 4-22).

Figure 4-23 (a), (b), (d) and unpredictably Figure 4-24 (c) demonstrate typical
examples that can be seen at lower Ca:S/higher S level. For these samples there is an
increased number of inclusions near the surface of the sample. However, towards the
centre of the sample, as the number of inclusions lowers, the average size of these
inclusions increases. This difference tends to be more exaggerated in samples that have
both larger numbers of inclusions and a larger average size of these inclusions, as can

be seen in Figure 4-23 (b).

As the Ca:S increases/S level decreases, the trend reduces to a point where
there is not much variation in inclusion density across the sample thickness with no
subsequent build-up of larger inclusions in the centre of the sample. This only seems
to happen if the sample has a low average size of the inclusions (< 20pm?) which
explains why this overall trend appears with decreasing S level. Examples of this can
be seen in Figure 4-23 (c¢) and Figure 4-24 (a) and (b). Figure 4-24 (d) however does
show that it can be possible to see a slight increase of inclusions on the centre-line
even if the average inclusion size is below <20um?. In this case it is an increase of

roughly 5 inclusions in the centre of the sample compared to the near surface.

Sample Edges

Section Corresponding

to Vertical

Lines on Graph

Figure 4-22. Example of Edge Positions on 3 Section Sample.
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4.3.3.2. Scanning Electron Microscopy (EDS Analysis)

Energy-Dispersive X-Ray Spectroscopy (EDS) was carried out on all 19 of the
samples used in the large-scale inclusion analysis with the optical microscope. For
each of the samples, a minimum of 8§ inclusions were analysed using the correlative
technique described in Chapter 3. These were selected based of their appearance in the
LM image (i.e. size and shape) in an effort to ensure a complete range of the inclusion
types were analysed. A small selection of the images that demonstrate the types

encountered across the entire Ca:S range can be seen in Figure's 4-25 to 4-34.

The inclusions tend to be made up of a combination of a sulphide and alumina
or one of its alloys. Of these, there were 3 key types of globular inclusion that were

seen across the entire sample range.

The first and most common type of inclusion (Figure's 4-25 & 4-26) are
generally made up of an alumina-based ‘core’ consisting of phases of pure alumina
(Al203), calcium aluminate (CaO-Al>O3), magnesium aluminate (MgO-Al>O3) or the
ternary system Al2O3-MgO-CaO. The ‘core’ can either exist as a single phase (Figure's
4-25 & 4-27) or as a combinations of distinct phases (Figure 4-26). It should be noted
that while it may appear that the combination of distinct phases only appears in large
inclusions and vice versa, this is not always the case and just happened to occur in the

examples presented here.

This ‘core’ is surrounded by a ‘shell’ of either pure Calcium Sulphide (CaS) -
especially at higher Ca:S - or a solid solution of CaS and Manganese Sulphide (MnS)
— (Ca,Mn)S. The ‘shell’ tends to be ~1um in thickness and if it surrounds a facetted

alumina ‘core’, turns the ‘cores’ angular shape into a more rounded, globular shape.

As a result of this, the overall size of this inclusion type is largely determined
by the size of this alumina-based ‘core’. An example of this can be seen in Figure
4-26, where even though the inclusion has a diameter of roughly 25um, the actual
proportion of the sulphide shell is actually very small. If these are compared to the a
much smaller inclusions with <2.5um diameter (Figure 4-25), the sulphide ‘shell’

takes up are much larger proportion while still maintaining a thickness of ~1um.

The second type is made up of almost a ‘Ying Yang’ shape, with one side

being predominantly alumina-based and the other being a sulphide (Figure 4-27).
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Figure 4-25. Example of a “Small” ‘Cored’ Globular Inclusions (i.e. <2.5Spm Diameter) from

15S24/1LL1 that Identifies the Different Components of the Inclusion.
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Figure 4-26. Example of a “Large” ‘Cored’ Globular Inclusion (i.e. >25pm Diameter) from
14S17/4AMW.
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Figure 4-27. Example of a ‘Ying-Yang’ Globular Inclusions from 15524/1L1

While rare, this inclusion type can also be comprised of one-side alumina/sulphide-
based and the other a ‘Cored’ inclusion, similar to those described previously. It has
been also been seen that this type of inclusion can agglomerate in such a way as to
classify itself as a stringer. However, this formation was so uncommon that it cannot

be described in its own category.

Unlike globular inclusions, there several different types of stringer that were
encountered across the Ca:S range. These consisted of 7 different forms with a large
variety of L/W ratios, most of which exhibited a very similar ‘core’/’shell’-based

structure to their globular counterparts.

The first is the ‘classic’ elongated stringer that is seen in Figure 4-28. This
consists of a purely MnS “shell’ surrounding an alumina-based ‘core’. As can be seen,
this type of inclusion undergoes a significant amount of deformation resulting in only

2 examples seen in all the non-Ca treated samples.

The second type of inclusion consists of a ‘shell’ that has only been ‘partially-
modified’ with Ca. As a result, this ‘shell’ has partially elongated upon rolling but to

nowhere near the same degree seen in the ‘classic’ stringer (Figure 4-29).
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Figure 4-28. Example of a ‘Classic’ Stringer Inclusion from 14S21/2L1

Al K series Ca K series

Fe K series

e
5

| A

Mg K series

Mn K series O K series S K series Ti K series

Figure 4-29. Example of a ‘Partially Modified’ Stringer Inclusion from 13S24/18MW.
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The third type of stringer encountered consists of a purely ‘sulphide-based’
inclusion, without any associated alumina. While the example in Figure 4-30 consists
solely of (Ca,Mn)S there were other examples that consisted purely of MnS. As can
be seen, this particular inclusion is very slightly elongated in rolling direction but is

still relatively globular in appearance and is only ~1pum thick.

The fourth type of stringer is a stringer simply because the alumina-based core
is so ‘facetted’ that the sulphide ‘shell’ cannot grow large enough to turn the inclusion
into a globular inclusion. Because overall shape of the inclusion is largely determined
by the shape of the alumina ‘core’, the L/W ratio of this stringer type varies quite
dramatically, from just above the 1.3 ratio described in the standard to the ‘worst-case’

ratio seen in Figure 4-31.

The fifth, and most common type of stringer inclusion that was encountered
consisted of a normal globular inclusion that had ‘fractured’ upon rolling. This
resulted in the formation of a cluster of inclusions in the rolling direction and happened
to varying degrees. This could be anything from a small amount of the sulphide ‘shell’
fracturing off (Figure 4-32) to where inclusion has completely disintegrated, forming
a long clustered stringer (Figure 4-33). This fracture, however, only occurred in large
inclusions that contained a large alumina ‘core’ with the smallest inclusion having an
estimated diameter of 5.18um? (2dp) before fracturing. Most of the time however the
inclusions that fractured were significantly larger with the average estimated diameter
of these inclusions prior to fracture being 17.85um? (2dp). This diameter was
calculated by first assuming the inclusion was perfectly globular, combining the areas

of the fragmented pieces and calculating the diameter from this summed value.

The final type of stringer inclusion observed was categorised as a stringer
solely because of the classification found in BS EN 10247:2007. This type exists when
2 or more separate inclusions have ‘nucleated’ within 40um of each other in the

rolling direction and 10um in the perpendicular direction (Figure 4-34).

It can also be seen that an amount of Silicon (Si) and Titanium (Ti) also appears
with the inclusions. In this situation, the Ti invariably forms on the surface of the
inclusion (Figure's 4-25 and 4-29). If Si is found it is usually bonded to the alumina
core (Figure 4-32), most likely in the form of Si0,-Ca0O-Al>O3. However, these are

not always found and if they are it is in much smaller quantities.
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Figure 4-31. Example of a ‘Facetted’ Stringer Inclusion from 14S21/2L1.
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Figure 4-33. Example of a Completely ‘Fractured’ Stringer Inclusions from 15S24/6L1.
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Figure 4-34. Example of a ‘Nucleated’ Stringer Inclusions from 15524/91.1
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4.3.4. Inclusion Analysis of Non-Calcium Treated Grade
4.3.4.1. Optical Microscopy

To obtain a better understanding of how Ca treatment affects the inclusion
population of the steel, a similar study, albeit of a smaller number of samples, was
carried out on 9 non-Ca treated samples. Whilst 8 of these samples underwent a
significantly different rolling procedure than the Ca treated samples that would make
them unsuitable for mechanical result comparison, they would still give a baseline to
compare the microstructures. As with the Ca treated samples, 200mm? examples were
taken from the centre of the coil in the L1 position and analysed in 710um? areas at

100x magnification.
4.3.4.1.1. Percentage Globular

The average percentage of globular inclusions that were encountered can be
seen Figure 4-35. For this, both the non-Ca and Ca treated samples were compared
against their relative levels of S in weight percent, because at this point comparing

them against Ca:S would be redundant.

It can be seen that the non-Ca treated samples exhibit significantly lower levels
of globular inclusions than their Ca treated equivalents. The entire data set displays,
on average, between 20 & 30% globular inclusions. There also does not seem to be
any sort of change in the percentage amount of globular inclusions that can be
associated with an increase/decrease in S level. Instead the amount of globular

inclusions shows a flat trend with increasing S level.

All the samples show large error bars similar to those seen in the Ca treated
samples. Therefore, as mentioned for the Ca treated samples, this will most likely be
due to the fact that some grids only incorporate one or a few inclusions. If these are

classified as globular it will lead to an overall extension of the error range.
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Figure 4-35. A Comparison of the Amount of Globular Inclusions in Calcium Treated FB590

and Non-Calcium Treated Steel when Compared to Sulphur Level.

4.3.4.1.2. Inclusion Population Density

Figure 4-36 shows the average number of inclusions per 710pum? grid area for
both the Ca and non-Ca treated grades. It can be seen that the results for non-Ca treated
grades fits within the trend seen in the Ca treated grades, where the average number
of inclusions increases as the S level increases within the sample. However, while they
do fit with the trend seen in the Ca treated samples, they do appear to have slightly

lower numbers of inclusions on average.

Figure 4-37 then splits these results into the 2 inclusion types, showing the
average amount of globular and stringer inclusions for both the non-Ca and Ca treated
grades against their respective S levels. The graph shows that the number of stringer
inclusions for the non-Ca treated steels corresponds to the amount and trend for
globular inclusions in the Ca treated steels. The globular inclusions for the non-Ca
treated grades do not show a trend, instead remaining at a constant level of

~3 inclusions per 710pm? as the S level increases.
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4.3.4.1.3. Size of Inclusions

Figure 4-38 compares the average size of inclusions of the non-Ca treated
samples against the Ca treated samples, in relation to both their S levels. It can be seen
that the average area of the inclusions in the non-Ca treated grades is smaller than the
equivalent Ca treated samples at the same sulphur levels. In fact, the non-Ca treated
samples have some of the smallest size inclusions across the entire sulphur range, with

all samples exhibiting inclusions with an area of roughly 12um?.

These results are then split into the two inclusion types and compared against
the Ca treated grades in relation to their S level in Figure 4-39. Both the globular
inclusions and the stringer inclusions have very similar sizes. However, in every case
the globular inclusions have a slightly larger area than their stringer counterparts. Both
inclusion types are smaller on average than their counterparts in the Ca treated grades
at the same S levels. They are, however, similar in area to stringer inclusions in the Ca

treated samples at lower sulphur levels.
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4.3.4.1.4. Inclusion Position and Size Distribution

As with the Ca treated samples, an example of 4 of the non-Ca treated samples
have been chosen that are representative of all the samples, with the average size and
number of inclusions shown in Figure 4-40 and split into total, stringer and globular
inclusions. The through thickness averages for the inclusions, are then split into rows
consisting of 710 pm? fields in the same way as the Ca treated samples in Figure's
4-23 to 4-24. While the vertical lines in Figure 4-40 (d) represent the edges of each
section, (a) — (c) do not have these lines because the sample is made from a single

section of steel.

Figure 4-40 (a) and (b) show quite clearly an increase in inclusions near the
edge of the sample. This is shown in (c) and (d) as well, but to a much lesser extent. It
is, however, more difficult to clearly see these in (d), as the sections of the steel were
significantly thinner. Figure 4-40 (a) and (b) also show a slight increase in the number
of globular inclusions towards the edges. The number of globular inclusions in (c) and
(d) however, have roughly the same number of inclusions through the full thickness

of the steel.

Figure 4-40 (a) and (c) show a large increase in the number of inclusions
towards the centre of the centre of the sample. This is also shown in (d) and to a much
lesser extent in (b). However, unlike their Ca treated equivalents, the samples did not
show a resulting change in inclusion size, as the number of inclusions varied with the
size of stringer and ‘total’ inclusions remaining relatively flat through the thickness of
the steel. The average size of globular inclusions varies to a much larger amount, but
this is most likely due to small number of inclusions being more affected by 1 or 2

large/small inclusions.
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4.3.4.2. Scanning Electron Microscopy (EDS Analysis)

EDS Analysis was carried out on the one non-Ca treated sample that was
mechanically tested to gain a greater understanding of how the inclusions is structured
through its constituent elements. For this sample, a total of 14 scans were taken, using
the correlative technique to ensure that a good range of sizes/shapes were analysed. A

selection of these inclusions is shown in Figure's 4-41 to 4-44.

As with the Ca treated inclusions, the inclusions are generally made up of a
‘core’ of either Al,O3, MgO-Al>O3 or very small amounts of CaO-AlOs. This ‘core’
is a key component in determining the overall shape of the inclusion. However, unlike
the Ca treated inclusions this alumina ‘core’ is always surrounded by a ‘shell’ of pure
MnS. This has the added effect of, if the alumina ‘core’ is particularly angular in
nature, the MnS will ‘round’ these corners off, creating a much smoother overall
inclusion. This ‘shell’ of MnS is always elongated in the rolling direction, sometimes
in both directions, and can be extremely long. For example, the inclusion in Figure
4-41 has ‘tail’ that is visible to roughly 50um in length. It is however, less than 1um
thick.

Unlike the Ca treated samples, there was not such a variety in either globular
or stinger inclusions, with only 1 of the 3 globular and 3 of the 4 stringer inclusions
types being analysed. This was the standard ‘cored’ globular inclusion seen in Figure
4-44 as well as the ‘classic’ elongated stringer (Figure 4-41), the fractured stringer
(Figure 4-42) and the purely ‘sulphide-based’ stringer seen in Figure 4-43. Of these 4
total inclusion types, the ‘classic’ and the ‘sulphide-based’ inclusions were the most

common.

The ‘sulphide-based’ inclusions, unlike the ones in the Ca treated samples,
tended to appear in small clusters of a few stringer inclusions that were significantly
elongated in the rolling direction, with the typical example in Figure 4-43 showing a
visible length of over 50um. However, as with the inclusion seen in Figure 4-41, this
elongated inclusion still has a thickness of less than 1um. Also like the Ca treated
samples, there are also examples of Ti bonded to the MnS ‘Shell’ (Figure 4-41) and
Si bonded to the alumina core (Figure 4-42).
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4.4. Discussion

4.4.1. Differences Between HR Dry and HR P&O

While Figure 4-2 shows that there is a general level of ductily across the entire
sample range, the HR P&O samples are subject to necking earlier than the HR Dry
samples suffering slightly lower average UE (Figure 4-2), UTS and 0.2% PS as a result
(Table 4-1). As the only real difference between the samples is the fact that the HR
P&O samples have undergone a pickling process to removes the scale from the surface
of the steel, this is the most likely cause of this difference. During this process the steel
is placed in an acid bath that has been reported to increase the average surface
roughness of the steel [108, 109]. This increased surface roughness leads to the
formation of stress concentrations which in turn could lead to the formation of
localised strain. This would cause a greater decrease in cross-sectional area at these

points and thus results in a further increase in localised strain and the onset of necking.

Whilst the results in Figure 4-10 only show an increase in surface roughness
of 10.96% (2dp) between the HR Dry and HR P&O, they also show large standard
deviations of error that would make this result difficult to accept completely. However,
together with the fact that so many other things can influence surface roughness — i.e.
pickling time [109], rolling temperature and how ‘fresh’ the roller used during rolling
was [108] - it can be seen not all HR Dry samples have better surface roughness. This
is demonstrated in Figure 4-2, where even though on average the HR P&O samples
have lower properties than the HR Dry samples, they still sit within the overall range
of results seen in HR Dry samples. Whilst it would be interesting to see how these
other properties affected surface roughness, unfortunately this data was not available,
especially for the HR P&O samples rolled in Tata Steels Llanwern Works. It would

however be useful to look at in a further study.

While the surface roughness appears to cause the early onset of necking, it does
not appear to have the stress raising effects necessary to cause ultimate failure of the
material as the HR P&O samples have a slightly higher total elongation value on
average. This is most likely due to the fact that the average surface roughness was still

relatively small and overall failure likely due to other factors.

As seen in Figure 4-8, the normalised HEC values are unaffected by the surface
roughness effects of pickling. This is due to the fact that the hole punching technique
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used to manufacture the testing sample, creates a rollover zone and a burr that
dramatically changes the surface characteristics of the top and bottom of the cut edge
position [106].This is highlighted by the fact that the highest overall HEC value was
seen in a HR P&O sample that had an Ra value of 3.48 + 0.44 pm (2dp).

4.4.2. Effect of Calcium Sulphur Ratio on Tensile Properties

As highlighted in Figure's 4-3 & 4-4, there is no change in UTS, 0.2% PS or
UE that can be directly associated with a change in either Ca:S or S level respectively.
This is even more evident in Figure 4-5 which, as they consist only of samples taken
in the transverse direction, should be more influenced by a change in Ca:S. This is
because if the Ca:S is too low, there will not be enough Ca to modify the S resulting
in the formation of the elongated MnS inclusions [39] that reduce the isotropy of the
steel. However, as seen in Figure 4-16, the entire range shows a significant level of
globular inclusions, with this level not changing as the Ca:S increases. If anything,
this percentage level of globular inclusions is below what is expected when compared

to other studies [10, 63, 101].

This high percentage level of globular inclusions appears to be due to a variety
of reasons. The chief being that across the entire Ca:S range, virtually all of the
inclusions encountered — highlighted in Figure's 4-25 to 4-34 — show a certain level of
CaS bonded to the MnS in a solid solution. This CasS is enough to distort the lattice of
the MnS, preventing it from elongating upon rolling. This is supported by the work
conducted by Leung and Van Vlack [52], as well as Nordgren and Melander [110].

The solid solutioning effect is then compounded by the fact that if the sample
has a (Ca,Mn)S ‘shell’, it is normally seen to only be roughly 1um thick, making it
even more difficult to elongate. This is highlighted further by the inclusions that either
have a larger ‘shell’ than 1pm (Figure 4-29) or are ‘sulphide-based’ (Figure 4-30),
elongating significantly less than any of the purely MnS shells exhibited in either Ca
treated (Figure 4-31) or non-Ca treated (Figure's 4-41 to 4-44) steel samples.

However, even with this high level of modification, there does appear to be
quite a large range in the percentage amount of globular inclusions seen within the Ca
treated samples, with results from roughly 50% to almost 90%. Whilst this could be
due to the undermeasurement mentioned earlier, as highlighted by Figure 4-45, this

level of percentage globular has no direct correlation with either UTS, 0.2% PS or UE.
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It is even more surprising considering that, as shown in the literature review, an
increase in the number of stringers within a sample should result in a subsequent drop
in mechanical properties. This is further highlighted by the non-Ca treated sample
exhibiting, not only 0.2% PS and UE values that were well within the range of results
shown by the Ca treated samples, but also some of the highest UTS values seen

amongst the entire sample range.

Because only 1 sample was obtained from a comparable non-Ca treated grade,
it is impossible to draw any absolute conclusions, it is however still worth discussing
further. As Kiessling [19] describes, at the elevated temperatures of hot rolling, the
MnS inclusions deform more than the surrounding steel. This means that cracks are
unlikely to form during the rolling process that can propagate under mechanical load.
Also, as seen in Section 4.3.4.2, the MnS inclusions have the benefit of encapsulating

the alumina ‘cores’ reducing the negative impact of their facetted structure.
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Figure 4-45. A Comparison of How the Percentage Amount of Globular Inclusions Affects UE

in the Transverse Direction for the Calcium Treated and Non-Calcium Treated Samples.
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Another explanation could be that, if the MnS inclusions which form were of
the ‘type-C’ configuration observed by Wu et al [83], the poor cohesion between the
inclusion and the surrounding steel means that under load, a void forms around the
inclusion that, in effect, blunts or ‘rounds-off’ the crack. This stops the crack from
propagating until the specimen fractures. However, this relies upon the fact that the
inclusions are sufficiently far apart that the voids that form, cannot linkup though

localised shear.

This is further highlighted by the fact that in Figure 4-6, the non-Ca treated
sample does not suffer from a significantly higher percentage difference between the
transverse and the longitudinal direction for UE, UTS or 0.2% PS than the equivalent
Ca treated samples. In fact, as highlighted in Figure's 4-46 & 4-47, the amount of
globular inclusions does not seem to have a direct correlation to this percentage
difference. This leads to the assumption that any difference is caused by something

other than the percentage of the population that is made up of globular inclusions.

One aspect that would influence it, as shown in Figure 4-14, is that all the
samples have grains that are elongated in the rolling direction. Whilst, no sections
were taken perpendicular to the rolling direction, work conducted by Shrama [111] on
FB590 indicates that it can be expected to look similar to the direction observed in this
study. Because of these elongated grains, dislocation movement would be impeded by
an increase in grain boundaries in the transverse direction when compared to the

longitudinal direction.

As such, more force would be required to plastically deform the material and
the steel would undergo a higher level of stress before necking. This is highlighted
both in Figure 4-7, where almost all the samples exhibit a higher UTS, and in the fact
that most of the samples show a higher 0.2% PS in the transverse direction
respectively. This impeding of the dislocation movement would also make slip
increasingly difficult and therefore account for the sample have lower levels of UE in

the transverse direction than in the longitudinal direction (Figure 4-47).
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4.4.3. Effect of Sulphur Level on Tensile Properties

Of course, the percentage total of globular inclusions is not the only impact Ca
treatment has upon steel and is not the only thing that can have an impact on the steel’s

mechanical properties.

As mentioned in the results section, even though the number of inclusions
decreases as the Ca:S increases, Figure 4-36 which shows both a tighter trend of
increasing number of inclusions as S level increases (R? of 0.41 compared to 0.35 for
Ca:S) but also shows that the non-Ca treated samples, which you cannot compare
directly through Ca:S, also fit this trend. This is further highlighted in the EDS spectra
in Figure's 4-31 to 4-34 which show that the sulphide portion of the inclusion is
normally roughly 1um thick and does not increase in size if the samples are not Ca
treated (Figure's 4-41 to 4-44). This means that the change in the total inclusion
population is due to the general S level which, if it is low, tends to lead to a higher

Ca:S since there is only a relatively small variation in Ca level.

This is unexpected because, as the literature shows, the non-Ca treated alumina
remains solid in the ladle and tend to move together to form large agglomerated
inclusions. However, this is likely to still be the case, except they have agglomerated
to such a point that any large alumina inclusions that have formed readily float out
from the steel and into the slag phase. This is highlighted further by Figure 4-38 which
shows that the non-Ca sample have an average inclusion size of roughly 12um? with

a relatively small error range.

The increased number of inclusions with S level is then simply due to the fact
that, because the inclusion is stoichiometric and there is always an excess of
Manganese (Mn) in the melt, with an increase in S, more MnS inclusions are able to
form, most likely as a ‘classic’ elongated inclusions (Figure 4-41) or a purely

‘sulphide-based’ inclusions as shown in Figure 4-43.

The Ca treated samples on the other hand exhibit not only larger numbers of
inclusions at low Ca:S, but also larger inclusions in general. However, as with the
average number of inclusions, this trend in size of inclusions is stronger with a change
in S level, with increasing S showing a general increase in the inclusions size. This

trend shows an R? of 0.30 (2dp) compared to 0.24 (2dp) for Ca:S.
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Whilst there appears to be limited information on the direct impact of S level
on the number and size of inclusions in Ca treated steels, Holappa et al [112] shows
that Ca preferentially bonds with S forming CaS. The presence of this compound then
means that less Ca is available to bond with the alumina, resulting in the stable phase
of calcium aluminate being CaO-2Al,0s instead of CaO-Al>Os. Because CaO-2A1,03
solidifies at a higher temperature (=1750°C compared to =1605°C for CaO-Al>0O3) it
could lead to more inclusions forming out of the melt earlier in process. This, along
with an increase in the number of sulphide inclusions, would mean the inclusions also
have more time to agglomerate. While not directly linking to S content, Lis [9] did
also experience an increase in both inclusion size and inclusion number as the Ca:S

decreased.

However, this trend for the number of inclusions, and especially size of
inclusions, is not very well defined and is likely due to fact that the analysis does not
account for the impact of Oxygen (O) content. This unfortunately is not measured
during the OES testing employed by the material producer. The obvious impact being
that without the O content required to form alumina in the first place, less inclusions

will nucleate and they will agglomerate to a lesser extent [63].

Also, as shown by Listhuber et al [113] and Wang et al [114], the inclusion
distribution and size vary dramatically across the length of the strand. During these
studies it is demonstrated that during ladle or tundish changes, slag inclusions are
drawn into the melt, together with a risk of reoxidation of the melt due to contact with
the air. This has the impact of increasing not only the number but also the size of

inclusions within the steel.

As a result, this could cause the anomalous results shown in Figure's 4-48 and
4-49. This could mean that point (a) is the result of an increased level of oxygen due
to the sample possibly being taken near/on a ladle/tundish change therefore leading to
a higher number and size of inclusions. Point (b) could instead show an unusually low
oxygen level leading to the opposite effect. As a result, further analysis should include
the monitoring of the oxygen levels within the samples to help eliminate this as a cause

of these anomalies.

However, as highlighted by Figure's 4-50 and 4-51, both the average number

of inclusions and the average size of inclusions have little to no discernible impact on
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the final materials properties within this sample range. This is due to a combination of

reasons:

1. Most of the inclusions are globular so do not have the resulting ‘stress raisers’

associated with stringer inclusions (Figure 4-16).

2. Any facetted edges in non-spherical alumina tend to be ‘rounded-off” by an

associated sulphide.

3. The average inclusion size is below the critical inclusion diameter of 10um

(~79um? if you assume a perfectly spherical inclusion) [115].

4. As shown in Figure's 4-23 and 4-24, if there are larger inclusions than the
critical size, they exist in far smaller numbers and tend to appear on the
centreline of the material. This is significantly further away from the surface
than the 100pm distance where the critical size increases to a diameter of 30pum
(~707pum? assuming a perfectly spherical inclusion) [85]. This suggests that
the critical size of inclusions would increase further when moving towards the
actual depth of the centreline. This is critical because during the bending mode
associated with forming (i.e. the key use of this material), the distribution of
stress is not uniform over the whole surface area and is higher at the surface

when compared to the centreline.

This relatively large number of inclusions at the surface seen in some samples,
compared to their centres is due to the fact that this is the first region to cool and
therefore the site of preferential inclusion nucleation. If the inclusions that form are
then larger than the they are then encapsulated by the advancing solid front [116]. This
is because larger inclusions exhibit a greater interfacial force with the solid front than

the viscous drag force, because of their larger surface area [116].

However, the velocity of the advancing melt/solid interface has an impact on
this critical size. The greater the cooling rate applied to the steel, the higher the velocity
of the interface, the more likely it is for an inclusion to become entrapped [117]. As a
result, this critical diameter (or 2R) — i.e. the diameter of which an inclusion will be
engulfed - is determined by the critical growth velocity (um/s) (Vc) of the advancing
interface. This being Vc=60/R for solid alumina clusters and Vc=23/R for liquid

globular inclusions. However, Shibata et al also observed that liquid globular

119



inclusions with a diameter of <6pm (~28um? for a perfectly spherical inclusion) are

always pushed [116].

This explains why in Figure's 4-23 and 4-24, only samples with an average
inclusion size larger than 20pm? show an increased number of inclusions near the
surface of the sample. The other samples generally show a relatively even distribution
of inclusions throughout the melt implying that these sub-critical diameter inclusions

have been ‘pushed’ through the solidifying steel.

Luo et al [118] have shown that the size of alumina cored MnS inclusions tend
to be larger in the centre of steel as the latent heat of the strand changes, leading to the
local solidification time increasing. This results in larger inclusions in the centre of the
steel and as both the MnS and the CaS/(Ca,Mn)S inclusions share a similar structure
due to a majority alumina based ‘core’, it is reasonable to assume a similar

phenomenon is occurring within the samples studied here.
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Figure 4-48. Average Number of Inclusions vs Sulphur Level for Calcium Treated FB590
Highlighting the 2 Samples That Do Not Fit the Trend for Size of Inclusion.
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Figure 4-50. A Comparison of How the Average Number of Inclusions Affects the Uniform

Elongation for the Calcium Treated and Non-Calcium Treated Samples.

121



80

70

60 —
~
§_ -
= |
— 50
s L
5
S 40
£ -
s =
© 30
o
™
<
& 1
g 20
$ i %
< ¥

10 |

0

-10

6 7 8 9 10 11 12 13 14 15

Uniform Elongation (%)

=  3330-HRDry 4 3330-HR P&O ® Non-Calcium Treated - HR P&0O

Figure 4-51. A Comparison of How the Average Size of Inclusions Affects the UE for the

Calcium Treated and Non-Calcium Treated Samples.

4.4.4. Effect on Hole Expansion Coefficient

The hole expansion data tells a similar story to the tensile data in that, as can
be seen in Figure's 4-52 to 4-54, the Ca treated grades experience very little direct
impact from the percentage of globular, number of inclusions and size of inclusions
on the HEC for the steel samples. This is likely to be due to the same reasons as
discussed earlier, in that near complete modification limits the impact of the stringer

inclusions and the fact that the inclusions were below the critical size to cause failure.

One thing that is different however, is that the non-Ca treated sample is now
showing a significantly lower HEC value than almost all the Ca treated samples. This
is most likely because, unlike tensile testing a transverse sample, the load is not applied
on a single axis. This increases the effect of the stress raisers, which in turn makes it

more likely for a crack to propagate from this point.

There is, however, one HR P&O sample that also shows a significantly lower
HEC. As can be seen in Figure's 4-52 to 4-54, the sample does not suffer from
significantly different levels of globular inclusions, number or size of inclusions. It

also has a low average Ra value of 0.92um, together with similar overall levels of
122
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ferrite and Feret ratio for its grains. The only difference that can be seen is that it has
a larger grain size than the rest of the samples tested (Figure 4-55). While it is difficult
to draw any direct conclusions from the graph, as only 8 samples were tested for both
grain size and HEC, the HEC does appear to increase as the average diameter

decreases.

A similar result was seen in Misra et al’s [119] study, which showed that the
presence of unusually large ferrite grains in the steel correlate with the formation of
large voids. Large grains could also be associated with larger than normal dislocation
pileup, possibly initiating brittle fracture. The study also proposes that, because large
dislocation-free ferrite grains would be comparatively soft, it would lead to a larger
than normal hardness ratio between them and the surrounding bainite that has been

suggested to be a key factor in crack initiation [120].

An important factor to note is that, while this sample exhibits a similar HEC
results to the non-Ca treated sample, the non-Ca treated sample has an average grain
size that is in line with the rest of the Ca-treated samples. This further emphasises that
the low HEC seen in the non-Ca treated steel is caused by its MnS inclusions and not

by any change in grain size.
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4.4.5. Types of Globular Inclusion

Figure's 4-31 to 4-34 also showed that there were 2 keys types of Ca treated

inclusions formed:
1. “Cored’ Globular Inclusion (Figure's 4-25 & 4-26):

e An alumina-based ‘core’ surrounded by a sulphide ‘shell’, consisting
of either CaS or (Ca,Mn)S and forms via the nucleation of a sulphide
on an already formed alumina inclusion.

e As shown in Figure 4-56, this is by far the most common type with
roughly 4 times as many seen during EDS compared to the “Ying-

Yang” type.
2. ‘Ying-Yang’ Inclusion (Figure 4-27):

e Forms from the collision of two or more inclusions in the melt [121].
e This is most commonly a sulphide and alumina-based inclusion but has
also been seen forming from the collision of a ‘cored’ inclusion and a

sulphide/alumina-based inclusion.

However, unlike the literature suggests [38, 121], there were no inclusions
encountered that homogenously distributed the CaS within the Calcium Aluminate.
As a result, this indicates that the calcium aluminate (12Ca-7A1,03) with the lowest

melting temperature is not present.
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Figure 4-56. Number of Different Inclusion Types Seen During EDS Analysis.
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4.4.6. Types of Stringer Inclusion

The value for percentage globular is never going to reach 100%, irrespective
of the level of Ca treatment because of the 5 other stringer types that form which are
not related to the ‘classic’ elongated stringer. While the general populations for these
inclusions are shown in Figure 4-56, it should be noted that the Ca and non-Ca treated
samples results cannot be directly compared as there was only 1 non-Ca treated sample
analysed compared to 19 Ca treated. Some general statistics for the different types are
seen in Table 4-3 with a breakdown of the different L/W ratios for each stringer

inclusion type shown in Figure 4-57.
1. ‘Classic’ Stringer Inclusion (Figure 4-28):

e Alumina-based core with a MnS shell that elongates on rolling.

e Most common amongst inclusions seen within non-Ca treated samples
but the least common ‘type’ within the Ca treated samples (Figure
4-56).

e Tends to have extremely high length/width ratios (L/W). The relatively
low minimum L/W results are most likely the consequence of losing a
portion of the inclusion during sectioning and polishing.

e Also seen to have some of the lowest heights of all stringer inclusion

types.
2. ‘Fractured’ inclusion type (Figure 4-32 & Figure 4-33):

e Forms because inclusions, especially larger ones, have a tendency to
fracture upon rolling, exposing the facetted edges of the inclusion’s
‘core’.

e This results in, not only stress concentrations on the corners of the
facetted structure, but also the proximity of the fractured inclusions
means that if a crack were to form it would be able to propagate much
more quickly.

e Especially damaging considering this type exhibits some of highest
L/W of all the stringer types and can reach lengths of over 100pm.

e Even with this L/W, it is by far the tallest of the inclusion types on
average due to it generally being a large inclusion with an average

estimated diameter of 17.85um? prior to fracture.

127



3. ‘Facetted’ stringers (Figure 4-31):

e Occur if the inclusion’s ‘core’ is already ‘stringer- shaped’ before the

sulphide ‘shell’ nucleates and is most prevalent in samples that have
alumina-based ‘cores’ that have undergone none, or very little, Ca
modification.

This is because the alumina core has bonded with MgO through
reactions with either the refractory lining [122] or the slag [34]. The
resulting MgO-AlbOs that forms, has the same facetted/dendritic
structures as pure alumina (Figure 4-31).

However, once the Ca concentration has increased to a certain level, it
reacts with the MgO-AlbO3, forming either a multi-phase inclusion of
CaO-MgO-ALO; or CaO-AlLOs, reducing the MgO in the inclusion
into Mg in the melt [36, 122]. Both these inclusion types have low
melting points, so remain liquid in the melt, forming globular
inclusions upon solidification.

While being relatively common, it has the lowest average L/W and
therefore has a limited impact on mechanical properties in comparison

to other stringer inclusion types.

4. ‘Nucleated’ Stringer Inclusion (Figure 4-34)

Appear when 2 or more separate inclusions nucleate within 40um in
the x-direction and 10um in the y-direction from each other, as
determined the BS and ASTM standards.

These are the most common type of stringer seen within Ca treated
steels and can exhibit large L/W but generally not to the same extent as
the ‘classic’, ‘fractured’ or ‘sulphide-based’ types.

This is largely down to the fact that the separate inclusions can be up
to 40um apart in the rolling direction and still be classified as a stringer.
Can exhibit large heights simply down to the fact that it can contain
very large ‘cored’ inclusions.

While these inclusions are still globular in nature and therefore do not

have any of the usual stress raising effects of stringer inclusions, their
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proximity to each other means that if a crack was to form on one of

them, it would be able to propagate more easily.
5. ‘Partially-Modified’ Inclusion (Figure 4-29)

e This inclusion forms when the amount of CaS that bonds in solid
solution to the MnS is not high enough to completely prevent
elongation upon rolling.

e As aresult, they partially elongate but to a significantly lower degree
than the ‘Classic’ stringer inclusion.

e Second lowest average L/W of the stringer types, largely due to the
solid solution strengthening effects of Ca still preventing the ‘shell’
elongating like a ‘classic’ stringer resulting in a lower impact on

mechanical properties in comparison to other stringer types.

6. ‘Sulphide-based’ Stringer Inclusion - (Ca,Mn)S-based - Figure 4-30
MnS-Based - Figure 4-43

e Forms via the nucleation of a purely sulphide inclusion.

e While it can exist as a solid solution of (Ca,Mn)S inclusion in the Ca
treated steel it is most commonly seen as a purely MnS inclusion.

e As can be seen in the figures, the (Ca,Mn)S inclusion has very slightly
elongated, whereas the MnS inclusion has elongated to a much larger
extent (>50um in length).

e Both however tend to be <lum in thickness with the slightly larger
heights in Table 4-3 caused by the fact the height include several
inclusions as they can form small clusters.

e This type of inclusion has the largest L/W because of this thickness.

e It should be noted that this inclusion is likely more common that shown
in Figure 4-56 due to the fact that these inclusions were located using
a LM image taken at 100x magnification and this inclusion type would

be, for all intents and purposes, invisible at that level.

As highlighted in Table 4-3, only 3 of these types (‘Classic’, ‘Fractured’ and
‘Sulphide-based’) were encountered within the non-Ca treated grade. This is simply

because a level of Ca modification is required for these types to form.
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Table 4-3. Table of Statistics of Stringer Inclusions (1dp).

Calcium Treated

Non-Calcium Tread

Stringer Height Height
L/W L/W
Type (um) (1dp) (um) (1dp)
Min. | Max. | Average Average Min. | Max. | Average Average
Classic 9.1 9.1 9.1 5.0 2.7 17.8 7.7 3.8
Facetted 1.3 3.8 1.9 8.6
Fractured 1.9 25.2 7.1 13.1 9.9 9.9 9.9 8.9
Nucleated 1.5 4.8 2.8 11.0
Partially
Modified 1.4 3.4 2.0 5.1
Sulphide- 1.7 | 18.0 48 1.3 34 | 223 | 143 2.1
Based
Ying-Yang* 1.4 1.4 1.4 13.4
*Only one observed, included for general comparison.
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Figure 4-57. Count of Inclusion Type at Different L/W.
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4.5. Conclusions

1.

On average, the pickling process increases the surface roughness of the steel,
possibly contributing to the early onset of plastic deformation and necking, which

results in lower average mechanical properties for HR P&O samples.

Increase in surface roughness does not appear to be the cause of ultimate failure

of the steel as HR P&O samples exhibit higher average TE.

Pickling is not the only factor to affect surface roughness, as shown by some HR

Dry samples demonstrating increased levels of surface roughness.

Even at relatively high S levels, the Ca modification is enough to prevent the
inclusion elongation upon rolling, with the inclusions generally solid solution
strengthened sufficiently to remain globular. Therefore, no definitive Ca:S was
observed, with all Ca treated samples achieving the required properties. When
factoring in the light microscopy results, this implies that as long as a Ca:S of
>0.23 is maintained, a significant enough level of modification of sulphide-based
inclusions is achieved to obtain the required mechanical properties. This Ca:S
level being accurate is also dependent on the steel having a Ca:Al of >0.039. This
is to ensure modification of the alumina inclusions in order to prevent the
formation of large agglomerated alumina-based inclusions and the formation of

solid CaS inclusions that can cause further problems (e.g. nozzle blockage).

The percentage number of globular inclusions in unlikely to ever reach 100% due

to a number of different stringer type inclusions forming.

Detrimental MgO-Al;O3 forms through reactions with either the slag or the
refractory lining, thus increasing the chances of stringers forming. However,
through Ca treatment and the reduction of MgO into Mg in the melt by CaO,

inclusions generally form complex globular inclusions of CaO-MgO-ALO:s.

Inclusion modification appears to have little to no effect on any differences
between the longitudinal and transverse directions properties. Any difference is

likely to be due to the grain elongation in the rolling direction.

Elevated S level is a key factor in the increased number and size of inclusions.

This is due to the increased presence of S shifting the CaO-Al>O3 to the higher
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10.

11.

12.

13.

melting temperature phase CaO-2A1,03. However, it is suggested that O content

be included in future analysis to identify its impact.

The increase in the number and size of inclusions within the steel have been
shown to have limited impact on final mechanical properties for the following
reasons: -
i. The average size of inclusions near the surface is below the critical inclusion
diameter of 10um for failure.
ii. The high percentage of globular inclusions.
iii. The facetted edges of alumina-based ‘cores’ being ‘rounded-off” by the
sulphide ‘shell’.
iv. Any inclusions larger than the critical inclusion diameter of 10 um will most
likely be in the centre of the sample in very low numbers, limiting its effects

on mechanical properties.

As inclusions larger than a critical size of 6um (~28um?) are enveloped and not
‘pushed-in’ towards the centre of the sample. This has resulted in build-up of

inclusions at the sample surface in samples that exhibit these larger inclusions.

The MnS inclusions that form within the non-Ca treated steel, tend to be smaller
in size (~12 pm?) and appear to be dispersed sufficiently so that when the crack-
tip blunting voids form under uniaxial tension, they cannot coalesce easily.
However, as only one non-Ca treated sample was able to be obtained that had
comparable mechanical properties, more analysis would need to be done to

confirm this as a trend.

Large amount of MnS inclusions (i.e. non-Ca treated steels) appear to

significantly lower the sheared edge flangeability.

Also alluded to is the fact that the grain size could have a dramatic impact on the
sheared edge flangeability, since one sample that exhibited larger grains had a
significantly lower HEC. This could be due to the possibility of dislocation pile-
up, the formation of large voids, large hardness ratios between grains and less

grain boundaries to impede grain growth.
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14. 2 different types of globular inclusion form:
1. ‘Cored’ Inclusion —
e Sulphide shell nucleating on the surface of an already formed alumina-
based inclusion.
e Most common form of Globular Inclusion
ii. ‘Ying-Yang’ Inclusion —

e Formed through the collision of 2 or more liquid inclusions.

15. No inclusions were encountered with a homogenous distribution of CaS within

Calcium Aluminate, indicating that 12Ca-7A 1,03 is not present.

16. 6 different types of stringer inclusions form:
1. “‘Classic’ Stringer Inclusion: —
e Alumina-based core with a MnS shell that elongates on rolling.
e Most common inclusion type in non-Ca treated steels
e Medium height, high L/'W
i1. ‘Fractured’ Inclusion: —
e Due to large inclusions (17.85um? averaged estimated diameter)
fracturing upon rolling and forming clusters in rolling direction.
e High L/W considering it is the tallest of all the stringer types.
iii. ‘Facetted’ Inclusion: —
e Forms when inclusion’s ‘core’ is ‘stringer- shaped’ prior to the sulphide
‘shell’ nucleating.
e Lowest L/'W
iv. ‘Nucleated’ Inclusion: —
e Formed when 2 or more separate globular inclusions nucleate within
distances determined by the standards.
e Most common stringer in Ca treated steels.
e Large range of heights and L/W due to containing variety of inclusions
up to 40um apart in the rolling direction
v. ‘Partially-Modified’ Inclusion —
e Not enough CaS bonded to the MnS to sufficiently solid solution
strengthens the inclusion & totally prevent elongation.

e LowL/W
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vi. ‘Sulphide-based’ Inclusion —

e Forms via the nucleation of a purely sulphide inclusion with 2 subtypes;
(Ca,Mn)S which mildly elongates and pure MnS which significantly

elongates.

e Highest L/W, lowest height (<1um in general).

17. Only the ‘Classic’, ‘Fractured’ and ‘Sulphide-based’ stringer inclusion types were
found in the non-Ca treated steel grade because a level of Ca modification is

required for the other stringer types to form.
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Chapter 5

Assessment of Automated

Inclusion Analysis
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5.1. Introduction

3 different techniques were utilised to compare and contrast against the
automated inclusion analysis technique that was developed for this study and utilised
within Chapter 4. The first technique utilised was the Average Field Measurement:
Method K from BS EN 10247 [100] that is used widely across the steel industry as a
means of understanding the inclusion content of the steel. While there are other
techniques, even within this standard, that take much less time to complete, they do
not convey the same level of detail and are therefore not the best sources of

comparison.

The second technique, that was used for comparison, was a procedure similar
to that employed by Walker [101] and was the starting point to the automated
technique utilised in this study. Because this analysis was conducted on a different
microscope to the automated technique and therefore employed a different camera,

this allowed a comparison based on the effect of pixel size.

The third technique employed was the use of automated EDS inclusion
analysis, which is another standard technique of the steel industry. Because it uses a
chemical analysis to generate results, it provided an alternative method to aspect ratio
as a means to compare inclusion type and therefore the assumption that with Ca

modification, comes sufficient inclusion shape modification.

Utilising 3 techniques that calculated similar result sets via a variety of
different process routes, allowed for the strengths and weaknesses of, not only this
automated technique, but also the established techniques to be assessed, leading to

improvements to the automated technique for future analysis.

The final method that will be assessed during this chapter is the Pulse
Discrimination Analysis (PDA) model that was developed by Whiteside et al [94] for
use within Tata Steel. This method is relatively new however and, as such, Tata have
requested it be included in this study so as to contribute towards this model’s validity.
This will therefore give an indication of its potential use as a means of testing the

modification level of large amounts of steel samples very quickly.

As with Chapter 4, all the graphs presented in this chapter show averaged

results, with any resulting error bars indicating + 1c from this average. Unlike Chapter
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4 however, the results show a variety of different significant figures based on the
technique that was used the calculate the inclusion data. The optical measurement
results for the average size of inclusions were capped at Odp, due to the pixel size used
to calculate these results. Percentage modified/globular and average number of
inclusions for manual and automated techniques were capped at 1dp, due to the fact
that these techniques included data for well over 1000 inclusions, many more times
than in the case of the automated technique. These results from the other methods were
also capped at Odp because they did not include such large quantities of inclusions in

the analysis. This was consistently applied, unless otherwise stated.
5.2. Optical Measurement Comparison

5.2.1. Analysis Techniques
5.2.1.1. Manual Measurements

As mentioned previously, this technique is very time consuming and as it was
only to be used as reference against the automated technique, only 5 out of the 19
Calcium treated samples were analysed. These samples were chosen to represent a full
range of both Ca:S and S levels exhibited within the sample set, as well as coming
from both the HR and HR P&O process routes. The samples that were chosen can be
seen in Table 5-1.The study was conducted on a minimum of 80 710um? fields, with
the analysis conducted on the same images used for the automated analysis, giving a
90% confidence level according to the standard. To ensure a good representation of
the samples in general, they were taken in rows containing a minimum of 27 fields

from roughly the surface, 25% of the thickness from the surface and the middle of the

sample.
Table 5-1. Samples for Manual Measurement.

Sample Ca:S S Ca Sol. Al. Product
14517-3MW 0.81 0.0032 0.0026 0.037 HR P&O
14517-7MW 0.69 0.0035 0.0024 0.032 HR Dry
14517-8MW 0.40 0.005 0.002 0.029 HR Dry

14S21-211 0.23 0.0079 0.0018 0.034 HR P&O

15S24/6L1 1.40 0.0015 0.0021 0.032 HR Dry

137



5.2.1.2. Semi-Automated Inclusion Assessment

During this analysis 13 Ca treated samples and the non-Ca treated sample that
was mechanically tested, were imaged at 100x magnification in the manner described
in Chapter 3. While these Ca treated samples exhibit a smaller Ca:S range than the full
set due to only comprising of first 13 samples, they should still provide a good

comparison to the validity of the automated technique.
5.2.2. Percentage Globular

The resulting average percentage globular inclusions for all 3 optical
techniques are shown in Figure 5-1, along with their corresponding sample numbers.
As can be seen in the majority of the samples, both the manual and the semi-automated
techniques have significantly higher percentage globular values than the automated
technique. The only exemption to this is 15S24/6L.1 which shows a slightly higher
result than the manual analysis —i.e. the only other technique this sample was analysed

against.

The manual and semi-automated methods however showed either very similar
results or the manual results were slightly lower. As a result, the manual measurements
all show >75% globular whereas the semi-automated technique showed slightly higher
with >80% globular. Also worth noting is that, as the error bars show, all of the
samples show a similar spread of results. For the non-Ca treated steel (11QS44/7L1),
the semi-automated procedure shows a higher percentage number of globular

inclusions when compared to the results from the automated method (39% compared

to 25.3%).
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Figure 5-1. Comparison of the Optical Measurement Results for the Percentage Globular Taken

from the Same Samples.
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5.2.3. Inclusion Population Density

Figure 5-2 shows the average number of inclusions for each of the samples
from the 3 different optical microscopy methods. As can be seen, a significant
proportion of the samples have relatively similar levels of inclusion population results
from the 3 different techniques, as well as similar levels of variation between those
populations. While a few of the automated techniques show a large increase in the
average number of inclusions compared to the other techniques, this could simply be
due to the fact that this method calculates inclusions over a significantly larger area
than either of the other 2 procedures. This is also shown in a large increase in the
number of inclusions in the automated results for the non-Ca treated steel compared

to the results from the semi-automated technique.
5.2.4. Size of Inclusions

Figure 5-3 shows instead the average size of inclusions calculated through the
three different process routes. As can be seen, the manual method shows significantly
greater average inclusion sizes when compared to the other two techniques, with most
samples exhibiting an average inclusion size equal to or greater than 90um?. This
technique also shows a greater range of results as shown by the much larger o
associated to them. In fact, in most cases the higher the average size of inclusions, the
larger the range of inclusion sizes within the sample as shown by the larger error bar.

Instead the sample showing the lowest average area have by far the smallest error bar.

Of the other two techniques, the automated technique also shows larger
inclusion size results than the semi-automated method, but to nowhere near the same
extent. As can be seen, most of the samples’ results for the semi-automated method
exhibit roughly a 20pum? area on average. If the samples exhibit larger than this, they

also have much larger corresponding error bars.

The non-Ca treated sample results from the semi-automated method show both
a large increase in average size and a significantly larger ¢ when compared to the
automated technique. This is likely because it only measures 10 fields compared to the
390 for the automated technique, so will be more greatly affected by any large

inclusions which do not represent the general population of inclusions.
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Figure 5-2. Comparison of the Optical Measurement Results for the Average Number of

Inclusions Taken from the Same Samples.

141



180 7
160 A
140 A
120 A

100 A

st bl e bl

11QS44/7L1  13S24/18MW  14S17/2MW 14517/3MW 14517/4MW 14517/5MW 14S17/7MW

180 -

160 +

140 +

120 A

100 A

80 A

60 -

40 A

20 A

14517/8MW 14S17/10MW 14S17/12MW  14521/1L1 14521/211 14521/9L2  14S21/14L2  15S24/6L1

B Automated Technique MW Semi-Automated Technique Manual Technigque

Figure 5-3. Comparison of the Optical Measurement Results for the Average Size of Inclusions

Taken from the Same Samples.
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5.3. Automated EDS Inclusion Analysis

The next technique used utilises the ‘Particle Analysis’ tool within the EDAX
Genesis software. An area of roughly 19.6 mm? in the centre of each sample was
analysed, as described in Chapter 3. The analysis was conducted on the same 14
samples analysed in the Semi-Automated study. However, this analysis was setup to

analyse only the sulphide-based inclusions for modification levels.
5.3.1. Percentage Calcium Modified

The percentage of the total number of sulphide-based inclusions that were
successfully modified with Ca is shown (either in combination with MnS — e.g.
(Ca,Mn)S - or purely CaS) in Figure's 5-4 and 5-5. Figure 5-4 shows this value in
relation to its associated Ca:S, while Figure 5-5 is instead graphed against its S level.
As can be seen in Figure 5-4, all the Ca treated grades sulphide-based inclusions show
a significant level of Ca modification, with the sample with the lowest Ca:S (0.23)
showing 76% of its sulphide-based inclusions modified. This percentage increases
until a Ca:S of roughly 0.45, after which the level of modification essentially hits
100%.

A similar trend appears in Figure 5-5 where the level of modification decreases
as the S level increases. However, the trend indicated by the line is less defined, instead
showing an R? value of 0.65 (2dp) compared to 0.73 (2dp) for the trend against Ca:S.
This trendline was calculated as a second-degree polynomial regression but would
ignore any decrease in percentage modified after it reaches 100%, as there is no data
to support this. This specific trend line was chosen because it fit the trend the most
accurately, whilst also not estimating the percentage modified would not exceed

100%, which would obviously not be possible.

As can be seen in both Figure's 5-4 and 5-5, the non-Ca treated grade shows a
significantly lower level of modification, with only 19% of the sulphide-based
inclusions successfully modified. It should be noted that there are no error bars
because these values were calculated simply by how many inclusions were modified
compared to the total inclusion number for the entire data set and was not an average

of each individual field.
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Figure 5-4. Calcium Sulphur Ratio Versus the Percentage of Sulphide Inclusions That Have
Been Calcium Modified in FB590 and a Non-Calcium Treated Grade using Automated
Inclusion Analysis on the FEI Quanta 600.
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Figure 5-5. Sulphur Level Versus the Percentage of Sulphide Inclusions That Have Been
Calcium Modified in FB590 and a Non-Calcium Treated Grade using Automated Inclusion
Analysis on the FEI Quanta 600.
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5.3.2. Average Inclusion Diameter

Because the automated inclusion analysis was set up to analyse sulphide-based
inclusions, the most common inclusion types —i.e. ‘cored’, ‘Ying-Yang’ & ‘classic’ —
overall area could not be measured. This is because these types of inclusions are made
up of a significant amount of alumina which were not measured. Even if the alumina
were also characterised, these specific inclusion portions would simply be classified
as separate inclusions leading to no method of calculating overall inclusion size. What
this technique did allow for was the calculation of the average diameter of these
portions, plus the diameter of the also common ‘sulphide-based’ inclusions. These

results can be seen in Figure 5-6, where it is plotted against the samples Ca:S ratio.

While there is no change in the diameter of these inclusions that can be
attributed to a change in Ca:S, the graph does show that the average diameter for the
‘sulphide-based’ inclusions is <2um. The non-Ca treated sample has an even lower
average diameter of 0.8um and even if you factor in the variation associated with 2o,

this value is still <1.6 pm.
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Figure 5-6. Calcium Sulphur Ratio Versus the Average Diameter of Sulphide Inclusions in
FB590 and a Non-Calcium Treated Grade using Automated Inclusion Analysis on the FEI
Quanta 600.
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5.4. PDA Analysis

During OES analysis, a number of sparks will be generated from inclusions
within the sample. These results were passed through Tata Steel’s in-house OES-PDA
algorithm which classified the inclusions based on whether there was sufficient Ca to
modify the sulphide and aluminates successfully. This analysis was run on all the
samples available for re-analysis in the process described in Chapter 3. These samples
covered the entire Ca:S range, as well as incorporating analysis on 11 non-Ca treated

samples, including the non-Ca treated sample that was mechanically tested.
5.4.1. Percentage Calcium Modified Sulphides

Figure 5-7 and Figure 5-8 show the percentage number of the inclusions that
contained enough Ca to be successfully modified against the Ca:S and S level
respectively. As can be seen in Figure 5-7, the percentage modification increases
dramatically from 65% at a Ca:S of roughly 0.2 until about 0.45, after which it stays
at roughly 85% - 90% as the Ca:S increases further. One thing that is interesting is that
the trend almost lines up with non-Ca treated samples however their spread in Figure

5-8 implies that they are simply two separate populations.

Figure 5-8 also shows a trend of decreasing percentage modification as the S
level increases. However, this trend is not as well defined as the trend for Ca:S. The
R? value for the indicated trends for Ca:S is 0.50 (2dp) while it is 0.42 (2dp) for S
level. It should also be noted that the trend for the S level was calculated as a 2" degree
polynomial as it was the only ‘curved’ trendline model that followed the downward
progression of the results. The Ca:S trendline was calculated instead using the Power
model. While the 2" degree polynomial modal showed a higher R? value (0.55 (2dp)),
it also predicted a decrease in percentage modified which is not shown in the results,

even if the initial trend appeared to fit slightly better.

Figure's 5-7 and 5-8 both show that the non-Ca treated samples undergo a
significantly lower level of modification, with every non-Ca treated samples showing

< 21% modification.
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Figure 5-7. Calcium Sulphur Ratio Versus the Percentage of Sulphide Inclusions That Have
Been Calcium Modified in FB590 and a Non-Calcium Treated Grade using PDA Analysis.
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Figure 5-8. Sulphur Level Versus the Percentage of Sulphide Inclusions That Have Been
Calcium Modified in FB590 and a Non-Calcium Treated Grade using PDA Analysis.
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5.4.2. Percentage Calcium Modified Aluminates

The percentage number of aluminate inclusions that contain enough Ca to be
successfully modified are graphed in Figure 5-9 and Figure 5-10 against Ca:S and S
level respectively. As can be seen in both graphs, there is a significant level of
modification across all the Ca treated samples with most samples showing a >85%
level of modification and all samples showing a >72% level of modification. Even the
non-Ca treated samples show a reasonable proportion of modified inclusions with
most samples showing >45% and all above 31%. Figure's 5-9 and 5-10 also indicate
there is no significant trend in the Ca or non-Ca treated samples that be associated to

a change in either the Ca:S or S level.
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Figure 5-9. Calcium Sulphur Ratio Versus the Percentage of Aluminate Inclusions That Have

Been Calcium Modified in FB590 and a Non-Calcium Treated Grade using PDA Analysis.
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Figure 5-10. Sulphur Level Versus the Percentage of Aluminate Inclusions That Have Been

Calcium Modified in FB590 and a Non-Calcium Treated Grade using PDA Analysis.
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5.5. Discussion

5.5.1. Assessment of Results

To compare the results from the different types of analytical techniques
employed within this study (i.e. inclusion shape vs chemistry), the assumption had to
be made that any inclusion that was globular in nature was successfully modified by
Ca. This successful modification was assumed to be the reason that the inclusion was
globular and that it would have elongated into a stringer without it. As a result, the

percentage globular and the percentage modified are treated as equivalent.

As can be seen in this chapter and highlighted further in Table 5-2, the biggest
discrepancy between the automated technique and the other methods, is that the
average percentage globular for the Ca treated samples is significantly reduced. The
automated technique also shows the largest ¢ in terms of variability when compared
to other techniques. However as shown by Table 5-3, its results for the percentage
globular in the non-Ca treated are roughly in line with that shown by the chemical
based analytical techniques, and is significantly lower than the Semi-Automated

Inclusion method, even if this was conducted on only one sample.

One distinct advantage the imaging-based analysis has over the chemical-
based analysis, and possibly the reason for some of the discrepancies between the two
technique sets, is that it is the only technique that can possibly give you a true analysis
of whether an inclusion is globular or stringer and thus its resulting impact on
mechanical properties. This is because the chemical techniques only consider if the
inclusion has been modified with Ca and do not account for how successful this
modification has been in altering the shape of the inclusion. As a result, they do not
account for stringer types that have some level of Ca modification —i.e. the ‘fractured’,

‘facetted’, ‘nucleated’ or ‘partially-modified’ types discussed in Chapter 4.

As can be seen in Figure 5-11 (a) — (f), the key reason for this difference
however, is that while a significant proportion, if not the majority, of the inclusions
are below the 1.3 Length/Width (L/W) ratio ‘cut-off” as stipulated by the standards
[99, 100]. It can also be seen that, of the rest of the inclusions, most have a L/W ratio
of 1.4. In fact, unlike the non-Ca treated samples in Figure 5-12 (a) — (b), there are

very few inclusions that have higher ratios.
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Table 5-2. Average Percentage Globular /Modified for the Ca Treated Samples from Each

Analysis Technique.
Technique Average Percentage Globular/Modified

Automated Technique 63.4% + 9.5%"

Manual Measurements 81.9% + 5.6%"
Semi-Automated Inclusion Assessment 88% + 4%t
Automated EDS Inclusion Analysis 94% + 8%*
PDA Analysis 85% + 6%+

U Percentage Globular ¥ Percentage Modified

Table 5-3. Average Percentage Globular for the non-Ca Treated Samples from Each Analysis

Technique Used.
Technique Average Percentage Globular/Modified (1dp)
Automated Technique 25.3% + 2.9%"
Semi-Automated Inclusion Assessment 39%1*
Automated EDS Inclusion Analysis 19%+*
PDA Analysis 14% + 5%+
U Percentage Globular ¥ Percentage Modified

* Results Taken from 1 Sample — The Non-Ca Treated Sample That Was Mechanically Tested.

The logical argument is that inclusions with a L/W ratio of 1.4 would have a
similar impact on the steels properties as one of 1.3. Consequently, if you increase this
‘cut-off” point to 1.4, it will give a more accurate representation of the true number of
globular inclusions from the entire inclusion set. However, as can also be seen in
Figure 5-12 (a) — (b), a significant proportion of the non-Ca treated inclusions also
have a L/W ratio of 1.4. This means if you simply increased this ratio ‘cut-off’, you
would also drastically increase their globular percentage. As a result, this value is no
longer an accurate representation and because the final product needs to be a technique

that can be applied uniformly to all steel types, this is not suitable.

One reason for the increase in inclusions with a L/W ratio of 1.4 could be due
to the method by which the ‘Particle Analysis’ tool within ImageJ measures the length
and width of inclusions. During this analysis, the software fits the smallest rectangle
possible over the inclusion, even if this would mean it is not elongated in the rolling

direction. While the argument could be made that this would provide a more accurate
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assessment of the inclusion itself, none of the other techniques calculated it this way
and with such fine lines between the globular or stringer classifications, it could be a

factor in this increase of 1.4 ratioed inclusions.

Nevertheless, the most likely reason for this discrepancy is probably due to the
effect of pixel size. This is highlighted by the fact that the Semi-Automated method
has a significantly higher proportion of globular inclusions, which is much closer to
the chemical analysis results. The reason for this is because the camera attached to
the Reichart microscope captures images at a scale of 1.9 pixels/um compared to 0.972

pixels/um for the Zeiss Observer.

While this value is slightly below the 1 pixel/um that is stipulated by the
standards, the key reason it was chosen was the simple practicality of file size. The
camera on the Observer does offer the option of using a ‘Scanned’ mode that uses
‘pixel-shifting’ to capture 3 images, taken 1/3 pixel apart, to create one image that can
be either double or triple the resolution (1.98 pixels/um or 2.955 pixels/um). However,
once this mode is used to create an image, it generates a proprietary file that is, at
minimum, 4 times the size, ~10GB in size compared to ~2.5GB, which is impossible

to convert into a TIFF due to the limitations of being a 32-bit format [123].
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Figure 5-13. Percentage Globular versus Average Inclusions Size for Calcium Treated FB590.
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This pixel size becomes vitally important as the size of the inclusions
decreases, and is highlighted in Figure 5-13 where, other than the circled anomaly,
there is a general trend of increasing percentage globular with increasing average
inclusion size. This is because the small inclusions are more susceptible to changing
inclusion type because of a slight variation in the number of pixels comprising an

inclusion.

For example, Figure 5-14 shows that if the dark centre is classed as the
inclusion region, it would be measured at 3 pixels by 3 pixels, giving it a L/W ratio of
1 and therefore would be classified as a globular inclusions. If, however, it is
considered that top row of pixels is also part of the inclusion, the inclusion size would
increase to 3 pixels by 4 pixels, therefore giving it a L/W ratio of 1.33 (2dp), therefore

classing it as a stringer inclusion.

This fact could also lead to an increase in the number of globular inclusions
that are measured in the non-Ca treated samples in the semi-automated inclusion
assessment. Because, logically, with so many inclusions having a 1.4 L/W ratio in the
non-Ca treated samples, an increase in resolution would result in some of those
inclusions being incorrectly re-classified as globular. This is simply down to the fact
that, even with the Reichart microscope’s higher pixel count, the pixel size is still large

due to the magnification used to capture the images.

The average sulphide inclusion/segment of the inclusion diameter seen in
Figure 5-6 backs up what has been seen previously with the ‘classic’ and ‘sulphide-
based’ stringer inclusions. This means that because the elongated regions of these
inclusions are less than 1 um in thickness, these regions are less than 1 pixel in diameter
on the Observer and less than 2 pixels on the Reichart. Consequently, these elongated
regions are impossible to determine accurately. As a result, the 2 most common
stringers found in non-Ca treated steel are either only measured for the largely
globular-shaped alumina-based cores — i.e. ‘classic’ stringer - (Figure 5-15), and
therefore incorrectly classified as globular, or the inclusion is completely ignored in
the case of the purely ‘sulphide-based’ stringers (Figure 5-16). Nevertheless, as
‘sulphide-based’ inclusions are less than 2 um in thickness, they would not be included
in the measurement due to stipulations in the standards anyway, unless they were

grouped.
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3 Pixel x 3 Pixel 3 Pixel x 4 Pixel
(a) Original Inclusion (b) (c)
Measurement Measurement

Figure 5-14 (a) — (c). Pixel Measurement Discrepancies in Inclusion Taken From 15S24/6L1.

(a) 100x Magnification LM Image (b) Overlaid with SEM Image

Figure 5-15. ‘Classic’ Stringer Inclusion with its Conventional Alumina Core from the Non-

Calcium Treated 11QS44/7L1.

(a) 100x Magnification LM Image (b) Overlaid with SEM Image

Figure 5-16. Purely ‘Sulphide-based’ Inclusion from the Non-Calcium Treated 11QS44/7L1.



The other effect of the large pixel size is that it becomes very difficult to define
the edge of the inclusion accurately. This is because, as seen in Figure 5-17, the edge
of the inclusion is blurred over several pixels with only the centre portion of the
inclusion appearing dark. As a result, even manual measurements of the inclusions are
difficult and with the pixel size being so large, slight variations in the pixel area of the
inclusions, can lead to relatively drastic changes in inclusion size, especially for small

inclusions.

This is then compounded through the greyscale-based segmentation that is the
basis of the automated analysis technique. Consequently, a compromise had to be
made between encapsulating as much of the greyscale for the inclusion as possible

without also incorporating artifacts - e.g. scratches - or noise into the analysis.

The automated analysis could be improved via the use of commercially
available machine learning segmentation software such as Zeiss’s Intellesis Module.
These pieces of software incorporate shape recognition and edge detection into the
segmentation. However, these automated segmentation tools tend to be slow and
expensive and as such may not provide value for money at this point in their

development. This should, however, change as the product matures.

Figure 5-18 shows that on average the inclusions found via manual
measurements are significantly larger than those from the automated technique. A key
reason for this occurring is due to the automated technique not classifying inclusions
that have e <40 um and t < 10 um (Figure 3-10) as one inclusion. This is unless they
are in close enough proximity to each other that the separate inclusions blur into each
other. Limitations in the code simply prevented the ‘grouping’ of inclusions because
the particle analysis tool within ImageJ, which was the basis for the assessment, did

not allow for this.

As a result, inclusions that fall into this category are measured as being
significantly larger than normal. This means a much fairer means of comparison
between the techniques would be to compare the average areas of globular inclusions,
as seen in Figure 5-19. While these inclusions are still larger on average than the ones
taken using the automated method, there are a couple of reasons why this is the case.
One reason is that there are still examples of inclusions that were classified as globular,

but still consist of multiple aligned inclusions (Figure 5-21). However, these were
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significantly rarer than their elongated equivalents. Another reason could be the effect

of greyscale and large pixel size, discussed earlier, resulting in any slight variation in

the pixel area having a relatively large impact on the calculated inclusion area.

(a) 100x Magnification LM Image (b) Overlaid with SEM Image

Figure 5-17. Globular Inclusion from Calcium Treated 15524-10L1.
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Figure 5-18. Comparison Between the Automated and Manual Techniques for the Average Size

of Inclusions Results Taken from the Same Samples.
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Figure 5-19. Comparison Between the Automated and Manual Techniques for the Average Size

of Globular Inclusions Results Taken from the Same Samples.

However, the main reason for this difference in area is that the automated
technique calculates the area of inclusion based on the number of pixels that make up
the inclusion (Figure 5-22 (b)). This is unlike the manual method which instead
calculates the area by multiplying the width and the height of the inclusion (Figure
5-22 (¢)). This means that the area calculated for the inclusion by the manual method
is significantly larger than the inclusion itself. For example, in Figure 5-22 the area
calculated by the manual method is 165.12um? (2dp) compared to 112.19um? (2dp)
by the automated method. As a result, the automated method will provide a much more

accurate representation of the inclusions area.

This is further highlighted by the fact that, when you compare both techniques
(Figure 5-20), the entire inclusion population has very similar average heights. Most
samples also have a significant overlap in the range of results, as indicated by their o,

in addition to the average differences normally being less than 1 pixel.

The only other analysis approach that is capable of measuring the average size
of inclusions is the Semi-Automated technique. As can be seen in Figure 5-3, the

average inclusion size for this technique is significantly smaller than for the other 2
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Figure 5-20. Comparison Between the Automated and Manual Techniques for the Average

Height of Inclusions Results Taken from the Same Samples.

optical methods. This is likely to be because there were only 10 fields analysed per
sample. As the SEM analysis has shown, a wider variety of inclusion sizes commonly
exist, this implies that insufficient inclusions were included for the calculation to be

accurate for the sample as a whole.

As can be seen in Figure 5-2, the other key difference between the automated
and the manual methods is the average number of inclusions per 710um? field. 3 of
the samples have relatively similar numbers of inclusions for the 2 different analytical
techniques, with any differences most likely influenced by the fact that the automated
method does not include the ‘grouped’ elongated inclusions. This is further
highlighted in Table 5-4 which shows that all the samples have at least one of these
inclusions in over half of the fields, with some being significantly higher. These
inclusions consist of at least 2 inclusions but can contain up to 6. Incorporating this
into the measurement brings these 3 samples results well into the range of each other’s

o (Figure 5-23).
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(a) Light Microscope Image (b) Measured Inclusion

Figure 5-21 (a) — (b). Globular Aligned Particle from 14S17/8MW

> - O

(a) Light Microscope Image (b) Automated Inclusion Area  (¢) Manual Inclusion Area

Figure 5-22 (a) — (c). Area Calculation Difference Between Automated and Manual Techniques.

However, 2 of the samples can be seen to have significantly less inclusions in
the manual results compared to their automated counterparts. These samples have a
significant amount of very small inclusions as seen in Figure 5-24 (a), which tend to

only be made up a few pixels (Figure 5-24 (b)).

During manual measurements, a significant proportion of these inclusions
were deemed to be too small to be included in the calculations, since they measured 2
pixels by 2 pixels (Figure 5-24 (c)) and were therefore below the 2um by 3um size
‘cut-off” from the standards. However, due to a combination of the large pixel size and
greyscale effects mentioned earlier, the automated inclusion analysis incorporated
some of these ‘excluded’ inclusions as the minimum size stringer inclusions. This
could also help account for some of the variation in percentage globular and the

average size of inclusions seen in Figure 5-1 and Figure 5-3.

While the semi-automated method is also capable of calculating the inclusion
population density, this suffers from the same problem as its assessment of inclusion
size in that it does not measure enough fields over a wide enough area to obtain an
accurate average. This can be seen more clearly in the change of both inclusion number

and size through thickness in Figure’s 4-22 & 4-23.
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Table 5-4. Table of Statistics on the ‘Nucleated’ Inclusions Found in the Manual Measurements

Average Standard Total Number | Average Number Standard
Sample Row | Number of Deviation of Elongated | of Inclusions in Deviation
Elongated Inclusions Elongated 'Set'
1 0.81 1.11 22 2.18 0.39
14S17/3MW 8 0.33 0.62 9 2.00 0.00
12 0.85 0.99 23 2.16 0.50
Total 0.67 0.95 54 2.14 0.40
1 1.00 0.96 27 223 0.51
6 0.74 0.86 20 2.25 0.55
HSI7/TMW 9 1.07 1.14 29 2.10 0.31
Total 0.94 0.99 76 2.19 0.46
1 1.63 1.67 44 2.11 0.39
14S17/8MW 3 1.04 1.02 28 2.07 0.26
9 0.41 0.57 11 2.09 0.30
Total 1.02 1.26 83 2.10 0.34
1 0.71 0.90 20 2.10 0.45
4 0.64 0.83 18 2.11 0.32
14521/2L1
7 1.00 1.02 28 2.11 0.31
Total 0.79 0.92 66 2.11 0.36
1 0.74 0.81 20 2.05 0.22
15S24/6L1 4 0.44 0.58 12 2.08 0.29
8 0.52 0.89 14 2.07 0.27
Total 0.57 0.77 46 2.07 0.25
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Figure 5-23. Average Number of Inclusions Including those Classified within Stringers.

(a) Large Area Illustrating Quantity of Small Inclusions

2x2 Inclusions Too 2x3 Inclusions Included

(b) Zoomed in LM Image (¢)
Small to Be Included as Stringers

Figure 5-24 (a) — (d). Light Microscope Image Illustrating Small Inclusions in 14S21/2L1.
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5.5.2. Advantages of Automated Analysis
1. Large Data Set

Unlike the chemical-based analysis techniques, this method is able to analyse

inclusions over a significantly larger area, encompassing thousands of inclusions.

Another by-product of this is that you could use the information gained from
the SEM analysis in Table 4-3 to determine how many of each inclusion type based of
their L/W ratio height. Therefore, it would be possible to categorise the samples based

the impact factor of these inclusion types instead of just a globular/stringer ratio.
2. Positional Measurements

Calculated both the number and size of inclusions and their positions through
the thickness of sample. These results can be easily manipulated to calculate different
statistics, such as the position of the worst inclusion etc. While this is possible with

manual measurements, it would take such a long period of time that it is not feasible.

In continuation of categorising steels based on the impact factor of their
inclusion types, this could be further refined to include location data further increasing

the value of this categorisation technique.
3. True Area Measurements

Measures the true area of the inclusion based off the pixel count, instead of an

estimate based of its length and width.
4. Time Taken to Run Analysis. For example: -

i.  Automated Inclusion Analysis - Once the sample has been prepared, it
takes a maximum of 30 minutes to capture the stitched image, 30 minutes
to adjust and format the image, 5 minutes to run the macro and 10 minutes
to organise and move the data into excel. This results in analysis taking

roughly 1% hours per sample.

ii.  Manual Method — Takes a minimum of 5 minutes per field to measure all
the inclusions. However, this is normally closer to 10/15 minutes but can
be significantly longer depending on number of inclusions and how many
‘grouped’ elongated inclusions there are. To the run the analysis included

in this study, even at the most conservative estimate of 5 minutes per field
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1il.

1v.

puts this analysis at roughly 7' hours per sample which does not include
the time to capture the image in the first place or run any excel analysis.
This increases up to several months to accomplish the full level of analysis
if conducted entirely manually using a standard light microscope with an

eyepiece graticule.

Semi-Automated Inclusion Assessment — As stated in Chapter 3, it would
take roughly 5 minutes to capture each image plus approximately 15
minutes to adjust and format the image to conduct the post processing. This
is because essentially the same work is conducted on each individual image
that would be conducted on the entire stitched image in the automated
method. This meant that each sample was taking roughly 3’2 hours to

complete, and this was to only complete 10 fields.

Automated EDS Inclusion Assessment — This can vary, but for these
samples as a 400-field area was selected and if, conservatively, 5 minutes
was spent scanning each field, this would result in roughly a 33 hour scan

time per sample and that is to only scan roughly a 19.6mm? area.

PDA Analysis — This is the only test that is faster with the standard OES
analysis, taking roughly 5 minutes to run before inputting the data into the
PDA algorithm. However, while these results look promising, this version

of the algorithm is still in need of validation using a much larger data set.
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5.5.3. Disadvantages of Automated Analysis

1. Preparation

To prepare a 200mm? area down to a completely 4 um? finish was difficult
and very time consuming. However, after significant trial and error, the procedure
described in Chapter 2 was relatively effective. If the sample was only prepped down
to 1um? (Figure 5-25), or any residual scratches that could not be manually removed,

would be picked up during thresholding and classified as an inclusion.

1000 pm ¥ ' | 1000 pm
st s | y:

(a) 1pm Scratches (b) After Greyscale Segmentation

Figure 5-25. Effect of 1um Scratches on the Ability to Segment Inclusions in 14S17/2MW

2. Inclusion Pull-Out (Figure 5-26 & Figure 5-27).

Normally inclusion pull-out was immediately obvious and resulted in the
characteristic scratches that can be seen in Figure 5-27, thus making it easy to re-
prepare the sample. However, on occasion these did not occur (Figure 5-26 (a)) and

when this happened the manual and the automated technique treated it very differently.

During automated analysis, only the part of the inclusion ‘crater’ that can be
seen in the SEM image (Figure 5-26 (d)) that it shadowed by the light is classed as the
inclusion (Figure 5-26 (b)). It is therefore classified as a stringer with an incorrect
volume. The manual method instead measures what can be assumed to be the whole

‘crater’ (Figure 5-26 (c)).

While both these methods would lead to an incorrect area measurement, the
manual method should be more accurate as the ‘crater’ size would be relatively
representative of the inclusions area. This is also the most likely cause for the anomaly
seen in Figure 5-13. The inclusion population would not be affected in either case,

however, as the inclusion would be counted in some shape or form.
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Figure 5-26 (a)-(d). Inclusion Pull-Out Seen In 14S17/10MW
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3. Image Stitching

The simplistic nature of the stitching process utilised within AxioVision meant
the images were stitched together based on a combination of their stage positions and
a 5% image overlap. This resulted in occasions where inclusions were either split in
half (Figure 5-28 (a)) or multiplied (Figure 5-28 (c)). Consequently, inclusions would
be classified as 2 stringers, with half the area, instead of 1 full globular inclusion. The
effect of this would be limited by the fact that the macro could not group these
incorrect inclusions into large elongated inclusions. But also, the fact that they were
relatively rare, and with so many inclusions measured, the effects should be averaged

out.

Manual measurements did have the advantage of being able to correct (Figure
5-28 (b)) or simply ignore these errors as they were found. It would however add a
significant amount of time to correct for the Automated analysis. These errors occurred
due to the lack of features on the sample surface, meaning that the ‘stitching tool’
would lead to significant errors (Figure 5-29). However, the new Zeiss ZEN software

seems to have overcome these issues, leading to a significantly improved automated

stitch.
. . : -9
3 B "

(a) Stitch Separated Inclusion (b) Reconnected Inclusion (c) Duplicated Inclusion

Figure 5-28 (a) — (c). Examples of Stitching Errors of Inclusions

Figure 5-29. Example of Stitching Error with Some Regions of Oil Residue Highlighted.
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4. Surface Dirt would also be included in the segmentation and therefore classed as

an inclusion in the measurements. This dirt could be the result of: -

ii.

iil.

Dust - Inevitably lands on the surface of the sample after cleaning (Figure
5-30). While the large and obvious dust particles are edited out during post-
processing of the images, there are particles that would remain on the

sample, but these were rare enough to be averaged out.

Ethanol Staining (Figure 5-31) — Mitigated by using IPA during polishing,
before finally cleaning with Acetone before drying with compressed air
while the sample was still wet. Any remnants were hopefully removed

using the plasma cleaner.

Oil Residue (Figure 5-29) — Due to the water-free preparation process.
Tended to be removed by cleaning with Acetone and Selvyt cleaning cloths
but could be drawn out of cracks between the sample and the Bakelite by
the vacuum during the plasma cleaning process. This can also be streaked
over the sample surface during cleaning, making imaging impossible and

being very difficult to remove.

\ ".

(a) Surface Dirt Found on 14S17/7TMW (b) Surface Dirt Found on 14S21/2L.1

Figure 5-30 (a) — (b). Some Examples of Surface Dirt

500um

Figure 5-31. Example of Ethanol Staining.
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5. Not Factoring ‘Nucleated’ Inclusions as 1 Inclusion

As mentioned previously, the biggest deviation from the standards is the fact
that the automated technique does not classify ‘nucleated’ inclusions as a single
inclusion. This is something that it shares with both the Semi-Automated and the
Automated EDS Inclusion Analysis. As shown by the manual measurements (Table
5-4) there was, on average, one of these ‘grouped’ inclusions somewhere between
every and every other field. However, the standard states that these inclusions are
‘grouped’ because they are assumed to be either traditional stringers, that have been
separated during the preparation process, or that they are fractured inclusions that have
formed clustered ‘stringers.” The EDS analysis on the other hand, as highlighted in
Section 4.3.3.5, shows that most of the inclusions are of the ‘nucleated’ type and
therefore consist of complete globular inclusions, that just happen to of nucleated near

each other.

The next logical argument is that due to ‘nucleated’ inclusions proximity to
each other, once a void forms, it can coalesce more easily. This leads to the formation
of large cracks with a higher stress raising intensity. Nevertheless, the standards
contradict this as they state that inclusions should only be grouped if they are within
10um of each other in the vertical direction - which would affect longitudinal samples

as traditional stringers affect transverse sample.

A further point to this could be that the inclusions proximity to each other
increases the stress raising effect meaning voids are more likely to form. Research by
Courbon et al [124] on spherical inclusions in bearing steel shows that there is only
an interaction between the Hertzian stress concentration of inclusions if they are
separated by a distance that is less than 3 diameters. As the average height of the
inclusions for all the samples combined is 5.6um and all the samples individual
average’s under 9um, they are both significantly under 40pm when multiplied by 3.
The research does however make some assumptions that are unlikely to be relevant to
these samples, due to the use of the Moschovidis extension of the Eshelby method.

The key point one is that the inclusions and the matrix are perfectly bonded.

If instead this was treated as a ‘worst case scenario’, in that the interface
between the inclusion and the steel had already broken and formed a void. Atleast for

2 circular holes in an infinitely thin piece of material under uniaxial tension, it has
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been found that when the distance between these holes is greater than 3 diameters,
then the influence between the 2 holes is so weak, it is reasonable to treat them as

individual holes [125].

To include either an inclusion diameter-based or the standard’s distance-based
metric in the automated analysis would however require a custom python-based script
(or equivalent). This is because the ‘particle analysis tool’ in Image] that was

employed in this study does not offer the flexibility to include this.
6. Pixel size and magnification.
5.5.4. Reducing the Effect of Pixel Size

As aresult, a short study was carried out on 5 samples (Table 5-5) at 200x and
500x magnifications and compared back to the 100x magnification results. These
results can be seen in Figure's 5-32 to 5-34. The key difference between these methods
was the number of 710um fields measured, resulting in increasingly reduced areas as
the magnification increased. This was to keep the resulting stitched TIF images below

a 2GB file size, so they could be opened by Imagel.

As can be seen, both the 200x and the 500x magnifications showed
significantly higher results for the percentage globular, with the 500x magnification
showing results that were most similar to those seen in the chemical-based analysis

(Figure 5-35), especially the PDA results.

The Ca treated samples have less inclusions on average, at both the 200x and
500x magnifications. This is because there would less noise etc. in the image that could
be classified as inclusions. The non-Ca treated sample shows progressively more
inclusions between 100x, 200x and 500x. This is because with each increasing

magnification, more stringers are visible and, therefore, included in the calculation.

Table 5-5. Samples for 100x, 200x & 500x Comparative Measurements.

Sample Ca:S S Ca Sol. Al. Product
11Qs44/71.1 0.06 0.0054 0.0003 0.033 HR P&O
14S17/2MW 0.42 0.0060 0.0025 0.045 HR P&O

14S21/1412 0.23 0.0066 0.0015 0.035 HR Dry
15524/9L1 1.50 0.0014 0.0021 0.032 HR Dry
15524/1411 0.96 0.0024 0.0025 0.037 HR Dry
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Figure 5-32. Comparison of the Globular Levels at Different Magnifications.
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Figure 5-33. Comparison of the Average Number of Inclusions at Different Magnifications.
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The decrease in pixel size would naturally lead to smaller average inclusion
sizes at the higher magnifications since the calculated area ‘mask’ fits the inclusion
more accurately. This effect would then increase as the inclusion size gets larger.
While the ramifications of this can been seen in most of the results, the sample
14S21/14L2 in particular shows a dramatic decrease in average inclusion size between
100x and the higher magnifications. This could be the result of the key advantage of
the 100x magnification since it images over a much larger area than even the 200x

magnification and thus measures significantly more inclusions.

Consequently, it is suggested that future analysis be conducted at 500x
magnification in order to limit the impact of pixel size. It is also suggested that when
this analysis takes place, several stitched regions should be taken from different areas
of the steel sample. This is to ensure that enough inclusions are measured to give
accurate results. While this will take longer to capture the initial images, once the setup
has been completed once, successive images will be much quicker to capture — e.g. 3
stitched images at 500x would take an hour, compared to roughly 30 minutes for one.
The post-imaging analysis will also take less time, since a smaller area will need to be

formatted. As a result, it may only take slightly longer than the normal analysis.

Alternatively, the BigTIFF file format could potentially be used since, as a 64-
bit file format, it does not suffer the same drawbacks of the 32-bit TIFF format. This
would result in larger areas being captured and analysed more quickly but would make

the handling of these larger file sizes more resource intensive.

Another unintended advantage of the 500x magnification is that, as seen in
Figure 5-36, the chemical structure for larger inclusions is visible. As a result, future
analysis, possibly with the help of more advanced machine learning software, could
classify inclusion type and structure accurately, without the need to run EDS analysis.
Theoretically, as the sections of the inclusion generally have different crystal
structures (Table 5-6), the contrast between the areas could be increased by using
polarised light. This could potentially even allow for the classification of the different
alumina-based systems within the inclusion. This is supported by work conducted by
Safaie et al [126] using polarised light to determine the grain orientations of a titanium

alloy based on the different crystal orientations of the hexagonal titanium.
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Figure 5-34. Comparison of the Average Size of Inclusions at Different Magnifications
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Figure 5-35. Comparison of Chemical Analysis Results to the 500x Magnification Results.
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Figure 5-36 (a) — (d) ‘Cored’ Inclusion at Different Magnifications and EDS Analysis
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Table 5-6. Crystallographic Structures & Spacings for Inclusion Components [34, 127, 128].

System Structure Type
Al,Os Hexagonal (Cr,0s-type)
MgO-Al,O; Cubic (Spinel)
CA Cubic
C2A; Cubic
CaO0-Al,03 CA Monoclinic
CA; Monoclinic
CAq Hexagonal
CaS Cubic (NaCl-type)
MnS Cubic (NaCl-type)
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5.6. Conclusions

Key Advantages of Automated Inclusion Technique:

1. Measurements include thousands of inclusions over a large area.

2. Positional information on inclusions through the thickness of the material.

3. Measures actual inclusion area instead of an estimation from the length and width.

4. Results can easily be manipulated to show a wide variety of information e.g. worst
inclusion size, number of inclusions with most damaging L/W’s etc.

5. Significantly faster than most comparable technique and gives significantly more
information. Could be easily used in addition to OES-PDA model to give a more
comprehensive analysis once the model has been fully validated.

6. Refined technique at 500x magnification has the potential to classify based on their
internal structure which is visible at this magnification in inclusions. This
classification can theoretically be improved by using polarised light.

Key Disadvantages:

1. Difficult to prepare 200mm? area down to required 0.25um finish.

2. Inclusion pull-out a problem but mitigated with refined preparation technique.

3. Simplistic stitching process can result in splitting/duplicating of inclusions. Effects
appears to be lessened if using more up-to-date stitching software but should be
average out due to number of inclusions measured.

4. Risk of surface dirt effecting results. Impact reduced by correct preparation,
careful editing of images and averaging out.

5. Not including ‘grouped’ inclusions. However, the impact of these ‘grouped’

inclusions is likely less than the standard implies, as a significant proportion of the
potential ‘grouped’ inclusions are neither fractured inclusion clusters nor
elongated inclusions. Future work could be conducted on the impact of these

inclusions and potentially incorporated into the analysis.
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6. Large pixel size combined with relatively low magnification leading to lower than
predicted percentage globular levels and can lead to incorrect inclusions
identification. As result, it has been suggested that future studies are conducted at
500x magnification, via a revised macro designed to incorporate this. It would then
include several stitched images taken at different positions in the steel sample,

giving a greater representation of the full sample.
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Chapter 6

Conclusions & Future

Work
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6.1. Introduction

The chapters within this project contain both data and analysis that should aid
in the future development of Ca treated steels, both from a steel manufacturing and
quality control standpoint. As a result, whilst not covering all the conclusions from the
2 results chapters, the most significant conclusions are highlighted in the following
sections before focussing on their industrial impacts. This chapter also presents

suggestions for further work for anyone wishing to continue this analysis.

6.2. Mechanical & Microstructural Analysis of AHSS Automotive
Steel

1. Between Ca:S 0of 0.23 and 1.5 and Ca:Al of 0.039 and 0.074, the Ca treatment
has been shown to be effective at producing the required mechanical properties

in the steel by modifying a significant proportion of both the sulphide and

alumina-based inclusions into ‘globular’ inclusions.

2. The percentage number of ‘globular’ inclusions in never likely to reach 100%

due to a number of different Ca modified ‘stringers’ forming.
3. 2 key types of globular inclusion formed out of the melt:

I. “‘Cored’ - Sulphide shell nucleating on pre-existing alumina-based inclusion.

II. “Ying-Yang’ - Formed from the collision of 2 other inclusions.

o

6 types of stringer inclusion form:

I. “Classic’ — Alumina-based core with elongated MnS ‘shell’

II. “Fractured’” — Large inclusion that has fractured upon rolling

III. ‘Facetted’ — Sulphide shell forms on stringer shaped core

IV. ‘Nucleated’ — 2 or more globular inclusions nucleate within the distance

defined by the standards
V. ‘Partially-Modified — Insufficient CaS has solid solution strengthened MnS to
prevent partial elongation
V1. ‘Sulphide-based’ — 2 subtypes: purely (Ca,Mn)S which partially elongates
purely MnS which significantly elongates

5. Increasing the S level from 0.0014% wt. up to a maximum of 0.0079% wt. has

led to an increase in both the size and number of inclusions within steel. This
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increase however showed no impact on final mechanical properties that can be
directly associated with S level due to the fact that the inclusions close to the
surface were considerably smaller than the critical inclusion diameter of 10pm. If
inclusions were observed that were any larger, they tended to be both globular in
nature and positioned nearer the centre of the steel where they would be less

detrimental to the steel’s properties.

Possibility of non-Ca treated samples having similar tensile properties due to size
and population density of elongated inclusions. It did, however, show
significantly worse hole expansion properties than almost all the Ca treated
samples. More analysis will be needed to confirm this as only 1 comparable

sample was tested.

Grain orientation is the key parameter affecting change in properties in

longitudinal and transverse directions instead of the inclusion population.

6.3. Assessment of Automated Inclusion Analysis

Main Advantages: -

1. Measures both inclusion population, actual size and position within sample.
2. Potential to categorise inclusions more thoroughly based of their L/'W

3. Results can be easily engineered to user requirements.

4. Significantly faster than equivalent techniques.

5. 500x has the capability of categorising inclusions based off their chemical

structure which could possibly be enhanced using polarised light.

Main Disadvantages: -

1.

2.

Difficult to prepare samples efficiently.
Not including ‘grouped’ inclusions.

Large pixel size and relatively low magnification. As a result, all future analysis
of this grade should be conducted at 500x magnification and incorporate several
stitched areas. In general, the magnification/resolution should be based off the
number of pixels that make up the narrowest region of the inclusion and not based

on the number of pixels that make up the inclusion as a whole.
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6.4. Industrial Impact of Research

1.

Deepens the understanding of the effect of Ca-treatment on sulphide-based
inclusions, allowing for the production of steel grades that fulfil the customers
mechanical property requirements even if a lower than expected Ca:S is

achieved due to the volatile nature of the Ca addition process.

Potential indicator to industry on the amount of Ca to be added to the steel based
off the steels S and Al levels (and resulting Ca:S and Ca:Al) to ensure that
mechanical properties are achieved while also preventing the negative effects of
adding an excessive amount of Ca. While theoretically possible, it must be
treated on a case by case basis and depends on whether the steel has gone
through any further processes (e.g. chemical reheating) after the final chemical

analysis was taken prior to Ca treatment.

Created a reliable, reproducible, and auditable method of analysing inclusions
that can be conducted in a much more time efficient manner. While not ideal,
this method could also be applied to any traditional microscope with very little
modification. The minimum modification that would be suggested is the
installation of a micrometre to control the stage movement and therefore allow

for a more accurate stitching of the final image.

The automated method is not limited to the analysis of successful Ca
modification and can be applied to any analysis requiring the number, size,
shape & position of features with a different greyscale (i.e. pores/inclusions etc.)

potentially saving Tata Steel both time and money in the future.

Provides data that supports the analysis provided by the OES-PDA model
developed by Whiteside ef a/ and while not providing sufficient information to
fully validate the model, the data produced within this study encourages Tata

Steel to pursue this line of research.
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6.5. Suggestions for Future Work

1.

Conduct analysis on samples with more samples with a Ca:S < 0.23 to see lower

limit of Ca:S where mechanical properties are still achieved.
Test samples with a Ca:S > 1.5 in order to determine upper limit of Ca additions.

Include O content in all future analysis to investigate how that affects inclusion

population and size in combination with Ca:S.
Conduct mechanical testing on comparable non-Ca treated samples.
Analyse how grain size affects HEC.

Conduct analysis at 500x magnification to investigate whether effects of S content

on inclusion size and population are still accurate.

Analyse proximity of inclusions and the resulting impact on stress concentrations,

especially in comparison to a single large inclusion.

Incorporate the results from suggestion 6 & 7 into an updated macro/python-based

script.

Conduct polarised light analysis to test the viability of its ability to categorise

inclusions.
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Automated Inclusion

Analysis Macro Code
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requires("1.37");
run("Set Measurements...", "area mean standard perimeter bounding fit shape feret's
area_fraction redirect=None decimal=9"); //sets all the measurements to be recorded

A=690; //Size of local area (690 pixels x 690 pixels) (690 pxls = 709.88um)*;

w = getWidth();
h = getHeight();
dir = "Insert File Directory"; //sets file directory;
setForegroundColor(0, 54, 255); //Sets grid colour
for (j=1;j<=nSlices;j++){ //Sets number of slices so when j=2 (2nd slice) it stops as there's
no second slice;
setSlice(j);
for (ii=0;ii<h/A;ii++){ //sets ii value to correct row value
for (i=0;i<w/A;i++){ //set i value to correct column value
run("Clear Results");
X=i*A;
y=ii*A;
makeRectangle(x, y, A, A); //creates ROI at location x,y of a size
ALA;
w1l = x+A; //Measuring the end point of the ROI, if it is greater
than the full width then it has gone off the edge and
will not be included;
hl = y+A;
if (h1<=h && wl<=w){//Makes sure ROI is 690 pxIs x 690 pxIs;
run("Analyze Particles...", "size=0-Infinity circularity=0.00-
1.00 show=Nothing display exclude clear include slice"); //runs the analyse particle
function while selecting to display results, exclude any inclusions that touch the edge of
the ROI, clear any previous results, include any holes in inclusions and summarise the
data (cannot show masks as it analyses the new masked image that has nothing in the
new ROI);
n=nResults;
for(z=0;z<n;z++){ //Applies Column and Row Values;
setResult("Row",z,ii);
setResult("Column",z,i);
}
name = getTitle;
index = lastIndexOf(name, "."); //removes .tif from image
name;
if (index!=-1) {
name = substring(name, 0, index);
}
saveAs("Results",dir+"\\"+name+"\\Individual\\"+name+
(Grid "+ii+"-"+i+").csv"); //Saves results as sample name plus grid position;
print("Grid: "+ii+"-"+i+" Count: "+nResults); //Created
summary results of whats been calculated so far;

}

}
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* 690 pixels by 690 pixels if for analysis in line with the standard at 100x
magnification. The following alterations are made to the code for different

magnifications:

200x Magnification

1. Used if wanting to directly compare to 100x Magnification: -
A=1400; //Size of local area (1400 pxls x 1400 pxls) (1400 pxIs = 710.14pum);
2. Used to conduct analysis in line with standard.

A=690; //Size of local area (690 pxls x 690 pxls) (690 pxls = 350pum);

500x Magnification

1. Used if wanting to directly compare to 100x Magnification: -
A=3500; //Size of local area (3500 pxls x 3500 pxls) (3500 pxls = 710.23um);

2. Used to conduct analysis in line with assumed continuing reduction if field size
in accordance to how the standard’s field size halves from 50x — 100x — 200x

magnification as 500x magnification is not addressed.
A=862; //Size of local area (862 pxls x 862 pxls) (862 pxls = 174.92um);

It should however be noted that while reduces the field size increases the accuracy of
the positions of inclusions through the thickness of the steel plate, it also increases the
chance of inclusions crossing between fields and therefore being ignored from the

analysis.
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Appendix B

Calculations of Estimated

FB590 Chemistries
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As stated previously, during retesting it was discovered that some of the original
chemistries were inaccurate and some of the samples were unavailable for retesting.
In order to the still utilise the tensile data associated with these samples; the remaining

samples were split into 2 groups to calculate their updated chemistries: -

1. Samples that had other coils tested from the same heat.

2. Samples taken from coils with untested sample heats.

The samples taken from a coil that had other coils tested from the same heat,
simply had their updated chemistries calculated from an average of the chemistry’s

other samples from the same heat. The resulting chemistries can be seen in Table 3-4.

The samples from heats that were not available for retesting were calculated
by first calculating the percentage difference in chemistries between the original data
set and the updated data set. The resulting percentage differences from each sample
were then averaged, creating an average percentage difference for each individual
element. These results are shown in Figure B-1, with error bars indicating + 10. As
can be seen, for most of the relevant elements the range of results indicated by their
error bars were relatively small, however the errors bars for S were quite large, with
the sample showing a o of 22.19% (2dp). These average percentage differences were
then multiplied against the original chemistries to provide the updated chemistry that

can be seen in Table 3-5.

It should be noted that all the samples with these ‘averaged’ and ‘estimated’
chemistries are highlighted in the resulting comparisons with mechanical properties,

as to not confuse them with samples with measured chemistries.
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Appendix C

Supplementary Results
Supporting Assertions

Made in Chapter 4
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4.2.1.1. Entire Sample Range
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Figure C-1. Comparison of UE and UTS in FB590 and a Non-Calcium treated grade.
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Figure C-2. Comparison of UE and 0.2% PS in FB590 and a Non-Calcium treated grade.
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Figure C-3. Comparison of UTS and Ca:S in FB590 and a Non-Calcium treated grade.
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Figure C-4. Comparison of 0.2% PS and Ca:S in FB590 and a Non-Calcium treated grade.
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Figure C-5. Comparison of UTS and Sulphur Level in FB590 and a Non-Calcium treated grade.
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4.2.1.2. Transverse Samples Only
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Figure C-7. Comparison of UTS and Ca:S in FB590 and a Non-Calcium treated grade in the

transverse direction.
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Figure C-8. Comparison of 0.2% PS and Ca:S in FB590 and a Non-Calcium treated grade in

the transverse direction.
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Figure C-9. Comparison of UE and Sulphur Level in FB590 and a Non-Calcium treated grade

in the transverse direction.
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Figure C-11. Comparison of 0.2% Proof Stress and Sulphur Level in FB590 and a Non-Calcium

treated grade only in the transverse direction.
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Percentage Difference between 0.2% Proof Stress

in the Longitudinal and Transverse Directions

4.2.1.3. Transverse vs Longitudinal Direction
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Figure C-12. Comparison of 0.2% Proof Stress and Ca:S in FB590 and a Non-calcium treated

grade showing the percentage differences between the transverse and longitudinal directions.
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Figure C-13. Comparison of the Uniform Elongation and Sulphur Level in FB590 and a Non-

Calcium treated grade showing the percentage differences between the transverse and

longitudinal directions.
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4.3.3.1.2. Inclusion Population Density
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Figure C-17. Average Number of Globular and Stringer Inclusions vs Calcium Sulphur Ratio

for the Calcium Treated FB590.
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Figure C-18. Average Area of Inclusions vs Calcium Sulphur Ratio for Calcium Treated FB590.

100

80

60

40

20

Average Area of Inclusions (um?)

By = [
[] []
n
[ ]
' |
A
A
A I
m A A
L | [ | T
LI n [ ]
A y A H
T
0j2 0/4 0l6 08 110 112 114 1
Ca:S
W Calcium Treated - Globular Inclusion A Calcium Treated - Stringer Inclusion

Figure C-19. Average Area of Globular and Stringer Inclusions vs Calcium Sulphur Ratio for

Calcium Treated FB590.
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4.3.3.2. Scanning Electron Microscopy (EDS Analysis) — Ca Treated
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Figure C-20. ‘Globular’ Inclusion from 13S24/18MW
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Figure C-21. ‘Globular’ Inclusion from 14S21/2L1 (Ca:S — 0.23, S — 0.0079 wt.%)
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Figure C-23. Example of ‘Ying-Yang’ Globular Inclusion from 14S17/12MW
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Figure C-24. ‘Stringer’ Inclusion from 13S24/18MW.
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Figure C-25. Example of a Partially ‘Fractured’ Stringer Inclusion from 14S17/4MW.
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Figure C-26. Example of a Completely ‘Fractured’ Stringer Inclusions from 15S24/1L1
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Figure C-27. Example of a ‘Ying-Yang’ Stringer Inclusion from 14S21/1L2.
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Figure C-28. Example of a ‘Nucleated’ Stringer Inclusions from 15S24/5L1.
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4.3.4.2. Scanning Electron Microscopy (EDS Analysis) — Non-Ca Treated
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F igure C-29. Example of a ‘Classic’ Stringer Inclusion found in 11QS44-7L1.
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Figure C-30. Example of a ‘Classic’ Stringer Inclusion found in 11QS44-7L1
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4.4.2. Effect of Calcium Treatment on Mechanical Properties
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Figure C-31. A Comparison of How the Percentage Amount of Globular Inclusions Affects UTS

in the Transverse Direction for the Ca Treated and Non-Ca Treated Samples.
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Figure C-32. A Comparison of How the Percentage Amount of Globular Inclusions Affects

0.2% PS in the Transverse Direction for the Ca Treated and Non-Ca Treated Samples.
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Figure C-33. A Comparison of How the Percentage Amount of Globular Inclusions Affects
Percentage Difference in 0.2% PS between the Transverse and Longitudinal Direction for the

Ca Treated and Non-Ca Treated Samples.
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4.4.3. Effect of Sulphur Level on Tensile Properties
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Figure C-34. A Comparison of How the Average Number of Inclusions Affects the UTS for the

Calcium Treated and Non-Calcium Treated Samples.
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Figure C-35. A Comparison of How the Average Number of Inclusions Affects the 0.2% Proof

Stress for the Calcium Treated and Non-Calcium Treated Samples.
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Figure C-36. A Comparison of How the Average Size of Inclusions Affects the UTS for the

Calcium Treated and Non-Calcium Treated Samples.
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Figure C-37. A Comparison of How the Average Size of Inclusions Affects the 0.2% Proof

Stress for the Calcium Treated and Non-Calcium Treated Samples.
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