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1 Introduction

A continuous casting machine is principally a met-
allurgical machine, and a good machine must be de-
signed by metallurgists and not by mill builders.®

IrvING RoOsSI

“Irving Rossi, Concast and Daedomorphy, (1978).

The problem of hot tearing in the continuous casting process has been an important area of
research for several decades. At the Chair of Metallurgy at the University of Leoben, hot tearing of
steels has been investigated for 20 years. The great interest in this subject matter can be explained
by the trend towards higher casting speed for enhanced caster productivity and the development

of new steel grades showing a possibly higher hot tearing sensitivity.

Hot tearing criteria in continuous casting are mainly based on critical values of stress or strain,
because these approaches enable the quantification of deformation limits. The stresses and strains
in the process originate from both, thermal and mechanical loads, which result mainly from
contraction and phase transformation, temperature gradients along the surface or across the shell,

friction between strand and mould, bending and straightening as well as bulging and soft reduction.

Using sophisticated mechanical strand models, the strain and strain rates within the solidification
interval (mushy zone) due to the above mentioned loads can be calculated exactly. Thus, using a
strain-based criterion seems to be the most promising approach. However, the accuracy of such
a criterion strongly depends on the “quality of critical strain values”, which are necessary for the
quantification of hot tearing. For determining critical values of hot tearing, mainly experiments
were carried out. Critical stress data are rather rare in the literature, most publications focus
on the evaluation of critical strain values. Similarly to the different testing equipments used, the

27 Especially at carbon contents lower

results of critical strains differ in the relevant literature!
than 0.3 wt.-%C, values of the critical strain show a very high scatter band. Nevertheless, taking
into account the brittle temperature range* and the strain rate and using different experimentally
determined results, Won et al.[® proposed an empirical equation of the critical strain of hot tearing.

In a first estimation of the critical strain, the proposed empirical equation is certainly a good

*The brittle or critical temperature range is defined as a certain temperature range within the mushy zone where
hot tears tend to occur. A detailed consideration will be carried out later in the work.



1 Introduction

approximation. However, for certain steel grades it can also be shown that calculated values differ

from experimentally determined results!?.

Furthermore, the consideration of solely a critical strain and consequently only the initiation of
hot tears are not sufficient to provide a basis for the enhancement of the caster design. A further
mechanism of hot tearing — the tear propagation (growth) — must be considered. Therefore, the
aim of the present thesis is to perform a series of experiments under continuous casting conditions
to make a step forward in the description of hot tearing. These experiments will be conducted
using the continuously modified and improved Submerged Split Chill Tensile (SSCT)-test. Based
on experimentally determined results, a new hot tearing criterion taking into account the influence

of the chemical composition, the strain rate and the solidification conditions will be developed.

Chapter 2 provides a comprehensive literature study illustrating the most important influencing
parameters as well as the basic theories of hot tearing. An important intention of the following
work is the theoretical review of the phenomenon of hot tearing not only in conjunction with the
continuous casting process of steel. Many hot tearing criteria found in the literature were partly
developed in the field of welding or have their origin in die casting of aluminum alloys or other
materials. These hot tearing criteria are summarised in Chapter 3. Subsequently, selected hot
tearing criteria are applied to laboratory experiments to predict the expected hot tearing tendency.
The calculation procedures and the results — the hot tearing susceptibility — are illustrated in
Chapter 4. Using these results and considering the demands on the final cast product, the major
requirements to a process related hot tearing criterion will be deduced in Chapter 5. Based on these
considerations the concept behind the new hot tearing criterion will be introduced in Chapter 6. As
already suggested, the developed model is a strain-based hot tearing criterion which assumes that a
certain temperature range exists within the solidification interval where strain can be accumulated.
Before presenting the results of the experimental investigations, the applied testing method will be
described in Chapter 7 together with the procedure of the metallographic analysis. The main part
of the present work is the illustration and interpretation of the experimental results in conjunction
with the developed hot tearing model. This will be done in Chapter 8, where the phenomenon of
hot tearing is investigated in terms of the hot tearing susceptibility (critical strain of tear initiation)
and the evolution of the initiated tears (tear propagation).

Therefore, the used approach is contrasted against common hot tearing models. This approach

does not only consider whether hot tearing takes place or not, it also takes into account the strain-

dependent severity of hot tearing.

2 Thesis Robert Pierer



2 Hot Tearing

Like the anatomist, the metallurgist has been more
concerned with form and function that with origins.®

C.S. SMITH

“Technical Publication No. 2387, Class E, Metals Tech-
nology, (1948).

The following chapter provides a comprehensive literature study, which is subdivided into five
sections. The first section gives an overview on Definitions of Hot Tearing according to differ-
ent authors and research fields. After this, the Basic Theories of Hot Tearing Mechanisms are
summarised. Three theories, which were already developed 60 years ago are examined in detail.
Nevertheless, these considerations are fundamental and represent the background of all hot tearing
models developed later. Basically, this chapter focuses on the subject from a theoretical point of
view and not from the view point of continuous casting of steel. Therefore, studies dealing with the
problem of hot tearing in other processes — such as direct-chill casting or die casting of aluminium
alloys or other materials together with studies in the field of welding — are also considered. In
a further section (Factors Controlling Hot Tearing) the most important parameters affecting hot
tearing are discussed. Further Comments on Hot Tearing as well as the section Summary and

Conclusions complete this chapter.

2.1 Definition of Hot Tearing

The literature provides many terms regarding the phenomenon of crack formation at temperatures
close to the solidus temperature such as hot tearing, hot cracking, hot shortness or solidification
cracking. Additionally, the term internal cracking — meaning crack formation during solidification
— is often used in the field of continuous casting. However, this phenomenon is still of great
interest in the continuous casting process due to the permanent tendency towards enhanced casting

productivity and increasing quality demands, as well as the development of new steel grades.

Terms and definitions in conjunction with cracks and fracture are specified, for example, in the
Stahl-Eisen-Prifblatt 1100 (0] In this document, hot cracks, solidification cracks, melting cracks

and shrinkage cracks are considered as cracks and fractures caused by heat, which are subdivided



2 Hot Tearing

into manufacturing induced cracks and fractures. Since the literature often does not distinguish
[10,11].

between these types of cracks, the following definitions should be mentioned
Hot cracks are intergranular separations which might form during casting, welding or
hot forming when the temperatures of sub-areas of the material are between solidus (Ts)
and liquidus (Ty) together with simultaneously acting tensile stresses. Their occurrence
18 linked to the presence of low-melting grain boundary zones in conjunction with local

shrinkage.

Depending on how hot cracks are generated, it will further be distinguished between solidification
[11-13]

and melting cracks

Solidification cracks are hot cracks, which occur at the end of solidification under acting
tensile stresses due to shrinkage. Melting cracks are intercrystalline hot cracks, which
are developed due to re-melting phases at grain boundaries together with simultaneously

acting tensile stresses.

In the present study, only crack formation during solidification will be investigated. Thus, the
term melting crack can be eliminated immediately. Likewise, the definition of solidification cracks
is not adequate in the continuous casting process, where further stresses need to be considered in
addition to shrinkage. However, the definition of hot cracks already includes very important facts

regarding the phenomenon of hot tearing in the continuous casting process.

Besides the above mentioned definitions, other definitions can be found in the literature. For

[14]

example, Langlais and Gruzleski™* use the term hot tear in the field of aluminium alloys:

Hot tearing is defined by the formation of a macroscopic fissure in a casting as a result
of strains and the associated stresses, generated during cooling, at a temperature above
the non-equilibrium solidus. The hot tear nucleates and grows interdendritically within

the solidifying material.

According to Eskin et al.'9) the phenomenon of hot tearing represents the formation of an
irreversible crack (failure) in the still semi-solid casting. Campbell 1% has proposed the following

definition:
A hot tear is almost certainly a uniaxial tensile failure in a weak material.

The derived consequences and the deductions of this definition as well as the general considerations
of hot tearing in the work of Campbell will be discussed later. The definition according to Langlais
and Gruzleskil' is similar to the definition of hot cracks, whereas the latter two ones describe the

problem of hot tearing from a more general point of view.

Finally, Bernhard ['7:18] provides the following statement regarding hot tearing during continuous

casting:

4 Thesis Robert Pierer



2.1 Definition of Hot Tearing

In continuous casting of steels, hot tearing generally results from an overcritical, perpen-
dicularly oriented tensile straining of a columnar solidifying mushy zone. The hot tears

that are initiated propagate along interdendritic paths and/or primary grain boundaries.

The term mushy zone (solidification range) corresponds to the temperature range between 77,

and T and is the solid/liquid two-phase region between fully liquid and fully solid states.

This definition was suggested for the continuous casting process as it also considers that hot tears
can only be found in the columnar structure of the product. Due to the very detailed description
of the phenomenon of hot tearing in the continuous casting process the latter definition seems to
be the most appropriate one and will be used in the present work. Furthermore, the terms hot

tearing and hot tear are used in the present thesis in order to ensure a consistent terminology.

However, none of the above mentioned definitions distinguish between open and segregated
(healed, filled) hot tears. Likewise, considering the description of the microscopic characteristics
of hot tears, the segregated hot tears are not mentioned in the relevant literature. In this context,
Eskin and Katgerman!'?) summarised the findings from the literature[19-20:16.21];

The fracture of hot tears shows a bumpy surface covered with a smooth layer and some-

times with solid bridges that connect or have connected both sides of the crack.

Furthermore, freely solidified dendritic or grain boundary surfaces are a typical feature[!*). Gener-
ally, a spheroidisation of crystals can be obtained with increasing hot tearing tendency. Fig. 2.1a
shows an occasionally occurring earing in the hot tearing surface, which indicates a partial bond-
ing of the hot tears (Fig. 2.1b). Furthermore, stable phases (sulphides, phosphides, silicides or

carbonitrides, etc.) can mostly be found on the hot tear surface (see Fig. 2.1c and d)M.

Chapter 5, will point out that — in contrast to the casting of eutectic alloys — both open and
segregated hot tears can degrade the quality of the continuously cast steel product. Depending on
further processing and the demands on the final product, both types of hot tears have to be seen

as potential defects.

Summarising it can be concluded that hot tearing occurs within the mushy zone, for this tensile
stresses are necessary. In fact, industrial and fundamental studies of hot tearing show that this
phenomenon occurs in the mushy zone at the end of solidification, independent of the materiall*].
The temperature range of hot tearing is further restricted between Ts and the temperature, which
corresponds to a fraction of solid (fs) greater than 85 — 95 %), Yamanaka et al.[*?, for example,
demonstrate by experimental investigations of steel that hot tearing takes place between fg = 0.80
and 0.99 %*.

The second important fact is the consideration of segregated hot tears, which are neclected in
the definitions of hot tearing. Based on the requirements to a process related hot tearing criterion,

the definition of Bernhard 1718 will be modified in Chapter 5 with respect to segregated hot tears.

“In the next section, the necessity of microsegregation models to determine the fraction of solid as a function of
temperature will be discussed. These values strongly depend on the used microsegregation analysis.

Thesis Robert Pierer 5



2 Hot Tearing

a)  X3CiNi16-16 10um P X3CiNite-16 10 um

Figure 2.1: a) Earing in the hot tearing surface, b) fracture in the interdendritic contact zone c) hot tearing
surface with dendritic sulphides and d) disk-like sulphides. 1]

2.2 Basic Theories of Hot Tearing Mechanisms

In the literature various investigations have been conducted to explain the mechanism of hot tearing
in casting. However, according to Langlais and Gruzleski'*!, basically three different theories can

be distinguished, which are summarised in the following sections:

2.2.1 The Shrinkage Brittleness Theory

This theory was first proposed by Vers?3, and was mainly applied in the field of Al-Si alloy
systems!24 28] During the liquid-solid state and the solidification progress, the primary crystals
come into contact (coherency temperature) and form a coherent network, which is illustrated in
Fig. 2.2. Generally, the mushy zone can be classified into different stages, based on the permeability
of the solid network. From a certain point in the mushy zone, the dendrites start to interact with
each other. At first, an uninterrupted liquid film still exists between the dendrites. After this,
dendrites contact each other and form bridges and finally, a continuous solid phase is formed 9.
A review of the literature!*51627-29] Jeads to a consideration of three different regions within the

mushy zone, which are schematically illustrated in Fig. 2.2:

Liquid or viscous flow: Stage 1 corresponds to the formation of primary dendrites at the beginning

of solidification, where the movement of the liquid is very easy.

Vulnerable region: The temperature where the secondary dendrite arms start to interact is called

the coalescence temperature. In this stage the liquid is distributed as an interdendritic film.

6 Thesis Robert Pierer



2.2 Basic Theories of Hot Tearing Mechanisms

With increasing solid fraction, the liquid is isolated in pockets or immobilised by surface

tension. However, the permeability of the solid network is sufficient to avoid pore formation.

Coherent region: At the final stage of solidification only isolated drops (liquid pockets) remain

and liquid feeding is no longer possible.

The theory postulates that during the cooling from coherent temperature to solidus temperature
(coherent region) a contraction strain develops that initiates hot tears. It is also stated that in the
presence of more than a certain critical portion of liquid any incipient hot tears between primary

crystals are healed by liquid feeding.

Dendrite Tip

Liquid Flow Stage @

Coalescence
Temperature

o P
Vulnerable Region -—J> 1 Stage @
(Restricted Feeding)

Coherence Point

Coherent Region . Stage @

Dendrite Root

Figure 2.2: Schematic illustration of the three different stages within the mushy zone

This theory was later taken up by Russian investigators [30-33] introducing the Brittle Temper-
ature Range (BTR or ATp) in the field of hot tearing in welds. The upper and lower temperature
limits are defined by the coherency temperature and by the temperature at which imposed loads
can be absorbed. Generally, the hot tearing tendency is directly related to the extent of the brittle
temperature range and consequently to any factor that influences this parameter. A lower hot

tearing sensitivity is associated with a more narrow brittle temperature range.

According to several researchers®3437 it was also found that in continuous casting of steels hot
tears tend to occur in the brittle temperature range! due to thermal contraction, mechanical defor-
mation and §/v phase transformation. Furthermore, the formation of hot tears during continuous
casting is generally related to the interaction between a reduced ductility of the solidifying steel in
the mushy zone and tensile stresses, which are caused by different mechanisms (bulging, bending,
misalignment, etc.). Fig. 2.3 illustrates the characteristics of the strength and the ductility within

the mushy zone as well as the parameters ZST, ZDT and LIT:

"In conjunction with crack formation during continuous casting — according to Suzuki et al. (381 _ three characteristic
brittle temperature ranges are distinguished. The mechanisms behind the different brittle temperature ranges were
further enhanced by Wolf®¥ and Thomas et al. %), However, regarding hot tearing only the brittle temperature
range within the mushy zone is of importance.

Thesis Robert Pierer 7



2 Hot Tearing

Zero Ductility Temperature (ZDT): The reduction of area, as a measure of ductility used in hot
tensile tests, remains zero as long as a liquid film exists between dendrites. The first increase
in ductility during solidification is identified by the ZDT and is associated with a fraction of

solid between 0.98 and 1[22:4142]

Zero Strength Temperature (ZST): The ramification of secondary dendrite arms and the cap-
illary forces of the residual liquid between the dendrites enable the solidifying material to
transmit forces perpendicular to the solidification direction below ZST. This temperature
corresponds to fg of around 0.65 — 0.80141:421 Similar to the definition of ZDT, also this def-

inition results from hot tensile tests needed to explain the measured strength above solidus.

Liquid Impenetrable Temperature (LIT): Below LIT the remaining liquid cannot flow freely. Hence,
interdendritic separations cannot be refilled by residual liquid. The reason for this is that the

dendrite arms are too compacted and resist feeding of the liquid.

T, Mushy Zone T
e
F} y Melt
|
Zero |
Ductility

Temperature Liquid
Impenetrable

Temperature zgp0
| Strength

Temperature

Ductility, %
Strength, Mpa

vt
. Strength
Ductility ‘

ZDT LIT ZST
Temperature, °C ———»

Figure 2.3: Schematic illustration of the mushy zone together with characteristic temperatures (according
to Won et al.[¥).

The terms ZDT and ZST and the corresponding fg result from experimental work using con-
ventional hot tensile tests. In the literature many studies using this experimental procedure can
be found. These publications often investigate the influence of chemical composition, cooling rate
and strain rate on resulting characteristic values of the experiment. A more detailed description of
the conventional hot tensile test can be found in the relevant literature (see for example references
inl43]).

In contrast to ZDT and ZST, LIT is based on theoretical considerations of hot tearing, considering

[27,44,35]

only open hot tears. This assumption is based on the concept of Clyne et al. where the
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2.2 Basic Theories of Hot Tearing Mechanisms

mushy zone is divided into the mass and feeding zone and the cracking zone. Hot tears formed in
the feeding zone are refilled with surrounding liquid, whereas hot tears formed in the cracking zone
cannot be refilled. The fraction of solid in the boundary between the two zones is assumed to be
0.90 %.

Considering the large number of investigations using the hot tensile test under continuous casting
conditions, it is not surprising that hot tearing is mainly related to results from these experiments.
Consequently, considerations of hot tearing during continuous casting are often associated with
ZST, LIT and ZDT. Therefore, these characteristic temperatures are used for defining the brittle

temperature range.

In order to investigate hot tearing under continuous casting conditions, Yamanaka et al.[2?
conducted experiments using a uni-directional tensile test of a cylindrical ingot with a liquid core.
This investigation showed that hot tears occured in a certain temperature range. By applying
a solidification analysis the corresponding fg was found in the range of 0.80 and 0.99, which is
in good agreement with the values of Kobayashi®?). Kobayashi analysed the data presented by
Schmidtmann and Rakoskil*647 and indicated that fg of 0.80 and 0.99 correspond to ZST and
ZD'T, respectively. Based on these findings a first definition of the brittle temperature range was

carried out between these two characteristic temperatures:

ATp = ZST — ZDT = T(fs = 0.8) — T(fs = 0.99) (2.1)

In order to take into account only open hot tears, Kim et al.[*8! follow the concept of Clyne and

Davies[27],

The latter two define a temperature region where hot tears cannot be refilled with liquid
because the dendrite arms are compact enough to resist feeding of the liquid. They proposed a
fraction of solid above liquid feeding is restricted to 0.9. Therefore, Kim et al.[*8] point out that
hot tears formed between ZST and LIT can be refilled with surrounding liquid and leave no hot
tear. Finally, the brittle temperature is defined between LIT and ZDT (AT = LIT — ZDT =
T(fs = 0.9) — T(fs = 0.99)).

Considering the definition of AT, the calculation of this parameter requires the determination
of the fraction of solid as a function of temperature. In this context, microsegregation plays an
important role, since this phenomenon strongly influences the characteristics of fg as a function of
temperature. In order to calculate the temperature dependence of the fraction of solid, different
models can be found in the literature. The earliest description is based on the Scheil equation,

491 Further analytical models are suggested by Brody and Flem-

which neglects back diffusion!
ings®% Clyne and Kurz[, Ohnakal® and Kobayashil®. A direct finite difference method was
published by Ueshima et al.!®. However, a detailed description of the theoretical background of
this phenomenon? as well as the existing microsegregation models would go beyond the scope of
the present thesis. Nevertheless, it is undoubted that the redistribution of the alloying elements

influences hot tearing.

fSee for example Kurz and Fisher [55]
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Therefore, a first assessment of elements influencing the hot tearing susceptibility can be done
in terms of AT, which consequently depends on the microsegregation of solute elements. Heavy
segregating elements, such as sulphur or phosphorus widen ATp and increase the hot tearing
susceptibility. Elements that reduce the solute enrichment (e.g. interdendritic MnS precipitation)
show a positive effect on the hot tearing susceptibility. In other words, an increasing tendency of
hot tearing is generally associated with a high ATpg, which implies a large volume of material and

a long time interval where hot tears may occur:

St =818, pggyy = AT 2
In these equations, Alprp is the length of the brittle temperature range and Atprgr denotes the
time interval during which a volume element moves through the brittle range within the mushy
zone. The parameters G and T are the temperature gradient and the cooling rate, respectively.
Considering the equations for Alprgr and Atprgr a further assessment of the parameters G and T
with respect to hot tearing can be done. Assuming that the hot tearing tendency depends on the
length and the time where hot tears may form during directional solidification, the equations state
that an increasing temperature gradient as well as an increasing solidification rate decrease the hot
tearing susceptibility.
However, the size of the brittle temperature range is not the only material property that influences
the hot tearing susceptibility. Zhang and Singer®® have shown that hot tearing of directionally
solidified Ni-based superalloys cannot be explained by ATp only. Some of these alloys show similar

[57]

freezing behavior but a different hot tearing resistance!®’!. Investigations of five different Ni-based

alloys have clearly shown that an increasing ATp does not increase the hot tearing tendency.

2.2.2 The Strain Theory

The first to investigate hot tearing of steel was Pellini®®! in the 1950’s. Pellini proposed the Strain
Theory to explain the mechanism of hot tearing. The author assumes that materials associated
with an existing liquid film can only sustain a certain amount of strain before tearing. The total
strain that develops during the presence of a liquid film therefore depends on the strain rate and

the time of film life. The strain theory is schematically illustrated in Fig. 2.4.
Bishop et al.[59%9 continued the work of Pellini by investigating the hot tearing of steel. By

conducting radiographic studies of the development of hot tears in casting and by conducting
strength tests during the solidification of test bars, the liquid film stage concept of hot tearing was
confirmed for the case of steels. Furthermore, based on these studies the authors point out the

following general assumptions and conclusions regarding the hot tearing problem 6

e All alloys pass through a critical temperature range of hot tearing during the process of

solidification.
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Figure 2.4: Strain theory of hot tearing according to Pellinil°%!, schematically

e The time-rate of extension during the presence of a liquid film (film stage condition) is the

primary mechanical factor that determines hot tearing.

e A further important critical factor is represented by the specific linear contraction rate. Metals

showing high contraction rates at solidus temperature are generally more prone to hot tearing.

e The sensitivity to hot tearing is increased by the presence of low-melting segregates due to

the increasing film life time.

e Coarse grain size results in a high concentration of strain per boundary and therefore leads
to hot tearing, while fine grain size leads to a decrease in strain concentration. Consequently,

finer grains decrease the hot tearing tendency.

2.2.3 The Generalised Theory

The Generalised Theory by Borland 6! was developed to explain the mechanism of hot tearing as
a combination of the Shrinkage-Brittleness Theory and the Strain Theory. The main objective was
to modify both theories and explain how the liquid quantity and distribution during solidification
affects hot tearing. In doing so, Borland suggested the dihedral angle concept as an important factor
controlling the morphology of the liquid films. Therefore, it is necessary to establish a relationship
between the interfacial energies and the liquid distribution at the grain boundaries, which was first

discussed by Smith[%2. The wettability as well as the shape and distribution of grain boundaries
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2 Hot Tearing

are expressed by the dihedral angle 6. The relationship between 6, the relative interfacial energies
of the grain-to-grain interface itself and the grain-to-particle interface is illustrated in Fig. 2.5.
The relation between the area of the boundary occupied by the liquid, # and the fraction of liquid

requires complicated geometrical calculations (see references [63765]).

0 =180° 6 =60° 6=0°
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ySL
Figure 2.5: Shape and distribution of the liquid phase at the grain boundaries as a function of 6 and the
relation between 6 and surface energies according to Smith{6%.

d[6166]  the most likely event of hot tearing in industrial welding can be

According to Borlan
described by the breaking of solid-solid bridges of grain surfaces covered by liquid, whereas extensive
solid-solid bridges prevent cracking. The author pointed out that for hot tearing not only a wide
brittle temperature range should exist (shrinkage-brittleness theory), and the alloy should pass
through a liquid-solid stage (strain theory), but the liquid distribution between grains should also

611 The application of this theory requires the relationship between

allow stresses to build up
the dihedral angle and the temperature under non-equilibrium conditions. Therefore, Borland
conducted experiments mainly on Al-Sn alloys, which were known to be hot tearing sensitive.

[66-68] jllustrate that in addition to the amount of residual liquid, the distribution

Several studies
of the liquid at the grain boundaries has an important influence on hot tearing. A continuous liquid
film along grain boundaries provides good conditions for crack propagation, but does not necessarily
advance the tear initiation (e.g. § = 0° in Fig. 2.5). In contrast, hot tears mainly develop at the
interfaces of liquid phases with a very high dihedral angle (e.g. 6 = 180° in Fig. 2.5). Hence, a
higher amount of liquid phases (higher dihedral angle) results in a higher damage compared to a

continuous liquid film (lower dihedral angle) along grain boundaries.

The importance of 6 and the wettability of the grain boundary in conjunction with hot tearing
was also mentioned by Campbell®, referring to the study of Frederickson and Lehtinen (%, In Al-
Sn alloys the liquid Sn wetted the grain boundaries of Al, causing a brittle tensile failure, whereas
in Al-Cd alloys the liquid Cd at the grain boundaries did not wet and spread, but remained as

compact pools. Investigations of the fractured surface show a ductile fracture in this case.
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The three above described theories can be summarised as follows. The Shrinkage-Brittleness
Theory states that hot tearing takes place within a temperature interval where solid-solid bridges
form. It is assumed that hot tearing includes the breaking of these solid-solid bridges. According to
the Strain Theory, hot tearing is described by the separation of a solid-liquid mass in the absence
of solid-solid bridges. The latter prevents hot tearing. The Generalised Theory refers to regions
of high stresses between grains or highly localised strains due to the liquid distribution between
grains. The concept of this theory is that hot tearing takes place after a small number of solid-solid

bridges were formed.

Finally, it should be mentioned that these theories have their origin in die casting and /or welding,
where the stresses and strains result from constrained shrinkage. This is in contrast to continuous
casting, where the strain causing hot tearing can come from a number of sources, as pointed out
previously. Therefore, the mushy zone morphology as well as the external characteristics of the
process have to be considered. Up to now, no agreement on the exact mechanism of hot tearing has
been reached. However, the main parameters influencing hot tearing were extensively investigated

in the past. The following section summarises these factors.

2.3 Factors Controlling Hot Tearing

61’70]) it is accepted that the various parameters

According to the relevant literature (for example!
affecting hot tearing can be grouped in metallurgical or mechanical factors. The latter involve
stress, strain and strain rate and will be discussed later in the present thesis. In the following the

most important metallurgical factors are summarised.

2.3.1 Metallurgical Parameters

Brittle Temperature Range: This parameter was already discussed in the previous section. The
width of the brittle temperature range (Algrr) and consequently the influence of the temperature
gradient G was illustrated. Furthermore, the deleterious effect of sulphur and phosphorous on hot
tearing was mentioned. However, it was also pointed out that the width of the brittle temperature

range cannot be the only parameter that affects hot tearing.

Liquid Feeding (Back-Filling): This phenomenon consistently appears in the relevant lit-
erature (for example in the Shrinkage-Brittleness Theory or in conjunction with LIT) meaning
the drawing of liquid back through the mushy zone to feed solidification shrinkage!™. This phe-
nomenon plays an important role in foundry practise, where risers are used in order to feed hot
spots to avoid tear formation. Thus, understanding only open hot tears as potential defects, the

27,71-7] . However, based

phenomenon of liquid feeding is considered in many hot tearing criterial
on the definition of a hot tear (see section 2.1), Campbell has made the following deductions!¢!

with respect to liquid feeding:
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Theories which are based on feeding difficulties can almost certainly be dismissed in-
stantly. Feeding difficulties result in hydrostatic stress in the residual liquid, causing
pores or even layer porosity. If the stress exceeds a level of defect nucleation, the liquid
separates and expands to create the pores along the dendrites. The dendrites themselves
are not affected by pulling apart, but continue to bridge the newly formed volume defect.

This is in contrast to hot tearing, where the dendrites open up a pathway first.

Furthermore, according to Campbell a very important aspect is that dendrites which have sep-
arated but still contain residual liquid have always contained liquid. In the literature the terms
healed hot tears can be found frequently, referring to tears containing residual liquid, but implying
that the tears were once empty and refilled by an inflow of liquid. As a result, Campbell indicated
that the term healed hot tear is misleading and would be better discontinued['8). A more explicit
denotation is filled hot tear, referring to a constituted region of segregate (segregated hot tear), but

only an open (empty) hot tear has to be seen as a major defect [16],

However, as already mentioned
above, in continuously cast products also the segregated hot tears must be considered. The reasons

for this will be specified later in this work.

Apart from these statements, Campbell’® has published a comprehensive study on the phe-
nomenon of hot tearing. In this study, the important parameters, which have to be considered
are wettability, pre-tear extension, tear initiation as well as tear growth. Wettability was already
discussed in conjunction with the Generalised Theory. Tear initiation and growth will be discussed

in the following section in combination with another important parameter, grain boundaries.

Pre-Tear Extension: Campbell pointed out that the problem starts when the grains (dendrites)
collide with each other, but are still largely surrounded by the residual liquid. Thus, he considers
a model of hot tearing based on hexagonal and square grains as illustrated in Fig. 2.6. Based on
this model, it can be shown that for 3 — 6 % of residual liquid phase, the extension prior to the
impingement of the grains is 1 —2 %. This shows that the pre-tear extension is proportional to the
amount of existing liquid, which was often confirmed by experiments. In addition, the extension is
inversely proportional to the grain size for a given amount of liquid. Campbell further stated that
with increasing amounts of residual liquid and finer grains, more strain can be accommodated by
grain boundary sliding. Burton and Greenwood[™! have shown that grain boundary sliding is the
preferred deformation mechanism of the solid if a liquid film exists on grain boundaries and stresses
are below a critical value. Therefore, the extension of the solid prior to fracture results from the

effects of grain boundary sliding and the extension due to the opening of cracks!70.

However, if the
grains are in contact, some deformation of the grains takes place. Such a deformation is confined
to the surface of the sliding grains, which was found by Novikov and Novik!"”. In addition, the
recovery of the grains is very fast at temperatures close to the melting point, therefore no work

hardening occurs.

It can be summarised that the total extension due to grain boundary sliding, independent of an

existing liquid film, is approximately 1 — 2 % . Higher strains occur during the extension of the

crack itself[16].
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Figure 2.6: Model of hot tearing using hexagonal and square grains according to Campbell/1°/.
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Primary Grain Boundaries: Generally, the literature agrees that hot tearing occurs along
primary grain boundaries. An explanation for this can be found in the preferential segregation
of solute elements at grain boundaries. A further important parameter is the number of grain
boundaries. Considering, for example, a coarse grain size including only one boundary leads to the
concentration of strain in this liquid film, whereas finer grains including many boundaries result in
a more widely distributed strain. Campbell quantifies this fact by dividing the length of a certain

range — where a strain exists — by the diameter of the grains.

When considering grain boundaries, tear initiation is an important aspect. Dendrites within
the grain are interconnected. However, if residual liquid exists between the grains, dendrites from
neighboring grains do not show such links. Therefore, it can be concluded that hot tears can only
start at grain boundaries, not within grains. In this case, the boundaries perpendicular to the
tensile stress represent favorable oriented grain boundaries (for the case of columnar grains) which

provide conditions for easy initiation of hot tears™16.

Furthermore, Campbell refers to a very important investigation using a simple technique. A
transparent cell on a microscope enables the study of the solidification similar to the solidification
of a metal. The cell was shaped to provide a sharp corner, around which the solidifying material
could be stretched. The outcome of this study was that no matter how much the material was
stretched, it was not possible to create a hot tear. Only in the presence of a small inclusion or a

bubble near the corner a hot tear nucleates immediately and spreads away from the corner. Thus,
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the mechanism of hot tearing requires a nucleus to initiate a crack, which explains much of the

scattered nature and the results of the work on the topic 6.

Tear initiation and tear growth have to be considered as two different phenomena. It is obvious
that the tear growth also takes place along such favorable oriented grain boundaries. Spittle

(21 observe that the linear boundary formed by two columnar crystals represents

and Crushway
an easy growth route of a hot tear. This was confirmed by Warrington and McCartney ("8 by
determining that fine equiaxed grains also promote easy growth directions for hot tearing. A
possible explanation for these findings is that owing to the very short paths — due to the fine grain
size — the crack propagation remains almost perpendicular to the applied stress. Conversely, a
coarse equiaxed structure shows an increasing resistance to crack propagation, because the crack
is forced to propagate in directions which do not correspond to the stress direction. Additionally,
the plastic work necessary for the deformation of grains tends to increase. Hence, the amount of
plastic work, which is expended during crack propagation is of particular importance. It is in the
order of at least 10~ times greater than the work required to create the newly formed surface of a
hot tear. Thus, Campbell deduced that criteria based on the effect of surface energy as the limiting

parameter for crack propagation are not relevant for hot tearing of metals.

In absence of a favorably oriented grain boundary, the further crack propagation for a coarse
structure can be caused by transgranular tear growth across the grain, which blocks the crack

sI™ using Sn-Pb alloys. A further possibility is either

path. This behaviour was observed by Davie
tear initiation at a short distance ahead in a favorable oriented grain boundary (re-nucleation),
or more likely, the crack travels around the grain. Such a behaviour of tear growth was found in

investigations of Al-Sn alloys (69,

2.3.2 Mechanical Parameters

The mechanical factors affecting hot tearing involve stress, strain and strain rate. Both, stresses
and strains play an important role in the phenomenon of hot tearing. In continuous casting of
steel a lot of effort has been taken to determine critical strain and stress values of hot tearing.
Critical values of strain were mainly determined experimentally using different testing methods,
whereas values of critical stress are rather rare in the relevant literature. Instead, several models
were developed to calculate the fracture stress of hot tearing. Both, the summary of experimentally
determined critical strain as well as the calculation procedures of critical stress of hot tearing are
illustrated in the next chapter. The following section deals with the influence of the strain rate on

hot tearing.

In the literature different effects of the strain rate on hot tearing can be found. Pellini’s[®8
idea concerning the effect of the strain rate has already been mentioned. Results of investigations

in the field of continuous casting are briefly summarised as follows.
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Figure 2.7: Relation between values of the critical strain as a function of strain rate!”.

In most studies the strain rate shows a negative effect on hot tearing. The effect of the strain rate
on the critical strain as found by different researchers is shown in Fig. 2.7.8 It can be seen that the
critical strain generally decreases with an increasing strain rate. However, it can also be seen that
the values of the critical strain at a strain rate of e.g. 1-1073 s~! varies between 0.5 % and 3 %.
This can be explained by the different testing methods used and different investigated steel grades.
Besides the illustrated results in Fig. 2.7, further investigations regarding the effect of the strain
rate on hot tearing have been performed. Miyazaki et al.l? use bending tests of small-sized ingots
for systematic investigations applying different strain rates. The detailed results together with the
chemical composition are presented later in the present thesis. A very interesting outcome of these
investigations is that with increasing carbon content, and consequently an increasing AT, the effect
of the strain rate on hot tearing tends to decrease. This means that the critical strain of hot tearing
of a 0.22 wt.-%C steel ranges between approximately 0.8 and 1.5 % for strain rates of 3- 1072 and
1-1073 s1, respectively. Applying the same strain rates, the critical strain of a 1.04 wt.-%C' steel
remains nearly constant (~ 0.6 %). Laboratory experiments with isothermal conditions[®% show
an exception of the negative effect of the strain rate. Yamanaka et al. 2281] conducted experiments
in order to investigate the influence of the strain rate using steels containing 0.15 wt.-%C. At a
strain rate of 3-107* s~! the critical strain of hot tearing reaches a constant value of 1.6 %. The
results of Yamanaka can be summarised as follows. Hot tearing occurs when the total amount of
strain within a certain critical temperature range exceeds the critical strain, independent of strain
rate and manner of deformation. In addition, the experiments carried out by Yu et al. 82 show no

influence of the strain rate on hot tearing. The critical strain for peritectic steels is independent of

$This figure is taken from the work of Nagata et al.!’l. The references of the different researchers can be found in
this work.
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the strain rate within the range of 5-107% and 5- 1072 s~!, which was also found for low carbon

steels.

2.4 Further Comments on Hot Tearing

The comprehensive studies of Campbell were already mentioned several times in the present thesis.
On the basis of his definition, some deductions were made. The problem of theories which are based
on feeding difficulties was already illustrated in conjunction with the phenomenon of liquid feeding.

Further deductions are!l:

e Relevant theories of hot tearing explain the weakening of the material casting structure along

interdendritic and grain boundaries during solidification.

e Hot tearing has to be understood in terms of hot tear initiation by exceeding a certain critical

stress.

The phenomenon of hot tearing according to Campbell can be summarised as follows. Hot tearing
is a process depending on nucleation. Tear growth occurs at favorably oriented grain boundaries
(perpendicular to the stress direction). Only if a hot tear becomes empty it represents a major

defect in the casting material.

However, Campbell mainly refers to die casting of non-ferrous alloys and therefore his consider-

ations cannot be easily be transferred to continuous casting of steel.

Likewise, Sigworth!83 reviewed and analysed the available literature on hot tearing of castings.
First of all, the author also mentions the problem concerning criteria which are based on feeding

34 as well as by Niyamal®®. According to

difficulties. Such criteria were published by Feurer
Sigworth the first problem is that the effect of strain is ignored, and the second is that the liquid
hydrostatic tension was the only operating mechanism. However, investigations from practical
experience show that this is not the case. Therefore, a better theoretical basis for hot tearing must
also be developed. Thus, it would be beneficial to consider some scientific information on liquid
metal embrittlement (LME). The problem of LME is defined as the brittle fracture — or loss in
ductility — of a usually ductile material in presence of liquid metal. This definition is sometimes
modified by the necessity of an external load or the presence of internal residual stresses. In hot
tearing no liquid metal is introduced to the solid as in LME, instead, a portion of the alloy is
molten. In order to underline the similarity between LME and hot tearing, Sigworth refers to the
influence of the grain size on hot tearing. From theoretical considerations, which are also confirmed
by experiments, it is known that smaller grain sizes are more ductile and more resistant to hot

tearing. The same dependence on grain size was found in LME 86871,

The liquid metal embrittlement is often approached by employing Griffith’s crack theory, or its
modified form. The original criterion considers a defect or a small crack as a stress concentrator

and therefore as the initiator of fracture. Williams and Singer ") modified Griffith’s criterion with
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respect to hot tearing by considering the liquid film in the mushy zone as a crack. In doing so,
the authors argue that the final liquid is the weakest point and the stress concentrator within the
mushy zone. The Griffith approach assumes that the strain energy stored in the material (under
tension) is released as energy needed to create a new surface area when cracks grow. Griffith’s
theory is applied to ductile materials, even though the surface energy calculated from the observed
fracture stress is 10 — 100 times too large. This means that most of the fracture energy is consumed
in plastic deformation at the root of the growing crack tip. However, in the presence of certain
liquid metals, the ductility nearly vanishes, the fracture stress decreases considerably and the
surface energy — calculated from Griffith’s crack theory — is very close to measured surface free

87891 The liquid metal embrittlement (or hot tearing) is therefore caused by the fact that

energies
the surface free energy between liquid and solid (at grain boundaries) is sufficiently small. Hence,
it is energetically very easy to create liquid cracks, which was shown most clearly in the study of
Kelly and Stoloff®). In addition, similar to hot tearing, it has also been observed in LME that
the embrittlement is related to the dihedral angle. As illustrated in Fig. 2.5, the dihedral angle
is a function of the relative surface energies of the solid grain boundaries and the liquid. The
increasing embrittlement due to the liquid with a decreasing dihedral angle was found, for example,

in Al-Sn[™ systems and in a number of other metal systems (37,

The statements of Sigworth!®3 can be summarised in the following way. Criteria based on
feeding difficulties are not adequate to describe the phenomenon of hot tearing. An essential part
of Sigworth’s work is the consideration of scientific backgrounds of liquid metal embrittlement in
the field of hot tearing.

2.5 Summary and Conclusions

Summarising, a lot of effort has been taken to understand the hot tearing phenomenon. In a first
section, definitions of hot tearing were illustrated. Generally, the literature only considers open
hot tears as a potential defect. Considerations of segregated hot tears cannot be found in the
relevant literature. The definition of Bernhard[!7¥ accounts for the most important features of
hot tearing in the continuous casting process. Later on, this definition will be modified with respect

to segregated (filled) hot tears.

Three basic theories which try to describe the mechanisms of hot tearing were presented. The
shrinkage-brittleness refers to a region within the mushy zone where hot tearing occurs due to
shrinkage. The mechanism of hot tearing is the breaking of solid-solid bridges. Based on this
theory the term brittle temperature range was introduced, which was also used in conjunction with
hot tearing in the continuous casting process. From a more theoretical point of view, the mushy
zone is divided into three regions, the liquid flow, the vulnerable and the coherent region. The
latter describes the above mentioned brittle temperature range. In the field of continuous casting,
the brittle temperature range results from experimentally determined parameters of ZST and ZDT
(ATp = ZST—ZDT or ATg = LIT—Z7DT), whereas the liquid impenetrable temperature is based
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on theoretical considerations of hot tearing. The determination of these characteristic temperatures
is done by conducting conventional hot tensile tests. In these tests, the testing specimen were fully
ruptured in all cases, which makes an adequate interpretation of the determined characteristic
temperatures rather difficult with respect to hot tearing. In addition, the brittle temperature range
cannot be the only parameter affecting hot tearing. However, using the brittle temperature range
a first estimation of the hot tearing susceptibility can be done. An increasing brittle temperature
range increases the hot tearing susceptibility, which consequently results in a higher tendency to

hot tearing in carbon steels with increasing carbon content.

The strain theory states that hot tearing occurs when an accumulated strain at existing liquid
films at grain boundaries reaches a critical value. Therefore, the accumulated strain depends on the
strain rate and the time of film life. The mechanism of hot tearing is the separation of solid-liquid
mass in the absence of dendritic coalescence. This concept (strain accumulation within a certain
temperature range) is the basic principle of the strain-based hot tearing criterion developed in the
present thesis. By the use of an accumulated strain, a critical strain of hot tearing can be defined
which directly considers the effect of the strain rate. Moreover, this concept explains the different
findings regarding the effect of strain rate. The concept behind the model will be presented later
in Chapter 6.

The generalised theory combines the previous ones considering liquid quantity and distribution on
grain boundaries during solidification. The mechanism of hot tearing is described by the breaking
of just formed solid-solid bridges. The wettability and the dihedral angle are the major factors con-
trolling hot tearing. Furthermore, the ratio between the solid-liquid and grain boundary interfacial
energies play an important role in this theory. However, data on the above mentioned parameters

are rather rare and the effect of the dihedral angle on hot tearing is very difficult to quantify.

The parameters influencing hot tearing are metallurgical and mechanical ones. The most im-
portant metallurgical factors are the brittle temperature range (already discussed before) and the
influence of primary grain boundaries on tear initiation and growth. Tear initiation and growth
occur along primary grain boundaries. The number of grain boundaries (finer grains vs. coarser
grains) strongly influences the strain distribution and consequently the extent and sensitivity to hot
tearing, respectively. Finally, the problem of liquid feeding (back filling) in combination with hot
tearing criteria based on feeding difficulties was also discussed. The mechanical factors controlling
hot tearing are strain, stress and train rate. As already mentioned before, the major findings with
respect to the strain rate result from experiments with isothermal conditions where no influence of
this parameter on hot tearing was observed. The parameters strain and stress will be treated in

detail in the next chapter.

Based on the mechanisms of hot tearing, a large number of of hot tearing criteria were developed.
The aim of these criteria is to quantify the phenomenon of hot tearing or at least to indicate the
susceptibility of hot tearing. The next chapter gives a detailed summary of the existing hot tearing

models from literature.
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3 Hot Tearing Criteria

Truth is ever to be found in the simplicity, and
not in the multiplicity and confusion of things.®
SIR IsAac NEWTON

“The Religion of Isaac Newton, Frank E. Manuel (1974).

A comprehensive study of hot tearing criteria for aluminium alloys was published by Eskin et al. !5,
In this study the hot tearing models are classified as stress-based, strain-based and strain rate-based
criteria. Models that cannot be allocated to this classification are termed as criteria based on other
principles. In a further publication eight different criteria were implemented in a finite-element

90 The criteria

method simulation of direct-chill casting of aluminium alloys and were evaluated
used in this study were classified as non-mechanical aspects such as feeding difficulties, criteria
based only on mechanical aspects, and those that combine these features.

15 However, Eskin et al. con-

The present thesis follows the classification according to Eskin et al.
sider only hot tearing criteria which were mainly developed in the field of aluminium alloys. The
following sections give a detailed overview of existing hot tearing models from literature considering
different theoretical approaches. Of course, models in the field of continuous casting of steel are
included. Most hot tearing criteria for continuous casting of steels are strain-based models, which
compare the strain of the process to a critical strain of hot tearing. The latter is mainly determined

using laboratory experiments.

3.1 Stress-Based Hot Tearing Criteria

These models are based on the assumption that a semi-solid body will fracture if the applied stress
0, exceeds the strength of the material. Two different types of these hot tearing criteria can be
distinguished. The first type assumes that the material has a critical limit (stress) at which it
fails. This type of criterion is further subdivided into those which assume that the liquid film
trapped between the grain boundaries is the limiting parameter (Case A), and those which take
into account the strength of the solidified material (Case B). The second type of the stress-
based criteria considers that the material contains defects or weak points (Case C). Whether the
material will fracture or not depends on e.g. stress, or the initial defect dimension. Furthermore,

a consideration of the parameters grain diameter, viscosity or liquid fraction is possible.



3 Hot Tearing Criteria

3.1.1 Stress-Based Criteria — Case A

A hot tearing criterion based on the liquid film trapped between the grain boundaries as the limiting
parameter was published by Rogberg2). This model assumes that two grains are separated by a
thin liquid film with the thickness b as illustrated in Fig. 3.1. The tensile strength (fracture stress,

ofr) to overcome the attraction due to surface tension (yrq) is expressed by™*:

Oy = 2% (3.1)

This model assumes a uniform distribution of liquid and no influence of sliding on the fracture
stress. Regarding the surface tension in Eq. 3.1 it is assumed that the liquid and the atmosphere
are in contact. Rogberg?% applied two different values of surface tension (1.8.J/m? and 1.0.J/m?)
together with measured values of fracture stress to determine the liquid film thickness. In doing

so, Rogberg reported values of b between 0.25 — 2 pum.

Dickhaus et al.[%? modified this approach and applied the criterion in the field of continuous
casting of Al-alloys. The liquid film thickness was determined based on the geometric conditions
as illustrated in Fig. 3.1b:

1-— -d
p— L= Ss)-d (3.2)
2
In Eq. 3.2, fg is the already mentioned solid fraction (ratio of grain volume and volume of liquid)
and d is the average thickness of the solidifying grain.

a) b)
L|qu|d film Cross-Section A-A

Grain _ Mould
i “1 | s
RN
Al EEMN T l
I n

Figure 3.1: a) Model of two grains separated by a liquid film[29:91] gnd b) schematic illustration of columnar
crystals used to predict the liquid film thickness b according to Dickhaus et al.[9%/.

However, this model is based on the assumption that the liquid films cover the grain/dendrite
surface extensively. In order to describe the fracture of solid-liquid components in welds, Bor-
land (01671 pointed out the following statement. If the liquid phase is contained internally and is

not open to the surface, the following possibilities can be distinguished:

e Separation at the solid-liquid interface: vrg + vsg — YsiL-

*From an extensive literature review it appears that this expression was first applied on the problem of hot tearing
by Saveiko [91]
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3.1 Stress-Based Hot Tearing Criteria

e Separation within the liquid: 2~7g.

e Penetration of liquid into the solid (e.g. presence of liquid along grain boundaries): 2+vysz —

VGB-

Eliminating the separation within the liquid and applying the energy balance of the remaining
possibilities makes it possible to determine, whether the separation takes place at the solid-liquid
interface or along grain boundaries. A detailed derivation can be found in the literature(61:67).
However, introducing the dihedral angle in the interfacial energies leads to the important finding

that, for a low dihedral angle, the separation along grain boundaries is more likely to ocurr.

An extension of Eq. 3.1 was proposed by Lahaie and Bouchard[® taking into account the
fraction of solid, the fracture strain €y, and a microstructure parameter m,. The geometric model
assumes that the microstructure of the semisolid material perpendicular to the growth direction can
be reasonably idealised by hexagonal grains, as illustrated in Fig. 3.2a. The assumed deformation
mechanism is illustrated in Fig. 3.2b. Based on this geometry the strain can be calculated as:

b, — b

o ahex\/g (33)

Eq. 3.3 is related to the side length of the hexagons ap.,. Laheie and Bouchard did not use the

primary arm spacing A; to define the strain but aner V3. Since \; is the center-to-center distance
between two adjacent grains, it is clear that this length is more representative for the microstructure
under stress. Therefore, more recently Larouche et al.?* modified this equation, where b, is the
thickness of the horizontal channels and m is a microstructure parameter:

b, — b

e== with b= X~ (1— f37) (3.4)
1

These redefined equations change the hot tearing criterion in the original publication. Due to
the fact that A\; is the more representative parameter, the latter equations are applied to the stress-

93], This model assumes that tear

based hot tearing criterion proposed by Lahaie and Bouchard
initiation is the critical step. Once it occurs, propagation of the crack will follow until fracture.
Furthermore, it is assumed that the liquid capillaries and the atmosphere are in contact (semi-solid

body with constrained capillaries at its free surfaces).

The model was developed for direct-chill casting of aluminium alloys. The authors stated that
hot tearing in direct-chill cast ingots is a surface defect and that the initiation of the tear may be
at or near the free surface of the ingot. The relationship between the surface tension and the liquid

film thickness (Eq. 3.1) together with the strain lead to the following expression:

4-vra € !
= 14 _ 3.5
of 30 [ 1 fsp} (3.5)

In order to consider the influence of microstructure on hot tearing, Eq. 3.5 can be applied to

equiaxed and columnar grains by adjusting m,, (1/3 for equiaxed and 1/2 for columnar structure).
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a)

A

’g 8
)g®,
120

A

Figure 3.2: a) Idealised microstructure of a dendritic solidification and b) the schematic illustration of the
deformation within the mushy zone according to Lahaie and Bouchard®3].

r19] the stress on the body is 2/3 the stress in each horizontal channel, and

According to Drucke
this factor is included in the criterion. Inserting the fracture strain €y, into Eq. 3.5 finally results
in the fracture stress o,. This fracture strain is defined in the model of Lahaie and Bouchard (93]
as the maximum strain that is limited due to the viscous flow of the intergranular liquid from the
inclined channels to the horizontal ones. Assuming furthermore a limiting thickness b;,,;; in the

inclined channels to ensure the liquid flow due to the effect of the viscosity, the maximum strain is:

b — biimit

Emax = 2 )\1

(3.6)

By inserting the equation of the liquid film thickness into Eq. 3.6 it can easily be shown that the
maximum strain is independent of A1 (bymir => A1), but a function of fg. Hence, the second term of
Eq. 3.5 is only a function of fg. Assuming a constant surface tension as well as a constant value of
fs, the fracture stress o, decreases with increasing liquid film thickness or A1, respectively (Eq 3.4).
In terms of the grain size, the model predicts a decreasing fracture strain with an increasing grain
size, but again, the fracture strain is independent of the grain size. Due to the influence of the
microstructure parameter m,, on the film thickness, the value €4, is lower in the case of an equiaxed
structure. In contrast to this, the fracture stress shows higher values, when applying a value of
mp = 1/3 (equiaxed structure).

The models discussed above are based on the requirement that the solidifying crystals (dendrites)
are sufficiently separated by a liquid film. Thus, the mechanical properties of the system are
defined by the weakest element, namely the liquid film. As soon as a sustainable framework of
crystals (continuous solid network of dendrites/grains) exists, the properties of the liquid become
less important compared to the strength of the continuous solid network. During continuous casting
of steels, the liquid steel immediately solidifies by forming a solid skin shell. Hence, the case that
the liquid film covers the grain/dendrite surface extensively along the total solidified steel shell does
not apply in the continuous casting process of steel. However, the considerations of the interfacial
energies between solid-liquid and/or along grain boundaries as illustrated by Borland (6167 are of
particular interest for hot tearing. A further interesting point is the principle of maximum strain
assuming the above illustrated hexagonal grains. Neglecting the limiting liquid film thickness, the

value €, only depends on fg. For a columnar microstructure this leads to a maximum strain
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(prior to impingement of grains) of 1 — 3% for a fs between 0.97 — 0.99, as also pointed out by
Campbell [16],

3.1.2 Stress-Based Criteria — Case B

A second approach of the stress-based hot tearing criteria considers the strength of the solidified
material within the mushy zone. In the field of continuous casting of steel, some authors[36:96.97)
estimated the possibility of cracking in comparison with the maximum principal stress and/or
the transverse stress along the wide and narrow face of the cast product. Some researchers37%]
proposed that the hot tearing occurs in the mushy zone, when the maximum principal stress exceeds

the yield stress at that temperature.

Kim et al.’”) proposed the cracking susceptibility coefficient Sc to predict the effects of

operating conditions on the continuous casting process:

"maiﬂ(cg) for ZDT < T < ZST
Se =4 o (3.7)
0 for ZST < T <Tr or ome(T)<0

In Eq. 3.7, 0,42 denotes the calculated maximum principal stress and o¢ is the critical fracture
stress at temperatures between ZDT and ZST. Therefore, hot tears can originate from the region,
where Sc exceeds 1. The possibility of hot tearing increases with increasing Sc. The maximum
principal stress — developed during the continuous casting process within the product — is calculated
using thermo-mechanical computer models. The determination of the critical fracture stress of pure

d-phase and ~-phase is illustrated in the following section 8363799,

Since the liquid phase has no mechanical strength, the description of the thermo-mechanical
behavior between ZST and ZDT is done by treating the mushy zone as a porous material. Thus,
the yield criterion proposed by Lee and Kim[1%) is applied. In this approach the relative density,
the critical relative density as well as the yield stress of the porous metal were replaced by the solid

fraction, the critical solid fraction ¢ fg and the yield stress of the mushy zone oy, respectively:

2
ng = % = [fs—ccfs} at ZDT < T < ZST (3.8)
of 1 —Cfg

In Eq. 3.8, ny is the hardening parameter due to the solidification and g is the flow stress of
the fully solidified steel. At ZST the fraction of solid becomes ¢ fg. The hardening parameter
represents the geometrical effect of growing dendrite arms on the strength of steels. As the solid
fraction increases from © fg to 1.0, the hardening parameter increases from 0 to 1. Assuming an
axial loading of a composite structure of parallel plates, oy can be calculated using the rule of

mixture for §-Fe and ~-Fe:

00="fs20 +fs V0 (3.9)
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In Eq. 3.9, the parameters % fg and 7 fg represent the fraction of §-Fe and ~-Fe, respectively.
Inserting Eq. 3.9 into Eq. 3.8 and assuming critical values for all stresses, the following expression

for the critical fracture stress o can be used:

_ fS_CfS 5 5 ¥ v
oc=|—"—=——| Cfs®oc+fs"oc) for ZDT < T < ZST (3.10)

1 —Cfs

This equation shows a linear increase of the critical stress between ZST and ZDT. Below the
critical solid fraction, the critical stress of the mushy zone becomes zero (ny = 0). At fg =1

Sgc and Yoo denote the critical fractures stresses

oc corresponds to og. In Eq. 3.10, the terms
of the fully solidified (fs = 1) d-phase and ~-phase, respectively. The determination of these
parameters is done by calculating the flow stress for each Fe-phase as a function of the strain. Thus
way, a group of researchers[3:36:37:99,101,102] f1.51) Seoul National University applied the constitutive
equation proposed by Han et al. [103lin their studies in the field of continuous casting. Han et al.
combined the Hollomon equation (0 = Kp-¢j) with the modified relationship between the effective
plastic strain rate ¢, and the flow stress suggested by Garofalo1Y where A, 3 and m are constants,

@ is the activation energy for deformation and R is the gas constant:

€, = A-exp (R—QT> - [sinh(8 - Kp)]"/™ (3.11)

The Hollomon equation was used by Uehara et al.[19] modeling continuous casting of low-carbon
steels. In this study, it was assumed that the strain hardening exponent n depends on the strain rate
and the temperature via the Zener-Hollomon parameter. The plastic resistance Kp was assumed
to be constant. Inserting Kp from the Hollomon equation as well as a critical strain for hot tearing

ec into Eq. 3.11 finally leads to the critical stress o (i =6 or i = 7):

. en o T¢ Q' m
azczﬁ—(’;ﬂmh ! [E-exp <R-T>} (3.12)
The material parameters necessary to calculate oo are illustrated in Tab. 3.1 for the two Fe-
phases'%. By using Eq. 3.12 and Eq. 3.10 the critical stress for hot tearing can be determined,

which is necessary to calculate the cracking susceptibility coefficient S¢ in Eq. 3.7.

Phase f(,MPa™' n,— A st Q,kJ/mol m,—

B —Fe 0.0933 0.0379  6.754 - 108 216.9 0.1028
v —Fe 0.0381 0.2100 1.192-10' 373.4 0.2363

Table 3.1: Parameters necessary to calculate the fracture stress using Eq. 3.10.

A very important parameter, which has not been discussed up to now, is the critical strain for hot

tearing. The detailed description of the procedure to determine this parameter will be presented
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3.1 Stress-Based Hot Tearing Criteria

later. The critical strain, ¢, results from an empirical relationship, considering the strain rate and

the brittle temperature range.

The crack susceptibility coefficient S¢ represents the instantaneous possibility of hot tearing at
a certain position within the cast product. In order to estimate the possibility of hot tearing of the

[106]

whole strand, Kim proposed the total crack susceptibility 7 Sc:

|26}
TSe = / / Sc-dt-dA., (3.13)
Am O

In this equation, A,, represents the area of the mushy zone in the brittle temperature range
and t¢ is the casting time. Using this approach, Kim determined the possibility of hot tearing at
various carbon and sulphur contents in continuously cast beam blanks. With increasing casting
speed the dwelling time of the strand within the mould decreases. Consequently, Eq. 3.13 shows
a decreasing hot tearing susceptibility. However, the possibility of hot tearing generally rises with
increasing casting speed. In order to take into account the influence of casting speed on hot tearing
within the mould, Won et al.!%! proposed the specific crack susceptibility coefficient ©S¢, where
A is the area of the solidified shell:

TSC

SSC: -
[ fdt-aa
As O

(3.14)

This parameter shows the average possibility of hot tearing of the whole strand within the mould

[99] investigated the influence of carbon content, slab width,

during continuous casting. Won et al.
narrow face taper and casting speed. The calculated maximum hot tearing susceptibility was found
between 0.1 and 0.14 wt.-%C'. An increasing slab width as well as an increasing casting speed lead
to an increasing °Sc in the regions of wide center, corner and off-corner. An increasing narrow

face taper leads to a decreasing hot tearing susceptibility along the region of the wide face.

The latest hot tearing criterion published by Won et al.l8 is based on the above described
calculations of the critical stress for the two Fe-phases (Eq. 3.12). The approach is based on the
deformation energy accumulated over the brittle temperature range between LIT and ZDT. The
difference of deformation energy within ATp — qualitatively proportional to the possibility of hot

tearing — is expressed as follows:

tel

WATB = /(O'ZDT — ULIT) -de (3.15)
0
The parameters ozppr and oprr must be calculated using Eq. 3.10. Applying this model,
Won et al.l8 predict a maximum of AWar, and therefore the highest probability of hot tear-
ing at a carbon content of 0.12 wt.-%C.
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3.1.3 Stress-Based Criteria — Case C

Besides models assuming that material has a critical stress at which it fails, a stress-based criterion
can be found in the literature taking into account a fracture mechanics approach. Williams and
Singer!™ modified Griffith’s cracking theory for application as a hot tearing criterion. This idea
was already presented in the previous chapter. Again, the volume of liquid in the final stage of
solidification acts as crack initiator in terms of the weakest point and stress concentrator within
the mushy zone. According to Williams and Singer, the critical stress to propagate the liquid crack

is as follows:

8 Giod - Vfr

P (3.16)

UC —

The Griffith criterion considers the shear modulus Gi,.qg, the effective fracture surface energy’
Vfr, the Poisson’s ratio v and the crack length a. For truly brittle fracture the effective fracture
surface energy (v, = 27sr — 7gB) results from the solid-liquid interface energy and from the
grain boundary energy 197, According to Skok!1%8) the Griffith criterion is applicable to fracture
of brittle materials. Regarding metallic materials, it is not possible to create conditions without
plastic strain in the fracture process. Therefore, the Griffith criterion was revised and applied
to metallic materials by considering the specific plastic deformation energy vp. If any plastic
deformation occurs at the crack tip, the specific plastic deformation energy must be added (v, =
2751, —vaB + vp). Apart from these rather unknown parameters, the crack length must be known.
In order to overcome this lack of data, Williams and Singer determined [ at the triple point grain
boundaries as a function of the grain size, the dihedral angle and the fraction of liquid based on an
equiaxed solidification structure. After validating their model in experiments (Al-Zn alloys), which
show grain boundary sliding as the main deformation mechanism above T, the model was modified
for a boundary at 45° to the stress axis. The effective fracture surface energy was used as a fitting
parameter in the calculations of the fracture stress. The effect of grain size on the fracture stress
calculated with this model and illustrated in their work shows an increase of o with increasing
grain diameter. However, Eskin et al.["® pointed out that this is rather doubtful, because casting

practice shows less hot tearing susceptibility in fine grain structures.

Summarising, three different approaches were discussed:

e Case A: Models based on the liquid film trapped between the grain boundaries as the limiting
parameter, e.g. Rogberg!?) or Lahaie and Bouchard®3l. The important parameters are
surface tension, interfacial energies, grain boundary energy, liquid film thickness and primary

dendrite arm spacing.

e Case B: Models based on the strength of the solidified material within the mushy zone,

e.g. the studies from the research group at Seoul National University. Important parameters

At this point the energy balance due to separation of grain boundaries, stated by Borland [61,67) should be considered.
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represent the critical fraction of solid, where stresses develop first, as well as the necessary

material parameters in the constitutive equations.

e Case C: Models based on a fracture mechanics approach (Griffith criterion), e.g. Williams

and Singer (76,

3.2 Strain-Based Hot Tearing Criteria

Approaches of strain-based hot tearing criteria which are mainly applied on Al-Cu alloys are sum-
marised in the following section. A further section focuses on experimentally determined critical

strain of hot tearing in the field of continuous casting.

3.2.1 Models Applied on Aluminium Alloys

A strain-based criterion for Al-alloys considering only the strain within the mushy zone due to

1091 A reserve of plasticity p, is defined,

shrinkage €4, was proposed by Novikov and Grushko
which is the integrated difference between the elongation to failure (ec or ey,) and the linear

shrinkage within ATp:

Ts
1
= — r — Egp) - AT 3.17
b= xp [ Emea) (317)
Tcoh

This equation shows that the brittle temperature range is defined between the coherency tem-

perature 7., and the solidus temperature. The hot tearing susceptibility can be expressed by
1/pr.

Likewise, Magnin et al.[110)

use such a model for the prediction of hot tearing of an Al-Cu
alloy. The authors propose that hot tearing occurs when the maximum plastic strain exceeds the
experimentally determined fracture strain in the mushy zone. Finally, the hot tearing susceptibility
results from the quotient of the circumferential plastic strain (gg9) at T's and the experimentally

determined fracture strain close to Tg. If this quotient is greater than 1, a hot tear will develop.

Zhao et al.!"'Y adopted this approach to predict hot tearing in an Al-Cu alloy. The shrink-
age stress is measured and transformed to a critical strain for the formation of a hot tear. The
determined strain resulting from experiments is finally compared to the ductility described by
Magnin et al.. The temperature range where the ductility is lower than the strain induced by

solidification shrinkage is considered as potentially hazardous for hot tearing.

Obviously, the strain-based criteria require an experimentally determined critical (or fracture)
strain. Hence, the quality of these types of criteria strongly depends on the critical strain of hot
tearing. Therefore, the next section gives an overview of the determination of critical strains of hot

tearing in the field of continuous casting.
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3.2.2 Critical Strain of Hot Tearing

The quantification of limits of hot tearing is an important requirement for hot tearing in the
continuous casting process. Therefore, this section focuses on results of this parameter in the
field of continuous casting of steel. In the literature, various publications based on laboratory
experiments as well as on in-plant trials can be found. The latter were first carried out by Tarmann
and Poppmaier 2. Similar investigations were conducted by Miyazaki et al.2. They deformed
300 mm squared blooms using a squeezing test (roll-squeeze-test) for the purpose of estimating the
influence of roll misalignment on crack formation. The investigated steel grades are illustrated in

Tab. 3.2.

Steel No. C Si Mn P S Mn/S ATp ec 5
1 0.16 0.21 0.45 0.023 0.015 30 49 > 0.8 -
2 0.15 0.03 1.21 0.051 0.051 6 113 0.25 4.0-107%
3 0.40 0.28 0.77 0.024 0.020 38 75 06 1.0-1073
4 0.43 0.27 0.72 0.021 0.023 31 78 0.7 1.1-1073
5 0.60 0.22 0.48 0.024 0.023 21 127 035 6.0-107*
6 0.64 1.69 0.92 0.020 0.014 66 160 > 0.8 -

Table 3.2: Chemical composition of steels for the squeezing test (in wt.-%) according to Miyazakil®!, Mn/S
ratio, calculated brittle temperature range (in °C) and the experimentally determined critical strain (in %)
and strain rate (in s~1) of hot tearing.

The obtained results can be summarized as follows. Generally, the steels show very high S
contents. The Mn/S ratio and the calculated brittle temperature range (microsegregation model
according to Ueshima et al. [54}) are illustrated in Tab. 3.2. In addition, the determined critical

strain together with the calculated (finite element analysis) strain rate are presented in Tab. 3.2.
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T TS SR RS SO S s 0,9 i
Mn/S =30 Mn/S = 66 AT =160
08} EREN | B SR SRR S - 08}
1 Mn/S = 31 1 1
2 O7F s Wb N 0,7 F ti o BT O
o6l Wkl € 06F i mATEETEL
S o5l WS =8 T
a " i MS =21 gor
| O0Ab b /'S = T 04
8 - 3
g R T T o3l o BT
o2f MuS=6 - o O "I
[V ) SUUIU RN RO g oo bbb O T 1T A T
O‘O 1 1 1 1 1 1 1 1 1 0,0 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200 0 10 20 30 40 50 60 70 80
Brittle Temperature Range, °C Mn/S ratio, -

Figure 3.3: a) Critical strain as a function of the brittle temperature range and b) the Mn/S ratio according
to Miyazaki et al.[?/.
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Fig. 3.3a shows the experimentally determined critical strain as a function of the brittle tem-
perature range. It can be seen from this diagram that the critical strain tends to decrease with
increasing brittle temperature range. However, steel number 6 with 0.64 wt.-%C' and the highest
value of ATp shows no hot tears up to a strain of 0.8 %. In that case the brittle temperature
range as a measure of the hot tearing sensitivity obviously can not describe the characteristics of
the critical strain of hot tearing. A second important parameter is the Mn/S ratio, illustrated in
Fig. 3.3b. Steel 6 with the highest value of ATp shows the highest value of Mn/S. Generally, an

increasing Mn/S ratio tends to increase the critical strain of hot tearing.

Steel No. C Si Mn P S Mn/S ATp
1 0.20 0.21 045 0.023 0.015 43 51
2 0.44 0.03 1.21 0.051 0.051 40 72
3 0.42 028 0.77 0.024 0.020 56 68
4 0.62 0.27v 0.72 0.021 0.023 28 98
5 1.04 0.22 048 0.024 0.023 27 140

Table 3.3: Chemical composition of steels for the bending test (in wt.-%) according to Miyazakil?!, Mn/S
ratio, calculated brittle temperature range (in °C).

In order to determine critical strains using laboratory experiments, mainly the bending test is
used. With this apparatus, an in-situ solidifying strand shell is deformed by applying a defined
strain on the liquid-solid interface. Along with the squeezing test, Miyazaki et al.[? also conducted
bending tests of small-sized ingots. Using this experiment, systematic investigations with different
strain rates were carried out. The chemical composition of the tested ingots can be seen in Tab. 3.3,

together with the Mn/S ratio and the brittle temperature range.

! Steel No. 1 ]
Steel No. 2
3,0x10° - SteelNo.3 |
Steel No. 4
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05 1,0 1,5

Strain, %
Figure 3.4: Strain rate vs. critical strain curves for the initiation of hot tears according to Miyazaki et al. %/
In Fig. 3.4, the values of the critical strain resulting from the bending test are summarised

according to the illustration found in the study of Miyazaki et al.2l. The influence of the strain

rate on the critical strain of hot tearing can be seen. However, it is very interesting that with an
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increasing brittle temperature range — also illustrated in Fig. 3.4 — the influence of the strain rate
apparently vanishes. The influence of the brittle temperature range on the critical strain of hot
tearing can already be identified in this figure. An increasing brittle temperature range decreases
the critical strain. An overview of the critical strain versus the brittle temperature range and the

Mn/S ratio is presented in Fig. 3.5.
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Figure 3.5: a) Critical strain as a function of the brittle temperature range and b) the Mn/S ratio according
to Miyazaki et al.?/.

Nagata et al.3) evaluated the results of carbon steels (0.15 wt.-%C) from different testing
arrangements using the bending test. Typical strain rates under continuous casting conditions range
between 1073 — 10~% s~ 11131 Applying this range of the strain rate, the evaluated critical strains
of hot tearing in Nagata’s study are between 0.5 and 4.0 % (see Fig. 2.7). It can be concluded that
the results of such experiments strongly depend on the testing arrangement. Consequently, these

results can not be transferred unrestrictedly to the conditions of the continuous casting process.

Matsumiya et al.l) used an in-situ melt-bending test method. The chemical composition of
the tested steel grades, the Mn/S ratio, the brittle temperature range and the determined critical
strain are summarised in Tab. 3.4. The strain rate at the solidification front is 5-107* s~!. In
Fig. 3.6, the critical strain of hot tearing determined by Matsumiya et al.[¥ is illustrated over the
brittle temperature range and the Mn/S ratio. These results show a clear influence of the brittle
temperature range on the critical strain, a decreasing critical strain with an increasing brittle
temperature range. However, the distinct influence of the Mn/S ratio found by Miazaki et al.
cannot be seen in Fig. 3.6b. At Mn/S ratios up to 50, the values of the critical strain range
between 1.1 and 3.7 %.

Wiinnenberg and Flender 5:6] developed an experiment, where an ingot shell is deformed
using a deformation tool connected to the piston rod of a double-acting air cylinder. A detailed
illustration of the experimental set-up, is provided by Wiinnenberg and Flender. In this study, the
influence of carbon content (0.09 wt.-% —1.16 wt.-%) is investigated using a basic steel composition
with 1.55 wt.-%Mn and 0.025 wt.-%S. The strain rate is 1.7 - 1073 571,

the dependence of the measured critical strain on the brittle temperature range. The influence of

Fig. 3.7a again shows
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3.2 Strain-Based Hot Tearing Criteria

Steel No. C Si Mn P S Mn/S AT ec
1 0.042 0.011 0.224 0.020 0.010 22 12 3.7
2 0.088 0.013 0476 0.014 0.018 26 29 2.0
3 0.150 0.183 0.500 0.016 0.011 46 34 3.0
4 0.181 0.349 1.360 0.019 0.003 453 24 2.0
5 0.230 0.220 0.440 0.024 0.014 31 67 14
6 0.640 0.230 0.770 0.016 0.015 o1 72 1.1

Table 3.4: Chemical composition of steels for the in-situ melt-bending test (in wt.-% )according to Mat-

sumiyam , Mn/S ratio, calculated brittle temperature range (in°C) and the experimentally determined critical
strain (in %) of hot tearing.
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Figure 3.6: a) Critical strain as a function of the brittle temperature range and b) the Mn/S ratio according
to Matsumiya et al.[4/.

the brittle temperature range on the critical strain is obvious. An increasing brittle temperature
range decreases the critical strain of hot tearing. Due to the constant Mn/S ratio of the tested steel
grades (Mn/S=62), an illustration of the critical strain is not useful. However, Wiinnenberg and
Flender 5] investigated the influence of the Mn/S ratio in separate test series, but no critical strain
was determined in these investigations. Nevertheless, the authors defined a crack index considering
the number of cracks, the mean crack opening, the mean crack length and the mean spacing between
adjoining cracks. Therefore, Fig. 3.7b shows the results of the crack index as a function of the Mn/S
ratio instead of the critical strain. The deformation in all cases is approximately 3 %. Assuming
that the crack index is in inverse proportion to the critical strain, the results of Fig. 3.7b show an
increasing critical strain with increasing Mn/S ratio. These results refer to two test series. The first
with a constant sulphur content (0.025 wt.-%S) but varying manganese content, and the second
with a higher manganese content (1.55 wt.-%Mn) but varying sulphur content. Comparing the
crack index at a Mn/S ratio of approximately 40, higher sulphur contents show negative effects on

hot tearing at the same values of Mn/S, .
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Figure 3.7: a) Critical strain as a function of the brittle temperature range and b) crack index versus Mn/S
ratio according to Wiinnenberg and Flender!®!.

Wintz et al.[”) conducted bending tests using a similar testing arrangement as Flender®. A
solidifying ingot is deformed by a punch, generating a controlled strain within the mushy zone.
The tested steel grades together with the Mn/S ratio, the brittle temperature range and the critical
strain are illustrated in Tab. 3.5. The critical strain as a function of the brittle temperature range
and the Mn/S ratio is shown in Fig. 3.8. The influence of both the brittle temperature range and
the Mn/S ratio on the critical strain shows more or less the expected tendency. An increasing brittle
temperature range leads to a decreasing critical strain, and an increasing Mn/S ratio reduces the
proneness to hot tearing (critical strain increases). In particular, the influence of phosphorus on the
critical strain was investigated. Increasing the phosphorus content from 0.03 to 0.1 wt.-% reduces
the critical strain at a carbon content between 0.15 and 0.18 wt.-% from 1.0 to 0.8 %. At carbon
contents of about 0.40 wt.-%, the critical strain decreases from 1.0 to 0.3 %, when increasing the
phosphorus content. The reason for that is the increasing amount of austenite during solidification,

which leads to an increasing segregation of phosphorous.
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Figure 3.8: a) Critical strain as a function of the brittle temperature range and b) the Mn/S ratio according
to Wintz et al.[7].
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3.2 Strain-Based Hot Tearing Criteria

Steel No. C Mn P S Al Mn/S ATp ec

1 0.11 0.46 0.02 0.013 0.07 35 28 1.0
2 0.11 1.23 0.03 0.015 0.12 82 46 2.0
3 0.20 048 0.03 0.018 0.08 27 65 0.5
4 0.18 1.30 0.03 0.020 0.04 65 47 1.0
5 0.36 046 0.03 0.017 0.13 27 80 0.7
6 0.41 1.10 0.03 0.012 0.09 92 65 1.0
7 0.17 0.50 0.03 0.097 0.12 ) 140 1.0
8 0.15 1.10 0.10 0.014 0.07 79 114 0.8
9 0.40 1.10 0.10 0.012 0.08 94 140 0.3

Table 3.5: Chemical composition of steels for the ingot bending test (in wt.-%) according to Wintz et al. [
Mn/S ratio, calculated brittle temperature range (in °C) and the experimentally determined critical strain (in
%) of hot tearing.

Apart from the bending tests, some researchers use uni-directional tensile tests of cylindrical
ingots with a liquid core. In the previous section, results of this apparatus were already men-
tioned in connection with the temperature range of hot tearing. Omne of these researchers are

1122811 who conducted a test series mainly on a 0.15 wt.-%C' steel (0.60 wt.-%Mn,

Yamanaka et a
0.02 wt.-%P and 0.012 wt.-%S). In these tests a tensile strain was continuously or intermittently
applied to the ingot shell. Contrary to the already discussed studies, which show a clear influence
of the strain rate on hot tearing, the results of Yamanaka et al. show no strain rate-dependence at
strain rates greater than 3 -107* s~!. In this case, the resulting critical strain is 1.6 %. At lower
strain rates (< 3-107% s71), the critical strain sharply increases, i.e. the critical strain is 3.2 %
at a strain rate of 1.1-107% s~!. A further important result of this study was that hot tearing is
independent of the deformation mode, no matter whether continuous or intermittent.

An experiment which allows the observation of hot tearing during tensile testing was used by

114] " As a result, they found that the critical strain of a

Kinefuchi et al.[%] and Nakayama et al.!
0.16 wt.-%C steel (1.46 wt.-%Mn, 0.019 wt.-%P and 0.002 wt.-%S) is between 0.2 % and 0.5 %,
and that the critical strain decreases with increasing strain rate.

(1151 applied in-situ tensile tests to determine values of the critical strain between

Mizukami et al.
ZST and ZDT. The results can be summarised as follows. The critical strain varies from zero at
ZST to about 1 % at ZDT in the brittle temperature range. Furthermore, it was found that the
critical strain is independent of strain rate and carbon content. The authors reason that these

findings result from the lack of liquid in front of the crack.

As illustrated, many researches determined the critical strain of hot tearing in the field of con-
tinuous casting of steels. Different testing equipments were used with the result of just as many
different values of the critical strain. This fact is illustrated in Fig. 3.9, summarising the previously
discussed results as a function of the equivalent carbon content (cp = [%C] + 0.04 - [%Mn] + 0.1 -
[%Ni] — 0.14 - [%Si]116]). Generally, it can be seen that various values exist at equivalent carbon

contents of approximately 0.12, 0.20, 0.40 and 0.60 wt.-%. At an equivalent carbon content of
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Figure 3.9: The critical strain of hot tearing as a function of the equivalent carbon content according to
different researchers

nearly 0.12 wt.-% the values range from 0.2 to 3 %. Certainly, it can be assumed that the reason
for this is the strain rate. Nevertheless, it is interesting to note that with increasing carbon content

the scatter band tends to decrease.

Kim et al.37 as well as Won et al.[® proposed an empirical relationship to calculate the critical

strain of hot tearing taking into account the brittle temperature range and the strain rate:

¥

- e (3.18)
emt . ATg"

EC =

In Eq. 3.18, ¢ denotes a coefficient, m™ is the strain rate exponent and n* stands for the brittle
temperature range exponent. Considering this equation, the critical strain decreases with increasing
strain rate and increasing brittle temperature range. The latter depends on the cooling rate and
on the content of solute elements: An increasing cooling rate as well as an increasing content
of solute elements (e.g. sulphur and/or phosphorus) widen the brittle temperature range, thus
decreasing the critical strain. It is well known that heavy segregating elements increase the hot
tearing susceptibility and thus, decrease the critical strain of hot tearing. However, the decreasing
critical strain with increasing cooling rate is questionable, since the hot tearing tendency generally

decreases with increasing cooling rate.

In order to determine the necessary fitting parameters in Eq. 3.18, many experimental data are
used (see references in Kim et al. and Won et al.). These data of critical strain were best fitted by
a nonlinear fitting method, resulting in ¢ = 0.02821, m* = 0.3131 and n* = 0.86388].

3.3 Strain Rate-Based Hot Tearing Criteria

Eskin et al.['5) stated that the more complex the shape of the casting, the higher the strain.

Therefore, hot tearing criteria that are merely based on the comparison of the ductility of semi-
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3.3 Strain Rate-Based Hot Tearing Criteria

solid materials and their solidification shrinkage cannot be used for the hot tearing prediction of

complex castings 1%,

Prokhorov 39 published a hot tearing model considering the configuration of the solidifying
body. In this model, the hot tearing susceptibility is determined by the shrinkage and the apparent
strain rate in the mushy zone in relation to the fracture strain rate. Therefore, the effects of the
surrounding configuration are accounted for by the apparent strain rate. Furthermore, the model
assumes that during solidification the material passes through a brittle temperature range, which
is defined between the solidus temperature and the coherence temperature. The minimum fracture
strain in this range is called D,,;,. Finally, Prokhorov considers the difference between D,;, and
the sum of the linear free shrinkage Ac ... and the apparent strain Ae,p, within ATg. A reserve
of hot tearing strain Ae,..s is defined by the minimum value within this interval and the expression

is divided by the brittle temperature range:

A51ﬂes Dmln AEfree Agapp

= - - 3.19
ATp  ATp ATg ATg (3.19)

Since the strain rate is & = (Ae - T') /ATy, where T'is the cooling rate, Eq. 3.19 leads to:
Eres = Emin — 8.free - 8.a,pp (320)

The formulation of the hot tearing criterion is achieved using Eq. 3.20. A hot tear will form

during solidification if &,..; < 0, or

E.min < éfree + éapp (321)

This criterion can be used for both a qualitative (Eq. 3.20) and a quantitative (Eq. 3.21) prediction
of hot tearing. Suyitno et al.!%) applied this criterion on direct-chill casting of Al-alloys and stated
that Eq. 3.21 is very sensitive to the constitutive behavior of the mushy zone. Therefore, a more
qualitative prediction is used by considering the hot tearing susceptibility, which is given by the

inverse reserve strain rate (¢,

res). The values of € f,ec and €,y are determined by an FEM analysis

and values of D,,;, must be taken from the literature.

A further hot tearing criterion based on the strain rate was developed for Al-alloys by Rap-

1]

paz et al. The "RDG-criterion” is based on the mass balance within a volume element in the

mushy zone for a columnar solidification in the x-direction:

dpr - fr-vrLz) n Ips - [s-vsy) ; d(ps - fs) n d(pr - fr)

ox oy r Ox Ox =0 (3.22)

The term vy means the solidification velocity, p is the density and v is the velocity, where the
subscripts L and S denote solid and liquid phase.
Fig. 3.10 shows the principle of the hot tearing model together with the mass balance within a

volume element. The liquid has to flow from right to left in order to compensate for shrinkage and
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Figure 3.10: Hot tearing model and mass balance within a volume element according to Rappaz et al.[7!]

deformation. The pressure in the interdendritic liquid (schematically illustrated in the bottom of
Fig. 3.10) decreases along the mushy zone from the metallostatic pressure p,, near the dendritic

tip. If the pressure falls below a cavitation pressure pc, a hot tear will form:

Pm — Pe = Ape + Apg, (3.23)

The terms on the right hand side of Eq. 3.23 are the pressure drop contributions due to deforma-

tion and shrinkage, respectively. A detailed description of the derivation of these two parameters

7]

can be found in the literaure[™). The following expressions were used by Rappaz et al.:

T
180-n-<1+ﬂsh>-s‘/f§~ffs-dT

Ap. = dT 3.24
pe 2. G G-(1— fs)? (3.24)

Ts

T

180'77'ﬁsh'vT/ f2

Y I B (e A )

Ts

The term G is the temperature gradient, Ao is the secondary dendrite arm spacing, (3, denotes
the shrinkage factor and 7 is the viscosity. According to Rappaz et al. (7] the upper and lower
boundary correspond to Ty, and Tg, respectively. A later publication™7) adapts the model to
the conditions of continuous casting of steels. In this study the temperature range between the
coalescence temperature and the solidus temperature are applied as integration limits. The case of
steel is more complicated due to the presence of a peritectic reaction. Therefore, the two different
phases (ferrite, § and austenite, ) must be considered. Thus, Eq. 3.24 and Eq. 3.25 must be

rewritten:

1807

Ape = 2. (o [(1 +8%) By +(1+8%,) Bs| = Kppe - ¢ B (3.26)
2
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T

jzoal .
B; = S ——— i=24 or 3.27
/ G- (1—fs) ( 7) (3.27)
Tcoal
180 -n-v
Apsh:#' [ zh'Ay—i-ﬁgh'A&] = Kgrpg -vr- A (3.28)
2.
Fu g
A = / Mi U IS g i=6or 3.29
(1= fs)? ( " (3.29)

coal

The term f? denotes the amount of ferrite (i = §) or the amount of austenite (i = 7) at the end
of solidification. These equations are valid for the assumption of a constant temperature gradient

as well as a constant strain rate within the mushy zone.

Inserting the contributions of the deformation and the shrinkage in Eq. 3.23 together with a
value of the cavitation pressure allows the determination of the maximum or critical strain rate
(éc). Finally, the calculation of the reciprocal value of the maximum strain rate shows the hot
tearing susceptibility.

In addition, Braccini et al.[''8119 proposed a hot tearing criterion based on the strain rate.
They use the strain rate to describe the crack initiation and the crack propagation. The problem

of hot tearing is simplified for a columnar and an equiaxed structure as illustrated in Fig. 3.11.

Columnar Equiaxed

) Tl
mm

e
Ly »

0 L 0 I, 0 a A

Figure 8.11: Simplified mushy zone (columnar and equiazed) according to the hot tearing model proposed
by Braccini et al.

In both cases — columnar and equiaxed structure — the system is subject to a deformation, which
is represented by the strain rate. Braccini et al. conclude that the strain rate and the stresses

generated in the mushy zone (M) and in the liquid film (L) can be determined using series models:

b b
op=oyu and  é=(l—7)-entToi (3.30)

The terms b and [ are illustrated in Fig. 3.11 and denote the liquid film thickness and the
gage length, respectively. Eq. 3.30 describes the constitutive behavior of the mushy zone (o =

K(T, fs) - €7;), whereas in the liquid only the hydrostatic part is considered (o7, = —p). In these
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equations, K represents a constitutive parameter which is a function of temperature and fraction
of solid, m is the strain rate sensitivity coefficient and p denotes the average pressure in the liquid.
Similar to the RDG-criterion ™, the hot tear initiation is defined by the pressure drop within the
mushy zone (Ap = p,, —0). A hot tear nucleates if the pressure drop is equal to a critical value
Pm — Pc, where po is the cavitation pressure and p,, the metallostatic pressure. The critical strain
rate of hot tear initiation results from Eq. 3.30. The critical strain rate for hot tear propagation
can be derived from the expansion velocity @, which reaches a positive value for insufficient liquid
feeding:
b-(lop—a)=a-b—wvg-b (3.31)
In Eq. 3.31, [y is the half grain size, a is the length of the tear and vy, is the liquid flow entering

the liquid film. Finally, Braccini et al.['18] derived the critical strain rate for hot tear propagation

-PTOp

€c » which results in the critical strain rate of hot tear initiation, when inserting a = 0:

.prop __ b lo_a 2/3p6_pm b 2K pc
Egp‘@‘i)'[ i ( K(T.7.) )]*i‘uo—a)?'? (3:52)

The terms k and n are the permeability of the mushy zone and the viscosity of the liquid,

respectively.

3.4 Criteria Based on Other Principles

The hot tearing model proposed by Feurer 84

is a non-mechanical criterion that focuses on feeding
and shrinkage during solidification. The model considers the influence of alloy composition and
solidification conditions on the dendrite arm spacing. The principle is based on the comparison of
the maximum volumetric flow rate (SPV') and the velocity of volumetric solidification shrinkage
(SRG) caused by the density differences between solid and liquid phase. The maximum volumetric
flow rate per unit volume through a dendritic network is formulated as follows, where V' is a volume

element of the solidifying mush with constant mass and ¢ is the time:

olnV K
SPV = < > = - (po + pm — pC 3.33
I ) roiing M- L2 (po ) (3.33)

In Eq. 3.33, & is the permeability of the mushy zone (k = (f2-23)/(24-7-c?), c is the tortuosity
constant of the dendritic network), 7 is the viscosity of the liquid, L denotes the length of the porous
network and pg is the atmospheric pressure. The metallostatic pressure p,, and the cavitation

pressure po can be calculated according to Feurer as follows:

_ 481
A2

Pm=(pL- fr+ps-fs)-g-h and  pc (3.34)
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3.4 Criteria Based on Other Principles

The term g7, denotes the solid-liquid interface energy, ¢ is the gravity constant and h denotes

the distance to the melt surface.

The volumetric solidification shrinkage velocity (SRG) is expressed as follows:

olnV 1 0
ot >shm‘n1mge AR (oL - fo+ps - fs) (3.35)

Finally, the hot tearing criterion states that hot tearing is possible once the volumetric solidifica-

SRG:<

tion shrinkage velocity is greater than the maximum volumetric flow rate per unit volume through
a dendritic network (SRG > SPV).

The proposed hot tearing model by Clyne and Davies 27] is based on the theory that in the
last stage of freezing, it is difficult for the liquid to move freely. Therefore, the strain applied during
this stage cannot be accommodated by mass feeding. The hot tearing susceptibility is defined as
the ratio between the vulnerable time period (¢y/) and the time available for a stress-relief process
(tr). The vulnerable time period corresponds to the period of time, where the solid fraction of a
volume element is in the range between 0.9 and 0.99. In the corresponding temperature range hot
tears are generated, which cannot be refilled with residual liquid (open hot tears). The time period
for the stress-relief process correlates to the movement of a considered volume element between
a solid fraction of 0.4 and 0.9. In this range, hot tears can be refilled with residual liquid. The

resulting expression can be written in terms of a hot tearing susceptibility (HCS) coefficient:

t t —1
HCOS = Y — 2099~ 709 (3.36)
tr too —toa

In Eq. 3.36, t is the time, the subscripts denote the fraction of solid.

The model according to Katgerman ™ combines the theoretical considerations of the previously

presented hot tearing model and the approach of Feurer(84.

This model was intended to predict
the hot tearing susceptibility during direct-chill casting of Al. The effects of casting speed, ingot

diameter and alloy composition are considered. The hot tearing susceptibility is expressed by:

to.99 —t
HCS = 29 — LT (3.37)
trrr — teon

The term tg g9 corresponds to the time when the fraction of solid is 0.99, t.,, is the time when the
fraction of solid is at the coherency point and ¢y ;7 is the time when feeding becomes inadequate.

The latter can be determined using Feurer’s model and corresponds to the time for which SPV =

SRG.

A hot tearing model considering shrinkage, the imposed strain rate and the (lack of) feeding

as the main factors was developed by Suyitno et al.[73].

The model combines the critical feeding
according to Feurer 84 the deformation rate suggested by Rappaz et al.[™) and the cavity formation.
Additionally, the flow behavior of the semi-solid state is included as proposed by Braccini et al. [118],
Suyitno et al. suggest that a growing nucleus becomes either a micro-pore or a hot tear at the end

of solidification, which is determined by the Griffith model for crack propagation. The description
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of the cavity formation is based on an equiaxed structure at triple junctions between the grains as
illustrated in Fig. 3.12. Cavity formation occurs if the volume changes due to local shrinkage and if
external strain rates imposed by the mushy environment under the influence of the solidification are
not counterbalanced by liquid feeding. It is assumed that the strain rate acts only perpendicular
to the casting direction and feeding occurs only in the casting direction. The resulting transient

mass conservation equation applied to the element in Fig. 3.12 leads to

ofv _ (P_S B 1> 0(f1) n <P_S> fgE— O(fru) 9(fLv) (3.38)

ot oL ot oL or oy

where fg, fr and fy are solid, liquid and cavity fraction, respectively. The terms pg and py,
denote the densities of solid and liquid, u and v are the velocities in z-direction and y-direction

and t denotes the time.

Cavity

Figure 3.12: Schematic model of the cavity formation during solidification according to Suyitno et al. (7%

If Eq. 3.38 equals to zero or is negative, feeding is sufficient and a cavity is not formed. If this
equation takes a positive value, it is a measure for cavity growth due to shrinkage and imposed
deformation on the one hand and insufficient feeding on the other hand. The first and second term
at the right-hand side are the contributions of shrinkage and deformation, respectively. The last
two terms are the contributions from feeding in the two directions. Due to the above mentioned

assumption (feeding only in casting direction), the term = 0. The remaining feeding term

is calculated using Eq. 3.33 taken from Feurer (84

In order to determine whether a micro-pore or a hot tear will form, it is assumed that the cavity
shape is circular and a hot tear will develop if the diameter of the cavity dcquiry Will be larger than
the critical diameter do. The diameter of the cavity can be determined according to Suyitno et al.

as follows:

¢
T dcavz’ty = \/g : dgrain / €-dr (339)

0
The final grain diameter is termed as dgrqin and ¢ is the time during solidification. Using the
Griffith approach, the relation between the cavity diameter and the minimum stress o,,;, necessary

to propagate a crack is as follows (F is Young’s modulus and vy is the surface tension):

_ 4y B

T Omin

de (3.40)
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3.5 Summary

Inserting the cavity diameter resulting from Eq. 3.39 into Eq. 3.40 allows the calculation of the
minimum stress of crack propagation. If the stress within the mushy zone becomes equal to the
minimum stress for crack propagation, the cavity has reached its critical diameter and a crack will
develop. The stress within the mushy zone is calculated using the constitutive equation taken from

Braccini et al.[118];

oc=K- " (3.41)

In this equation, K is a constitutive parameter and m* is the strain rate (sensitivity) exponent

(for a detailed consideration of Eq. 3.41 see reference!!%)).

3.5 Summary

In this chapter, a large number of hot tearing criteria from the literature were presented and
summarised in Tab. 3.6. These models are based on different considerations, approaches and
assumptions. In the field of continuous casting, the literature mainly provides criteria based on the
comparison of the strain due to the process ep to a critical strain of hot tearing. The determined
values of e were illustrated in Section 3.2.2. Additionally, these values are the basis of the empirical

equation proposed by Won et al. 8],

Stress-based criteria for the continuous casting process were developed mostly by Korean re-
searchers. The necessary critical stress is calculated as a function of J-Fe and ~-Fe based on
constitutive equations of high temperature deformation. Other stress-based criteria consider the

liquid film between grain boundaries or take into account a fracture mechanical approach.

The strain rate-based criteria were mainly developed in the field of aluminium alloys. Only one
publication can be found in the field of continuous casting of steel. One of the presented models
is based on the strain rates within the brittle temperature range, whereas the other two models

consider liquid feeding and therefore only open hot tears.

With respect to criteria based on other principles, the approaches focus on mass feeding and/or
shrinkage and the combination of feeding, deformation rate and cavity formation. The criterion
defining a hot tearing susceptibility in terms of the ratio between the vulnerable time period and the
time available for stress-relief process was also applied in the field of continuous casting of steel (35,
This model as well as the models proposed by Rogberg2%!, Rappaz et al.[™l and Won et al.!® are
applied in the next chapter in order to predict the hot tearing tendency of steel as a function of

the carbon content.
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3 Hot Tearing Criteria

Researcher Parameters HCS Tearing
Condition
Stress-Based Criteria
Rogberg oc = f(vra, b, A2) Omaz/0C ~ Op > 0C
Laheie and Bouchard®® o = f(yr.a.b, A2, €, fs,mp)  Omaz/0oC op > o¢
Kim et al.37 oo = f(6/y— Fe,ec,€) Omaz/0C op > oc
Kim [106] TSe = f(Am,tc, Sc) TSc -
Won et al.[%] SSc = f(TSc, As,tc) 5Se —
Won et al.[l War, = flec,ozpr,0LIT) War, -
Williams and Singer [0 oc = [(Gmod, Vfr V> Q) Omaz/0C op > oc
Strain-Based Criteria
Novikov and Grushko 199 pr = f(Teon,Ts,ec,€5h) 1/py —
Magnin et al. 110 €66 g09/€C €00 > €C
Won et al.l®! ec = f(ATg, &) 1/ec ep > ec
Strain Rate-Based Criteria
Prokhorov 3! Eres = [ (Emins € frees Eapp) Eres Eres <0
Rappaz et al.[] € = f(Pms PO+ Pes Psh) 1/éc Ap > Apc
Braccini et al.[118] VTP = f(ém,éL,b,a) 1/e0ep gp > emit
Other Criteria
Feurer 8 SPV = f(k,n, L,po, Pm,Pc)
SRG = f(p1, ps, f1. fs) ~  SRG>SPV
Clyne and Davies 27 tv,tr tv/tr —
Katgermann (72] t0.99, tL1T, teon % —

Suyitno et al.[™!

dC’ = f(Evl)/LGag)
dcavity - f(dgrain7 E)

dcavity > dC

Table 3.6: Summary of existing hot tearing criteria from literature.
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4 Prediction of the Hot Tearing Tendency Using
Models from Literature

It doesn’t matter how beautiful your theory is, it doesn’t
matter how smart you are. If it doesn’t agree with
experiment, it’s wrong.®  RICHARD P. FEYNMAN

“Unsourced

Within the scope of the present thesis a large number of laboratory experiments were conducted
in order to investigate hot tearing under continuous casting conditions. For this purpose, the
SSCT-test was used. The principle of this experiment is illustrated in Chapter 7, the results
will be presented in Chapter 8. In the following, selected criteria from literature will be applied to
calculate the expected hot tearing tendency of steel of experiments varying only the carbon content.
Therefore, solidification calculations in conjunction with a microsegregation analysis of the SSCT-
test are necessary. The influence of the microsegregation analysis on the results of the hot tearing
models are briefly discussed in the following. However, in this chapter a detailed description of
the thermal analysis is not included. This will be done in Section 7.2. Nevertheless, all necessary
parameters for calculating the hot tearing susceptibility are listed. Again, the aim of this chapter
is not to explain the SSCT-test and the thermal analysis, but to present the calculation procedure,
to identify the necessary model parameters and to illustrate the results of the different hot tearing

criteria.

In the previous section, different hot tearing criteria from the literature were presented, which
were classified into stress-based, strain-based and strain rate-based criteria as well as criteria based
on other principles. In the following calculations, one model per classification will be used. In
particular, these are the criteria proposed by Rogberg[zo], Won et al.l¥), Rappaz et al.l™ and

27 In a previous publication[® results of these selected criteria were presented.

Clyne and Davies!
These calculations were based on the microsegregation analysis using the IDS software129). With
the exception of the criterion of Rogberg, the other three criteria strongly depend on the applied

microsegregation model. The results of the microsegregation analysis are reflected in

e the brittle temperature range necessary to calculate the critical strain,

e the solution of the integrals in the model of Rappaz et al. and



4 Prediction of the Hot Tearing Tendency Using Models from Literature

e the determination of ¢ty and ¢g in the model proposed by Clyne and Davies.

In the present thesis, the microsegregation analysis according to Ueshima et al.[%¥ is used instead
of the IDS software. This model is based on a one-dimensional direct finite-difference model, which
is modified to determine fg, the d-phase solid fraction (°fg) and the y-phase solid fraction (7 fg)
in the mushy zone as a function of temperature. A detailed explanation of the microsegregation

model, is included in Appendix A.

Steel No. C Ty Ts ATrs ATg tf R

1 0.05 1522 1491 31 11.6  5.86 0.30
0.08 1520 1475 45 148 744 0.30
0.12 1516 1453 63 227 10.14 0.30
0.16 1513 1441 72 28.5 11.02 0.31
0.30 1501 1407 94 39.2  13.02 0.32
0.50 1486 1363 123 49.1 15.16 0.35
0.70 1473 1321 152 57.5 16.34 0.34

N O O s W N

Table 4.1: Required parameters for the hot tearing models resulting from the thermal analysis: Liquidus
temperature Tr, (in °C), solidus temperature Ts (in °C), the solidification interval ATrs (in °C), the local
solidification time ty (in s) and the solidification velocity R (in mm/s).

In this chapter the hot tearing susceptibility as a function of the carbon content will be cal-
culated. The carbon content is 0.05, 0.08, 0.12, 0.16, 0.30, 0.50 and 0.70 wt.-%C (0.30 wt.-%S4,
1.30 wt.-%Mn, 0.007 wt.-%S and 0.007 wt.-%P). The main parameters resulting from the thermal
analysis, necessary for the hot tearing criteria, are summarised in Tab. 4.1. The liquidus and solidus
temperatures are calculated in the microsegregation analysis. The local solidification time ¢ as
well as the solidification velocity R are the result of the solidification calculations (shell thickness
vs. solidification time). The latter two parameters change with solidification time. Therefore, ¢ 5
is determined for the solidification time when the tensile test starts and R represents an average
solidification velocity of the dendrite tip during the hot tensile test. The brittle temperature range
ATg is determined according to Won et al.[®l between LIT (fs = 0.9) and ZDT (fg = 0.99).

4.1 A Stress-Based Hot Tearing Criterion

The model proposed by Rogberg 2V is based on the assumption that two grains are separated by
a thin liquid film. The fracture stress oy, results from Eq. 3.5 as a function of the surface tension
vrc and the thickness of the liquid film b . According to Keene"1:122 and Poirier 123 the surface
tension can be calculated as a function of temperature. In addition, Keene summarised several
studies on the influence of carbon content on the surface tension of iron. The effect of carbon is

negative, which leads to the following expression:

YL = 2.858 — 0.00051 - T' — 0.01424 - C(at. — %) (4.1)
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4.1 A Stress-Based Hot Tearing Criterion

In Eq. 4.1, C denotes the carbon concentration in atom percentage and T is the temperature
in K. By inserting the different carbon contents and the corresponding solidus temperature v
can be calculated. Assuming an elliptical shape of the dendrites, the liquid film thickness can be

calculated as follows:

b=\ - (1 - m> (4.2)

In order to determine the primary dendrite arm spacing A1, the relationship Aj/Ag 2 2.6 is used.
This value was estimated by Cicutti and Boeri [124] applying a simple mathematical model. The

[125]

value is between 2 and 4, as proposed by Wolf A summary of empirically determined Ao-

relations, can for example be found in the work of Bernhard 126,

In the present thesis two different
equations from literature together with experimentally determined Ao-values!'27) are used for the

calculation of the liquid film thickness:

Based on published values of Xy in A Guide of the Solidification of Steels"28] published by
Jernkontoret for different carbon steels and the corresponding local solidification time, a relationship

between these parameters can be determined. This was carried out by Bernhard 29 resulting in
Eq. 4.3:

Ay = Mgpas - £}594% = [6.1+ 3.6 - Clwt. — %)] - #;°0#C0=) (4.3)

Ao =148 -77938  0< (<053
A = (21.53 = 9.40 - C) - 1$*F0%C 053 <C <15 (4.4)

The latter equation (Eq. 4.4) is independent of the carbon content and was proposed by El-Bealy

and Thomas [129]

based on measurements conducted by Schwerdtfeger 3% and Suzuki*3!l. Eq. 4.4
implies an increasing Ap with increasing carbon content under the prerequisite of a constant ;.
However, the local solidification time changes with the solidification interval if the cooling rate T
is assumed to be constant. The relationship between cooling rate and local solidification time is

ty = ATLS/T, with ATrg =17, — Ts. These parameters are summarised in Tab. 4.1.

Based on the secondary dendrite arm spacing, the liquid film thickness and consequently the
fracture stress can be calculated according to Eq. 3.1 (see Section 3.1). The hot tearing susceptibility

can finally be determined as follows:

HCS = Tmee (4.5)

ofr
In this equation, 0,4, denotes the maximum measured stress during the SSCT-test. These values
together with the measured As-values are illustrated in Tab. 4.2. For the calculation of the liquid film

thickness, a solid fraction of 0.9 is assumed resulting in reasonable values of o,. Shin et al. [12] have
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4 Prediction of the Hot Tearing Tendency Using Models from Literature

measured values of o, as a function of carbon content in the range of 3—8 N/mm? (corresponding
to fg =1). The calculated values using Eq. 3.1 are in the same order of magnitude. However, the
experimentally determined o f,-values by Shin et al. are the result of a conventional hot tensile test

where the steel sample is fully ruptured.

The results of the calculations using different values of the secondary dendrite arm spacing are
illustrated in terms of a hot tearing susceptibility. Additionally, the resulting values of HC'S using
the experimentally determined fracture stress by Shin et al. are illustrated in Fig. 4.1b. In order

to ensure comparability of the different results, a normalised HCS is used in Fig. 4.1.

Carbon Content 0.05 0.08 0.12 0.16 0.30 0.50 0.70

Ormaz 433 6.50 694 692 7.5 839 843
A2 36 37 33 42 44 36 27
o142 32 40 55 62 70 76 85

Table 4.2: Measured mazimum stress omas (in MPa) and measured secondary dendrite arm spacing (in
um) from SSCT specimen as well as experimentally determined fracture stress oy, (in MPa) for different
carbon contents.

Fig. 4.1a shows the results of HC'S as a function of carbon content calculated using Eq. 4.3 to
Eq. 4.5. As expected, different values of the secondary dendrite arm spacing strongly influence the
hot tearing susceptibility. Generally, the hot tearing susceptibility tends to increase with increasing
carbon content. This is in contrast to the curve of HCS determined with the measured values
of A9, which is illustrated in Fig. 4.1b. In this case, a maximum of the hot tearing tendency is
obtained at a carbon content of 0.30 wt.-%C. The most different trend is determined by inserting

the experimentally measured values of the fracture stress into Eq. 4.5.

a) b)
10} 10k
5 08 5 08}
I I
: HCS = / : : : : : :
: : o)
0’4 Y 0w 4 0,4 T AP TTT B
; =—),=148°T : : : —=— ), Measured Values
; ; ; ; | T Mgt : : : —2— o,: Measured Values'”
02l i i i i 1 1 1 02l i i ! ! ! ! !
00 o1 02 03 04 05 06 07 08 00 o1 02 03 04 05 06 07 08
Carbon Content, % Carbon Content, %

Figure 4.1: Calculated normalised HCS as a function of carbon content using a) two different equations of
A2 and b) measured values of Ao and Ofr

Summarising, the results of the hot tearing susceptibility calculated with the stress-based hot

tearing model proposed by Rogberg[2? strongly depend on the liquid film thickness between den-
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4.2 A Strain-Based Hot Tearing Criterion

drites or grains and consequently on the structure parameter (i.e. secondary dendrite arm spacing

under the assumption of an interdendritic fracture).

4.2 A Strain-Based Hot Tearing Criterion

Won et al.l®) consider the brittle temperature range and the strain rate to define an empirical
equation of the critical strain of hot tearing. The authors use numerous experimental data of
critical strain, which were determined, in particular, under continuous casting conditions. Thus,
the necessary fitting parameters ¢, m* and n* can be determined considering the brittle temperature
range and the strain rate. The latter can be taken from the experiment, but the brittle temperature

range needs to be calculated using a microsegregation analysis.

a) 40 —— b) 20
= Matsumiya et al.
3,5 0 Miyazaki et al. (squeezing test)
® Miyazaki et al. (bending test)
A Flend
30 o Wingetal u
o
S oo5b o
W
T 20| - X
A
% s N S . 3
§ ; :
8 10F 4 oo— - .A ————— [ —rria 1
’ O o8 & ; . | 9=0.0178 : ; ; : : ;
| & &>e fo i |mr=02466] | R _{ =, measured ___ calculated I 77777
06 " = 0.5483 18| _AD=e™ -5
0,0 i i i i i 200l i i i i i i i i
00 05 10 15 20 25 30 35 40 00 01 02 03 04 05 06 07 08 09
Measured ¢, % Carbon Equivalent, %

Figure 4.2: a) Calculated versus measured critical strain of hot tearing and b) the difference between these
two values as a function of the carbon equivalent.

The results from Eq. 3.18 strongly depend on ATp and thus on the applied microsegregation
model. This can be clarified by the following example. Won et al. determined a ATp of 21 K for a
0.12 wt.-%C steel (0.03 wt.-%Si, 0.4 wt.-%Mn, 0.01 wt.-%P and 0.02 wt.-%.S). Using the software
IDS20] o ATg of 13 K is calculated. Inserting these two values in Eq. 3.18 together with a strain
rate of 0.001 s~! results in critical strains of 1.8 % and 2.7 %, respectively. An application of
calculated critical values of hot tearing must therefore be done very carefully, using either the same
microsegregation model as applied by Won et al. or by fitting the parameters ¢, m* and n* to the
corresponding microsegregation analysis. Taking the reciprocal value of ¢ as a measure of HC'S
does not show a significant influence regarding the trend of HC'S. However, the prediction whether
hot tears will form or not requires the adjustment of the fitting parameters on the microsegregation

analysis.

The determination of these fitting parameters according to the used microsegregation model is
the first step of the present thesis. Using results from the literature (see Fig. 3.9) together with
the corresponding strain rate and the calculated brittle temperature range leads to ¢ = 0.0178,

m* = 0.2466 and n* = 0.5483. Fig. 4.2a shows the results of the calculated and measured values
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4 Prediction of the Hot Tearing Tendency Using Models from Literature

of .. The difference between the calculated and measured values is illustrated in Fig. 4.2b. It can
be seen that especially at lower carbon contents a major scatter band appears. Nevertheless, a hot
tearing susceptibility can be calculated using Eq. 3.18 together with the above illustrated fitting

parameters:

HCS = S (4.6)
EC
For the calculation of the critical strain, a strain rate of 21072, 2-1072 and 2- 1074 s ! is
used. According to Won et al., the brittle temperature range is defined as the difference between
the liquid impenetrable temperature (LIT = T(fs = 0.9)) and the zero ductility temperature
(ZDT = T(fs = 0.99)), values of ATp can be found in Tab. 4.1. The calculated critical strain
using the empirical relationship proposed by Won et al. is illustrated in Fig. 4.3a.

a) 40 — b) 24—

35F Strain Rate | HCS=1/g | ¢ : ; : : :
- 210°%s" 20 -'——:» FRP TR P PO TSP Y

30r A 210%s" ; ; ; ;

X 102 < 15 S S ERR

S sl —o—  210%s" | ]

£

[

= L

7 2,0

8 15-

£

O 10
05}
ool v ooli v i oy

00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08
Carbon Content, % Carbon Content, %

Figure 4.3: a) The calculated critical strain as a function of carbon content and b) the hot tearing suscep-
tibility in terms of the reciprocal critical strain for three different strain rates.

It can be seen that with increasing carbon content the critical strain decreases. Furthermore, the
influence of the strain rate is clearly visible. These results are reflected in Fig. 4.3b. Hence, the hot

tearing tendency increases with increasing carbon content and strain rate.

4.3 A Strain Rate-Based Hot Tearing Criterion

The model proposed by Rappaz et al. (7] is chosen as an example for the strain rate-based hot
tearing criterion. This model states that once the pressure p = p,, — Apg, — Ap, falls below the
cavitation pressure pc a hot tear forms. The metallostatic pressure can easily be computed by

Pm = p - g - h, the equations for calculating Ap. (Eq. 3.24) and pg, (Eq. 3.25) can be found in

[71]

section 3.3. In their publication, Rappaz et al.!"*! assumed a constant cavitation depression Apc =

2000 Pa in order to investigate hot tearing of Al-Cu alloys. A detailed review of the literature

shows that the model of Rappaz et al. is built upon the model of Feurer®¥ and incorporates

132]

Fisher’s criterion! for liquid fraction(™. Fisher proposed a critical fracture pressure required
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4.3 A Strain Rate-Based Hot Tearing Criterion

for homogeneous nucleation of one pore as follows (k is Boltzmann’s constant, N is Avogadro’s

number and h is Planck’s constant):

_ 16 -7 YLG 1/2
3-k-T In(N-k-T/h)

pc = (4.7)

This equation can be reduced to approximately —37.7(7%G / T)l/ 2 for temperatures between 100
and 2000 °C %3] Applying this approximation leads to values of pc of about —77000 to —84000 Pa
in the range of 0.05 to 0.70 wt.-%C. However, experimental measurements for fracture pressures
typically show orders of magnitude smaller than the predicted values!™l. The reasons for that are
dissolved gases in the melt and heterogeneous nucleation (e.g. inclusions or oxide films). According
to Campbell83] the fracture pressure under the assumption of heterogeneous nucleation, P can
be approximated by pl./pc = 1.12 - $'/2 for temperatures between 1 and 10000 °C, where ¢ =
(2 — cos 0c)(1 + cos Oc)? /4. ITn Campbell’s study ¢ is the contact angle, which corresponds to the
already discussed dihedral angle in conjunction with hot tearing (see Fig. 2.5). This angle strongly

influences the results of pc and must therefore be known for reasonable calculations.

Hence, the cavitation or fracture pressure is calculated using the equation suggested by Feurer 34
(Eq. 3.34), where pc is a function of the secondary dendrite arm spacing and the solid-liquid
interfacial energy vsr.. In order to determine the latter parameter, Tyson and Miller’s 133! approach

is used. They defined the ratio between solid to liquid energies:

YSL _ YsL  GB
VSG YGB YSG

o =

(4.8)

Taking values of vsr,/v¢p = 0.45 and vgp/vsc = 0.33 as typical values of all metals leads to
o = 0.15[13] Furthermore, Tyson and Miller suggested a ratio of the solid-gas surface energy and
the liquid-gas surface tension. It is assumed that at the melting point the surface consists of either a
thin liquid-like layer or a crystallographically roughened layer of the same energy (ysg = vsr+7LG)-
Hence, vs1./70c have a value of 1.18. This value is in good agreement with the literature, where
such empirical or semi-empirical estimations of the ratio vs /LG range between 1.09 — 1.330134],
Finally, the solid-liquid interfacial energy can be determined for the different carbon steels based on
vra calculated using Eq. 4.1. Tab. 4.3 summarises these values as well as all necessary parameters

for calculating the critical strain rate of hot tearing €c using the model proposed by Rappaz et al..

Carbon Content 0.05 0.08 0.12 0.16 0.30 0.50 0.70

YSL 0.3460 0.3471 0.3487 0.3493 0.3507 0.3524 0.3540
i 5.702  5.826 5874 5966 6.709 8.063  9.251
G 15.1 16.2 16.5 16.7 17.1 16.9 17.4

Table 4.3: The solid-liquid interfacial tension vsr, (in mN/m), viscosity n (in mPas) and thermal gradient
G (in K/mm) within the mushy zone.
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4 Prediction of the Hot Tearing Tendency Using Models from Literature

The solidification shrinkage factors ﬁgh and 3], are approximately 3.6 % and 5.1 % for steels [55],

Considering the equations for Ap. and Apgp, the integral between the temperature range of Ty, and
the coalescence temperature T,,, has to be solved. This is a modification of the original model, as
this criterion is applied to continuous casting™'7). According to Kurz and Fisher %%, ..., typically
corresponds to a solid fraction of 0.99 between two different grains and to 0.95 for two different
dendrites of the same grain. With respect to favoured hot tearing at grain boundaries a value of
fs =10.95 is used.

Fig. 4.4a shows the result of the two different pressure drop contributions due to shrinkage
and deformation. The secondary dendrite arm spacing, necessary for the calculation of these two
parameters, is calculated using Eq. 4.3. It can be seen that Apg, has a local maximum of around
5000 Pa at a carbon content of 0.12 wt.-%C. For the calculation of Ap. three different strain
rates are assumed. The pressure drop due to deformation clearly increases with increasing strain
rate. Under the present conditions these two contributions have the same order of magnitude up
to a carbon content of 0.30 wt.-% at the very high strain rate of 2 - 1072 s~! (please note the
different scale of the y-axes). At the lower strain rates Ap. shows clearly lower values than the
pressure drop due to shrinkage. Fig. 4.4b shows the resulting critical strain rate calculated using
Eq. 3.23. For the calculation of the metallostatic pressure, the parameter h is 50 mm according to
the conditions during the SSCT-test. The calculated values of po are in the range of —77000 to
—45000 Pa, depending on the carbon content. It is interesting to note that inserting these values
into the approximation pi/pc = 1.12 - $/2, proposed by Campbell, results in contact (dihedral)
angles between 45 and 75°.
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Figure 4.4: a) Calculated pressure drop contribution due to shrinkage and deformation and b) calculated
critical strain rate as a function of carbon content.

The calculated values of the critical strain rate seem exceedingly high. The model is based on
the mass balance, i.e. the liquid flow has to compensate for deformation and shrinkage (feeding).
Therefore, the calculated critical strain rate applies for the formation of open hot tears. However,

it can be seen that the progression of the curve is similar to the characteristic of the critical strain,
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which decreases with increasing carbon content. Finally, Rappaz et al. propose to calculate the

hot tearing susceptibility as follows:

1
HCS = — (4.9)
el

The results are illustrated in Fig. 4.5 for the measured and calculated (Eq. 4.3) values of the
secondary dendrite arm spacing. The hot tearing susceptibility shows no significant difference for
the two different \o-values: Up to a carbon content of 0.16 wt.-% the HC'S remains nearly constant,

after that it sharply increases.
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Figure 4.5: Calculated hot tearing susceptibility as a function of carbon content for calculated and measured
values of As.

4.4 A Criterion Based on Other Principles

An example for a hot tearing model which is based on other principles was published by Clyne and

Davies[27]

. The authors defined the hot tearing susceptibility as the ratio of the vulnerable time
period and the time available for a stress-relief process (see Eq. 3.36). The necessary parameters
for calculating HC'S are determined from the results of the thermal analysis (shell thickness as a

function of solidification time) and are summarised in Tab. 4.4.

Carbon Content 0.05 0.08 0.12 0.16 0.30 0.50 0.70

ty 276 3.56 494 6.08 8.00 9.66 11.12
tr 3.34 436 532 492 484 6.54 7.20

Table 4.4: The parameters of ty and tr necessary for the calculation of HCS according to the hot tearing
model by Clyne and Davies.
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4 Prediction of the Hot Tearing Tendency Using Models from Literature

Fig. 4.6 shows the calculated HCS according to the criterion proposed by Clyne and Davies.
The equation for the hot tearing susceptibility is also illustrated in Fig. 4.6. It can be seen that
the hot tearing susceptibility starts to increase at a carbon content of 0.12 wt.-%C'. After reaching
a maximum at 0.30 wt.-%C, the HCS tends to decrease.

00 01 02 03 04 05 06 07 08
Carbon Content, %

Figure 4.6: Calculated hot tearing susceptibility as a function of carbon content according to Clyne and
Dauvies.

4.5 Summary

The results of the calculations using these four different hot tearing criteria can now be summarised.
The stress-based model proposed by Rogberg strongly depends on the secondary dendrite arm
spacing. Fig. 4.1 shows the results of the normalised HCS using different \o-relations, measured
values of Ao and the curve obtained by inserting measured values of the fracture stress. Using Ao-
relations from the literature, the hot tearing susceptibility tends to increase with increasing carbon
content. Using measured values of Ay leads to a maximum hot tearing susceptibility at a carbon
content of 0.30 wt.-%C. The measured values of the fracture strain according to Shin!*? result in
a higher hot tearing susceptibility at carbon contents up to 0.12 wt.-%C. From a carbon content

of 0.16 wt.-%C' the hot tearing susceptibility remains nearly constant.

The strain-based criterion according to Won et al. leads to an increasing hot tearing susceptibility
with increasing carbon content. Calculating the hot tearing susceptibility according to Rappaz et al.
results also in an increasing tendency of hot tearing with increasing carbon content. In comparison
to the Rogberg model, the secondary dendrite arm spacing shows no significant influence on the

calculation results.

Finally, the hot tearing susceptibility coefficient suggested by Clyne and Davies shows a similar
curve as the stress-based model using measured values of the secondary dendrite arm spacing. The
hot tearing tendency increases up to a carbon content of 0.30 wt.-%C, which remains fairly constant
above 0.30 wt.-%C.
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5 Requirements to a Process Related Hot
Tearing Criterion

... Wer aber Biicher und Abhandlungen mnach ihren
Titeln und die Menschen nach ihren Kleidern beurteilt,
handelt gleich voreilig, denn hinter beiden steckt oft
ganz etwas anderes, als man dem ersten Anschein
nach vermuthet.® CHRISTIAN DOPPLER

2Osterreichische Blitter fiir Literatur und Kunst, Nr. 15,
(1844).

In the summary of Chapter 2 the definition of hot tearing during continuous casting according to
Bernhard et al. '8 is presented. This definition is the initial point of the following chapter. Based on
the considerations of hot tearing in the continuous casting process and the resulting consequences,
this definition will be modified.

In the literature, many hot tearing criteria can be found (see Chapter 3 Hot Tearing Criteria).
Generally, these criteria can be used to estimate the hot tearing susceptibility as a function of the
steel composition. However, the question if hot tears affect the quality of the cast product remains
unanswered. In the following, the relationship between the casting process, the material properties,
the subsequent processing and the properties of the product will be illustrated. Consequently, the

demands on a process related hot tearing criterion will be deduced.

Hot tears can develop near the surface of the cast product during the initial solidification and can
propagate up to the product surface. However, hot tears are mainly found inside the cast product.
Therefore, the following section basically distinguishes between Subsurface Hot Tears and Internal
Hot Tears7,

5.1 Types of Hot Tears in the Cast Product

Considering subsurface hot tears, a distinction with respect to the cast product (slab, bloom,
billet or round) is necessary. Subsurface hot tears are mainly found in slabs, blooms and billets
at the vicinity of the corner. The cracks are formed within or directly below the mould associ-
ated with the deformation of the solidified shell. Cracks below the mould result from bulging in

conjunction with off-corner depressions, the raising of the edges from the mould wall associated
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with strain development and the rhomboidal deformation of the solidified shell framework at billet
casting. Subsurface hot tear formation during continuous casting of rounds mainly occurs below de-
pressions. The development of such depressions is strongly influenced by the phase transformation
(shrinkage/contraction) near the solidus temperature and just below this temperature. Peritectic

steel grades are therefore particularly affected 135

Fig. 5.1 shows an example of hot tearing below
a depression '), Tt can be seen clearly that the weakening of the steel shell (thinner shell thickness,
higher temperature) results in numerous initiations of hot tears. A major requirement to initiate
hot tears are stresses within the mushy zone generated, for example, by friction forces within the

mould or by reheating of the strand surface below the mould.

Hot Tear, Spread
up to the Surface

Hot Tears, Formed Hot Tear, Formed
below the Mould within the Mould

Figure 5.1: Hot tearing below a depression of continuously cast rounds (0.12 wt.-%C) 17,

Generally, subsurface hot tears are very harmful because these cracks can propagate up to the
surface during the continuous casting process, which might result in a breakout. During hot forming
these cracks can also grow up to the surface, leading to surface defects in the product. Surface
defects represent a quality loss of nearly all products, certainly depending on the requirement of

the surface quality.

Additionally, segregated hot tears are a serious problem in steel products. Applying a high degree
of deformation, such segregated hot tears can propagate up to the surface. For example, manganese-
sulfide (MnS) bands within segregated hot tears can lead to a quality loss in a cold rolled strip.
Furthermore, segregated hot tears result in a banded structure. This banded structure together
with MnS bands causes a response of the ultrasonic test at subsequent processing. Thus, the
harmfulness of hot tears strongly depends on the subsequent processing and the required product
quality. It can be summarised that the hot tearing susceptibility is not only influenced by the
material but also by process parameters, in particular, in the case of subsurface cracks. Fig. 5.2
shows an example of the concentration distribution of Si and P in a segregated hot tear. In addition,

the MnS precipitations can be seen clearly [126].

Crack formation in the continuous casting process due to bending, bulging, straightening, strand

treatment (thermal or mechanical soft reduction) or reheating of the strand surface within the

136-138]

strand are often referred to as internal cracks in the relevant literature! These cracks are
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Figure 5.2: a) Concentration distribution of Si and P within a segregated hot tear and b) a magnification
of the concentration distribution of Mn and S together with MnsS precipitation!!20].

mainly midway (halfway) cracks, triple-point cracks and diagonal cracks. The formation of such
cracks corresponds to the classical theory of hot tearing along interdendritic paths or along grain

boundaries, respectively.

Directional solidification up
to the slab centre

Internal Cracks

1

—

Directional solidification from '
the narrow slab side

Equiaxed solidification

Figure 5.3: FEtched slab containing a segregated hot tear and characterisation of the solidification morphology
(0.17 wt.-%C) 7.

Within slabs typical solidification structures can be found. These structures show differences
between the upper and lower part of the slab, which can be seen in Fig 5.3071 At the top of
the slab a directional solidification occurs up to the metallurgical center of the slab. The latter is

shifted slightly in the direction of the upper part of the slab. Concerning the lower part of the slab,
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fragments of dendrites lead to a more or less developed transition from directional to equiaxed
solidification. However, hot tears can only be found in directionally solidified areas of the cast

product, where the load acts perpendicular to the main direction of crystallisation.

Considering the product quality, internal cracks far inside the cast product clearly show a less
negative influence. Certainly, the degree of deformation at subsequent processing has to be taken
into account. Enrichments of segregating elements within segregated hot tears result in a change of
the phase transformation behavior, most notably when applying small degrees of deformation (e.g.

heavy plates).

Concluding, hot tear formation is influenced by the continuous casting machine in conjunction
with the system configuration, the maintenance of the equipment and certainly the cast material.
In addition, the general trend towards higher casting speed and the increasing production of steel
grades with unfavorable material properties increase the hot tearing susceptibility. Therefore, the
development of a process related hot tearing criterion is an important demand for improving the
quality of the continuous casting product. In the present section, the interrelation between process,
material and subsequent processing with respect to hot tearing was illustrated. The following
section will focus on the conclusions that can be drawn from these considerations on hot tearing

criteria.

5.2 Outcome

Hot tearing criteria available in the literature enable either a qualitative assessment of the hot
tearing susceptibility or a quantification mostly in terms of critical values (stress or strain). In all
cases, these criteria are related to the material. Several models are based on the limit of liquid
feeding, which can lead to a limitation because of the potentially harmful effect of segregated hot

tears, as pointed out above.

The demands on a hot tearing criterion depend on the use of the cast product. Most importantly,
a hot tearing criterion should take into account aspects of quality assurance. Moreover, a hot
tearing criterion should give an indication on the expected problems when casting new steel grades.
A highly-developed hot tearing criterion should provide solutions in order to optimise steel grade
specific production specifications. With respect to the development and the initial operation of
new plants, a hot tearing criterion should also allow a steel grade-dependent quantification of the

expected hot tear formation.

In order to meet the requirement of considering the process, a hot tearing model cannot
be restricted to the description of material properties. As pointed out above, the process plays
an important role especially for the formation of subsurface hot tears. Hot tearing is strongly
influenced by the formation of weak points (e.g. depressions) that are further stressed. Therefore,
the formation of weak points at defined conditions must be considered, because only at that time

the hot tearing susceptibility plays a decisive role.
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The consideration of the process is already done by thermo-mechanical computational models.
Hence, the strain and strain rates in the mushy zone due to the process can be described very
exactly based on sophisticated strand mechanics. Thus, a strain-based criterion would be sufficient

to consider the phenomenon of hot tearing in continuous casting of steell!7.

A further important demand is the consideration of the microstructure. The term mi-
crostructure is related to the solidification structure and therefore not only to the consideration of
dendrites, but also that of primary grains. Primary grains are defined as regions showing the same
spatial orientation with primary grain boundaries between the grains. Primary grain boundaries
are considerably broader than the interdendritic distance, which results in a greater amount of

segregated residual liquid due to longer back-diffusion paths.

Fig. 5.4 shows an example of the position of hot tears perpendicular to the main solidification
direction of a 0.17 wt.-%C steel. The hot tears are generated by means of a laboratory experiment
with the main load direction as illustrated in Fig. 5.4. It can be seen that cracks preferentially
extend along primary grain boundaries, which are perpendicularly orientated to the main load

direction 18],

Hot Tear Stress
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Figure 5.4: Primary etching of a 0.17 wt.-% carbon steel perpendicular to the solidification direction
(distance from the interface: 6.8 mm), without (left) and with marked primary grain boundaries (right)'®!.

Generally, the microstructure (columnar or equiaxed) as well as the formation of the microstruc-
ture (fine or coarse) show an influence on crack initiation and crack propagation. This was shown
by Moril!39 using results from a convectional hot tensile test. Fig. 5.5* shows the ductility near
the solidus temperature for steel samples with 0.15 to 0.18 wt.-%C. The samples were taken from
different positions of a continuously cast slab. The ductility of an equiaxed structure is zero at a
temperature which is clearly higher compared to samples showing a columnar structure. Regarding
the columnar structure, samples with a finer structure (near the surface) show higher tempera-
tures of zero ductility than samples with a coarse structure. Based on these results the following
conclusions can be drawn with respect to hot tearing. The hot tearing tendency increases in the
sequence equiaxed — columnar fine — columnar coarse. Results from previous investigations using

the SSCT test clearly show the influence of different cooling rates during solidification and therefore

*Original Source: Fujii et al. Tetsu-to-Hagane, 63 (1977)
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the influence of microstructure on hot tearing!*). The tests at the higher cooling rate, corresponding
to a fine microstructure, are obviously less crack-sensitive. As a result of these considerations the
demand of coupling a hot tearing model to a microstructure model can be deduced. Particulary
in the vicinity of the center of a cast product only few coarse grains exist. Thus, the applied total
strain is concentrated at few primary grain boundaries, resulting in a higher local strain at these
boundaries. This explanation is also used by Campbell['®!, who points out that with an increasing
amount of residual liquid and finer grains, more strain can be accumulated by grain boundary
sliding. Additionally, for the deformation of grains a plastic work is necessary. Therefore, it can
be concluded that the high temperature behaviour near T also contributes to a description of
the phenomenon of hot tearing. Thus, the distinction between the two occurring Fe-phases during
solidification plays an important role.

/Casting Direction
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[ ]
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Figure 5.5: Results of hot tensile tests of samples taken from different positions of a continuously cast slab
(0.15 — 0.18 wt.-%C ) 139,

Finally, the consideration of the steel composition is an important feature of a hot tearing
criterion. In an already published paper O four selected criteria were applied to the results of
the SSCT test (see also Chapter 4). It was shown that the different models tend to agree with
the measurements up to a carbon content of 0.30 wt.-%. However, none of the used criteria can
reproduce the measured decreasing hot tearing susceptibility above this carbon content. These
calculations were based on the microsegregation analysis using the IDS software129). In Chapter 4,

the calculations of the above mentioned models were illustrated in detail.

5.3 Summary and Conclusion

This chapter illustrated the complex interplay between the continuous casting process and the
material properties. The occurrence of hot tears is not necessarily connected to a quality loss of
the continuously cast product. The demands on the product as well as the subsequent processing

must be considered. Hot tears can be found in different positions of the cast product, generally

60 Thesis Robert Pierer



5.3 Summary and Conclusion

subsurface hot tears are more critical. Both open and segregated hot tears can degrade the quality
of the final product. In certain cases segregated hot tears may have an even more negative effect
on the quality than open hot tears.

Taking these facts into account, the definition of hot tearing with respect to continuous casting

(18]

according to Bernhard!*®! must be modified as follows:

In continuous casting, hot tearing generally results from an overcritical, perpendicularly
oriented tensile straining of a columnar solidifying mushy zone. The hot tears initiate
within the mushy zone and propagate along primary grain boundaries resulting in open

or in hot segregated hot tears.

The aim of the present thesis is a considerable advancement of the description of hot tearing in
the continuous casting process. For this purpose, the above illustrated requirements to a process
related hot tearing criterion should be considered. Since the strain and strain rate generated
through the process can be calculated using strand mechanics, a strain-based hot tearing criterion
will be developed. Therefore, the requirement of considering the process (e.g. formation of weak
points which are stressed) is fulfilled. In a first approach, the consideration of the steel composition
is the main parameter of the criterion. In the next chapter the basic concept of the model is
illustrated. The main part of the present thesis focuses on the experimental investigation of the
problem of hot tearing. In order to take into account that both open and segregated hot tears
may degrade the quality of the final cast product, no distinction is made between these types
of hot tears. The description of the laboratory experiment and the evaluation of hot tearing are
illustrated in Chapter 7. The results of a large number of experiments will be presented in Chapter 8.
Furthermore, the developed model will be applied to these results. The application of the model to
the experimentally determined results of hot tearing under continuous casting conditions enables

the consideration of the demands on the final product quality.
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6 Concept Behind the Model

FEach time new experiments are observed to agree with
the predictions the theory survives, and our confidence
in it is increased; but if ever a new observation is found
to disagree, we have to abandon or modify the theory.®

STEPHEN HAWKING

“A Brief History of Time, Bantam Books, (1988).

The previous chapter Requirements to a Process Related Hot Tearing Criterion pointed out that
a hot tearing criterion for continuous casting of steel cannot be restricted to the description of
material parameters (e.g. steel composition). Important requirements include the consideration of
the microstructure and the process. The latter is of particular importance because hot tearing is
also strongly influenced by the formation of weak points during the process. The degree of damage
by hot tearing depends on the property demands on the final product and/or on further processing

routes. Both open and segregated hot tears have to be seen as a defect in the casting.

Hot tearing criteria from the literature (see Chapter 3) have advantages and disadvantages. In
the majority of the cases, these models allow an indication of the hot tearing susceptibility and/or
the definition of quantitative limits. However, the quantitative prediction of hot tearing — mostly
achieved by comparing the stress or strain due to the process to critical values — strongly depends
on critical values of hot tearing. The hot tearing model for continuous casting, described in the
following section, is based on a critical strain criterion. The main reasons for this can be summarised

as follows:

e A critical strain criterion allows the quantitative definition of a deformation limit and can be

coupled with FE strand mechanics easily,

e it allows the accumulation of tensile strain in certain parts of the mushy zone over time,
making the criterion dependent on steel composition, strain rate, solidification velocity and

temperature gradient and
e the thermal contraction during solidification can be considered.

1 (58]

As summarised in Chapter 2, Pellin was the first to investigate hot tearing of steel. Pellini’s

Strain Theory, explaining the mechanism of hot tearing, was already illustrated in detail. However,
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Pellini did not follow up these concepts in detail, and over the years the model has almost been
forgotten. More recently, Yamanaka et al.[228 found out that hot tearing occurs when the total
amount of strain within a certain critical (or brittle) temperature range exceeds the critical strain,
independent of strain rate and manner of deformation. Yamanaka et al. pointed out that hot
tearing in continuous casting should be assessed through the accumulated strain within the brittle

temperature range resulting from bulging, bending, et cetera.

Following this theory of an accumulated strain, the realisation of a strain-based hot tearing
criterion for the continuous casting process can be done in a first step by comparing the accumulated

strain due to the process to a critical strain of hot tearing:

EPA > EC,A (6.1)

Thus, Eq. 6.1 states that hot tears will form if the accumulated strain due to the process exceeds
a critical value of hot tearing. The following two sections will illustrate in detail the determination

of both the accumulated strain as well as the critical strain.

6.1 The Accumulated Strain due to the Process

Following the fact that hot tears are generated by an overcritical deformation of the mushy zone,
it must be considered that in continuous casting the mushy zone moves with the shell growth
from the surface to the centre of the casting. Not only the position, but also the width of the
mushy zone changes due to the variation of the solidification parameters over the metallurgical
length. This is illustrated in Fig. 6.1a, which shows the position of the mushy zone in view of the
normalised solidification time (¢/tg) and the width w of the mushy zone, expressed by the normalised
shell thickness (s/sp). The mushy zone is highlighted at two different positions (¢/ts = 0.2 and
t/ts = 0.8) within the casting machine. Assuming a squared bloom with sy = 250 mm, the width

of the mushy zone of w; is 40 mm and ws is 70 mm, respectively.

The extent of tensile straining during solidification results from the combination of material and
the casting process. The continuous casting of steel is characterised by a large quantity of possible
degrading effects, such as bulging of the shell between guiding rolls or unbending of the only partly
solidified strand. According to the theory of strain accumulation, it is assumed that only a part
of the total strain within a certain temperature range of the mushy zone will contribute to the
formation of hot tears. This temperature range is denoted as temperature range of preferable
strain accumulation ATs4 and is defined between the temperatures T4 (fs = fs,4) and Ts(fs = 1).
This range is also illustrated in Fig. 6.1a, together with the associated residence time ¢ of a volume
element 7. The parameter ¢4 corresponds to the time period, where the solid fraction of a volume
element is in the range of fg = fg 4 and fs = 1. The resulting curve of t4 as a function of the

normalised solidification time (= strand length) can be seen in Fig. 6.1b.

As a result of a thermal analysis, the time during which each element ¢ can accumulate strain

within the preferable range of strain accumulation can be computed by 140
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Figure 6.1: a) Shell thickness as a function of normalised solidification time for a construction steel
and b) the determined time of strain accumulation ta within the temperature range of preferable strain
accumulation!149

a=t—1 (6.2)

where the time step ¢} represents the time when the element first reaches fs,.4 and t denotes the
time when the volume element is fully solidified (i.e. fg = 1). Thus, Eq. 6.2 is valid, where s(t) is

the strand shell thickness as a function of time for different fractions of solid:

té : st,A(til) = stzl(té) (6.3)

The time t4 only represents the time period of a certain volume element within a certain tem-
perature range within the mushy zone. The magnitude of this parameter is in no relation to the
hot tearing tendency if no strain appears in the process. If the solidifying steel shell is strained,

the accumulated strain due to the process ep 4 can be calculated as a function of t4 as follows:

EP,A:/é'dt (6.4)

ta

In Eq. 6.4, € denotes the total strain rate as the sum of all strain rates resulting from the
deformation of the solidifying shell in the process and the thermal contraction during solidification.
The parameter t 4 does not only depend on the steel composition (= the width of ATg4) but also
on the solidification velocity of the solidus isotherm Rg (in mm/s) and the temperature gradient
within the mushy zone G (in K/mm). Assuming in a first step that Rg is constant within ¢4, the

following estimation of t4 can be used:

- ATga
" Rs-G

ta (6.5)
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Eq. 6.5 is a simplification and in practice it will be replaced by a numerical solution of a thermal

analysis of the continuous casting process as illustrated above (see Eq. 6.2 and Eq. 6.3).

Employing the enthalpy conservation, the shell growth as a function of solidification time can be
calculated for selected casting parameters. Results of these calculations were already published 140,
Fig. 6.1 taken from this publication shows the result of a casting speed of 1.2 m/min. Fig. 6.1b
illustrates that the time of strain accumulation increases sharply immediately below the mould. A
maximum of t4 is reached at the end of the secondary cooling zone and subsequently decreases
to very small values towards the end of solidification due to the accelerated final solidification.
Elements which solidify at the end of the secondary cooling zone can accumulate substantially
more strain than other elements. This means that it is more likely for those elements to exceed
a given critical strain than elsewhere (see Eq. 6.1). Therefore, the occurrence of hot tears is also

more likely in this region — consequently at higher values of ¢ 4.
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Figure 6.2: Number of internal cracks vs. normalised solidification time of a slab of 220 x 2000 mm? with
0.20 wt.-%C from data according to Vaterlaus und Wolf[141].

Vaterlaus and Wolf*1] found a very similar distribution of the number of internal cracks over
the normalised solidification time, as shown in Fig. 6.2. The illustrated values result from both,
solidification conditions and mechanic loads. Fig. 6.2 also shows the differences in crack formation

for the fixed and loose side of the slab which result from the different directions of strain application.

Using sophisticated thermo-mechanical analysis, the accumulated strain due to the process (left
hand term of Eq. 6.1) within a certain temperature range (preferable range of strain accumulation)
of the mushy zone can be calculated. However, the quality of this strain-based criterion strongly
depends on the critical strain of hot tearing (right hand term of Eq. 6.1). The determination of

€c, A, therefore plays an important role and forms the main focus of the present thesis.
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6.2 The Strain-Based Hot Tearing Criterion

In the previous section, the principle of strain accumulation within a certain temperature range
applied on the continuous casting process was introduced. In the following section, the concept
of this hot tearing criterion will be specified. It is assumed that the accumulation of strain in a
certain part of the mushy zone causes the continuous separation of primary grains or dendrites.
The probability for the formation of an overcritical intergranular enrichment (segregated hot tear)
or an open hot tear increases with rising accumulated strain. Fig. 6.3 illustrates the process of the
initiation of a hot tear. Fig. 6.3a schematically shows the columnar microstructure in a solidifying
shell. Due to the solidification process in time, the mushy zone moves towards the centre of the
casting product. Fig. 6.3b shows a detail with a primary grain boundary between two grains with a
misorientation angle 6. The illustration indicates the comparably higher enrichment of segregating

elements between primary grains due to the longer diffusion path.
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Figure 6.3: Schematic illustration of hot tear initiation due to strain accumulation within a certain range
of the mushy zone during columnar solidification.

Assuming that hot tears are generated within a range of preferable strain accumulation in the
mushy zone, that the primary grain boundaries are the favourable locations for hot tearing and
that tear initiation is the result of strain accumulation, the strain-based criterion can be described
as follows. At the time t; tensile straining starts at a strain rate . During the time interval
tx = ta —t1 solidification proceeds, and a volume element, corresponding to the solid fraction fg A,
accumulates the strain ex 4 = €-tx. The only partly solidified microstructure will be widened, but
as long as the resulting segregation (segregated hot tear) or the extent of the deformation (open

hot tear) remains below the critical limit, no hot tears will be detected. During the time interval
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tc,a = tz3—t1 the tensile strain will be further accumulated until either the volume element is totally
solidified (no crack formation), or the extent of grain separation causes a hot tear (tear initiation).
The concurrently accumulated strain is defined as the critical strain of hot tearing, ec.a = € - tc a.
Further straining causes a widening of the defects (tear propagation), increasing the probability of

the detection as well as the extent of quality deterioration.

The determination of the accumulated strain within a certain temperature range of the continuous
casting process is done by calculating the time of strain accumulation ¢4 and the appearing strain
rates during the process. However, these calculations are not part of the present thesis. Instead it
focuses on the determination of the right term in Eq. 6.1 — the critical accumulated strain of hot
tearing — as well as on tear propagation. In order to investigate the influence of the accumulated
strain on the extent of hot tearing, an experimental apparatus was employed. A detailed description

of this experiment is given in the next chapter.

The determination of the accumulated strain appearing during the laboratory test is schematically
shown in Fig. 6.4a. It shows the calculated shell growth* as a function of solidification time for
the isotherms corresponding to fs = 1, fg = fs.a and fg = 0. After a certain holding time, the
tensile test starts at a constant strain rate. The range of straining the solidifying steel shell is also
illustrated in the diagram together with the range of strain accumulation (grey area). The totally
accumulated strain in every volume element within this defined range is illustrated in Fig. 6.4b.
The maximum accumulated strain €4 4, is only 1.4 %, compared with the total global strain
of 2 %. Again, the ratio between the accumulated strain and the total strain depends on the

steel composition (width of the accumulation range, ATs4), the strain rate and the solidification

conditions.
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Figure 6.4: a) Shell growth as a function of time and b) the resulting accumulated strain within a certain
temperature range at a strain rate of 21073 571,

Due to the specific testing conditions (hindered shrinkage/contraction) of the SSCT-test, the
strain resulting from volume changes caused by both temperature differences and phase transfor-

mation contributes to the deformation of the solidifying steel shell. Generally, a distinction must

“The detail description of the thermal analysis is illustrated in Chapter 7
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be made between the terms shrinkage and contraction. In the literature the following definition

can be found 142l

For the 100 %-solid steel, contraction takes place due to the decreasing of temperature
and corresponding reduction in elementary volume, while another process (shrinkage)

takes place in the mushy zone owing to the transition of steel from liquid to solid phase.

However, in the present thesis the strain due to temperature differences and phase transformation
within ATg, is referred to as thermal strain e4,. Thus, the effective strain e.py that will be
accumulated within this temperature range results from the accumulated strain and the thermal

strain according to:

Eeff = Eth T €A (6.6)

The primary objective of this study is to define the severity of hot tearing as a function of
this effective strain. Thus, mainly the influence of carbon content — certainly the most important
alloying element in steel — on hot tearing will be investigated. This will be realised by distinguishing
between tear initiation and propagation. However, not only a critical strain of tear initiation will be
considered, but also the evolution of the hot tears in view of the number of hot tears (NHT') with
increasing effective strain. Thus, the criterion enables the definition of critical values of the effective

strain — the tolerable strain €, — depending on product quality and Eq. 6.1 can be modified:

epa > el (NHT) (6.7)

If the accumulated strain due to the process is greater than a predefined tolerable strain, the
extent of hot tearing lies below an acceptable limit. Furthermore, tear growth and consequently a
generated average tear length strongly influence the severity of hot tearing. Thus, a relation must

be found, which enables the estimation of the expected average tear length.

Chapter 8 illustrates the determination of the preferable range of strain accumulation as well
as the determination of the above mentioned parameters. Based on the experimentally measured
strain-dependent extent of hot tearing the above illustrated considerations will be defined and

presented.
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7 The Experiment

Since the measuring device has been constructed by the
observer ... we have to remember that what we observe
s not nature itself but nature exposed to our method
of questioning.” WERNER HEISENBERG

“Physics and Philosophy: The Revolution in Modern Sci-
ence. Harper, New York (1958).

The following section gives an overview of the laboratory experiment used in this study to inves-
tigate hot tearing under continuous casting conditions. The principle and the relevant parts of the
Submerged Split Chill Tensile (SSCT) apparatus were adopted from EPF Lausanne. This univer-
sity mainly carried out studies investigating the deformation behavior of solidifying Al-alloys[143:144],
At the department of Metallurgy in Leoben the experiment was applied on solidifying steel, con-
tinuously modified and improved and the testing procedure was systematised. Since numerous

publications [145-147,135,148-150]

already focus on this topic, the following section only concentrates
on the essential parameters necessary for the interpretation of hot tear formation during the exper-

iment.

7.1 Test Arrangement

A proper laboratory simulation for investigating hot tearing under continuous casting conditions

needs to fulfil the following demands:

1. The existence of a deformable mushy zone together with a columnar grain structure,
2. the conformity of the microstructure with that of a continuous casting shell, and

3. main load directions are perpendicular to the main dendrite growth axis.

Fig. 7.1 shows a schematic view of the SSCT test method and the solidification conditions com-
pared to the continuous casting process. Keeping the above mentioned demands in mind, the
testing procedure of the SSCT test can be summarised as follows. A steel shell solidifies around
a solid test body — split in two halves — with a columnar grain structure perpendicular to the

interface (Demand 1). The surface of the test body is spray-coated with a thin zirconium oxide
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Figure 7.1: Schematic illustration of the SSCT test and solidification conditions during the laboratory test
ant the continuous casting process.

layer in order to control the cooling conditions and the microstructure (Demand 2). After a certain
holding time, the lower part of the test body moves downwards. In doing so, the solidifying steel
shell is subjected to a tension perpendicular to the main growth axis, in correspondence with shell

deformation in continuous casting (Demand 3).

During the tensile test, the force between the upper and lower parts of the test body is measured
by a load cell, the position of the lower part by an inductive position sensor. After tensile testing, the
test body together with the solidified steel shell emerge immediately out of the melt. In addition to
the measurements of the force-elongation curves, the temperature increase inside the test body and
the temperature of the melt are measured. These temperature measurements provide important

data for the thermal analysis of the SSCT test, which will be described in the following section.

In this laboratory experiment the following testing parameters can be varied:

e Steel bath temperature: the initial temperature of the steel bath (Tsp). This temperature
is held constant in the present study with values of 20 to 30 °C above the liquidus temperature
of the tested steels.

e Cooling rate: This parameter is controlled by the thickness of the coating. The coating
thickness influences the heat flux density. An increasing coating thickness affects primarily
the maximum of the heat flux density. A detailed illustration of the relationship between

coating thickness and heat flux density in conjunction with the characterisation of the cool-
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[126] " Tn this study, the characterisation of the cooling

ing conditions is given by Bernhard
conditions was done by means of determing of the primary dendrite spacing (A1 or PDS) and
the secondary dendrite arm spacing (A2 or SDAS). In the present study, mainly a coating
thickness of 0.40 mm is applied, which corresponds to the cooling conditions in a slab caster

(maximum heat flux of 1.7 MW /m? and a mean heat flux of 1.25 MW /m?).

e Holding time: The thickness of the shell and the temperature distribution inside the shell
can be varied via the holding time. Due to the heat balance within the induction furnace, the
total testing time is limited to approximately 35s. In a first test series this parameter was

varied between 4 and 12 s, in all other cases the holding time is 16 s.

e Strain rate and strain: In order to apply strain rates corresponding to the appearing strain
rates of the continuous casting process, this parameter is 2- 1072 s~! (£0.1 mm/s). For the
determination of the preferable temperature range of strain accumulation, additionally strain
rates greater than 2-1072 s~! are used. The total applied strain is a very important parameter

of the study and was varied between 0 % and 3 %.

e Chemical composition: With an induction furnace any steel composition can be alloyed.
In order to reduce the testing parameters, a basic steel composition is investigated varying

only the carbon content.

The main focus of the present thesis is to investigate the phenomenon of hot tearing depending
on the carbon content under continuous casting conditions, and to develop and validate the model
of an accumulated strain within a certain temperature range of the mushy zone. Therefore, dif-
ferent testing parameters were varied, which are summarised in Appendix B for every conducted

experiment.

7.2 Thermal Analysis

An important requirement to interpret the test results is the detailed knowledge of the temperature
distribution inside the steel shell and the shell growth during solidification. For this purpose the
increase of temperature inside the test body is recorded in a defined distance from the chill-shell
interface by means of thermocouples. As a result, the heat flux density ¢ can be calculated at the
interface between the liquid melt and the solid steel test body using an inverse algorithm for the
solution of the heat-conduction equation. The calculation procedure is based on a maximum-a-

151] The careful thermal analysis of

posteriori method and is described in detail in the literature!
the experiment is carried out by determining the enthalpy distribution between the chill surface
and the inner side of the induction furnace using one-dimensional heat conduction. In order to

consider the axisymmetric geometry of the test body, Eq. 7.1 is written in cylindrical coordinates:

gg(p'H):i'&<T'k'gf> (7.1)
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where p is the temperature-dependent density, H denotes the enthalpy, k stands for the temperature-
dependent thermal conductivity, r is the radius and ¢ is the time. The enthalpy H(T) is given by
the following equation, where AHyg is the latent heat:

T
H(T) = / ep(T)-dT' + (1= fs) - AHLg (7.2)
0

The following initial and boundary conditions can be defined from the initial temperature of the
steel bath Tsp, the radius of the test body ry, the inner radius of the induction furnace ry and the

heat flux density ¢ at the chill surface:

Initial Conditions :

T:TSBa TtbSTSTo, t=20
(7.3)
Boundary Conditions :
orT
k»._:—q7 =T, t>0
or
orT
5207 T =To, t>0 (74)

The solution of Eq. 7.1 is achieved with a numerical approach. A detailed description of these

procedure is given by Xial!52),

In the following section, the whole procedure of the thermal analysis is presented in detail for a
0.16 wt.-%C steel (0.30 wt.-%S4, 1.35 wt.-%Mn, 0.007 wt.-%P and 0.007 wt.-%S). The initial steel
bath temperature Tgp is 1540°C. Fig. 7.2a shows the measured temperatures during the SSCT-
test. The temperature increase inside the test body, recorded via two thermocouples (THCO1 and
THCO02) serves as the input data for the calculation of the heat flux density. The results of this
calculation are illustrated in Fig. 7.2b. It can be seen that the heat flux densities are in good
agreement with the above mentioned values (maximum heat flux of 1.7 MW /m? and a mean heat
flux of 1.25 MW /m?) of a slab caster. The black curve represents the smoothed mean values of
the two calculated heat flux densities, which are used in the following solidification calculation.
The result of this calculation is the temperature distribution in the melt during the SSCT test,
as illustrated in Fig. 7.2c. Node number 1 represents the interface between the chill surface of
the test body and the melt, the solidification time is 30 s. This temperature distribution as a
function of time in connection with the results from a microsegregation model (fraction of solid
vs. temperature) allows the calculation of shell growth during the experiment. In present study
the microsegregation model proposed by Ueshima (54) i applied (Appendix A). Fig. 7.2d shows the

calculated fraction of solid, fraction of §-phase and ~v-phase as a function of temperature.
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Figure 7.2: a) Measured temperatures during the SSCT test, b) calculated heat flux density as a function
of time, ¢) temperature distribution between chill surface and the inner side of the induction furnace and
calculated fraction of solid, fraction of §-phase and y-phase d), respectively for a 0.15 wt.-%C' steel.

Finally, this calculation procedure enables the determination of the shell growth during the
SSCT test. Fig. 7.3 illustrates the calculated shell growth as a function of solidification time for
the isotherms corresponding to solid fractions of 0 and 1. In addition, the measured shell thickness
together with the scatter band of the measurement is illustrated. In previous studies it was shown
that the measured shell thickness is in good agreement with a solid fraction of approximately 0.2. In
addition to the comparison of the measured and calculated temperature of the melt, the comparison
of measured and calculated (fg = 0.2) shell thickness is an important basis for the reliability of the

thermal analysis.

The duration of submerging as well as the duration of emerging is 2 s. The holding time for this
experiment is 16 s and the total strain e, is 1.5 %. Thus, applying a strain rate € of 2- 1073 s—!
(=0.1 mm/s) the testing time results in 7.5 s, which leads to a total solidification time of 27.5 s.
This situation (different stages during the experiment) is also illustrated in Fig. 7.3. The time
range of the tensile test is highlighted to underline the shell growth during the test and therefore

the non-isothermal conditions similar to the continuous casting process.

This section illustrated that the mathematical determination of the temperature distribution

within the shell as well as the determination of the solidification progress require considerable
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Figure 7.3: Calculated and measured shell thickness as a function of solidification time together with the
different stages during the SSCT test of a 0.15wt.-%C steel (Tsp = 1540 °C, e4or = 1.5 %, ¢ =2-1073 s71).

effort. However, contrary to conventional hot tensile tests, the non-isothermal conditions of the

SSCT test are closer to the conditions of the continuous casting process.

7.3 Metallographic Analysis

The evaluation of hot tears is done by separating the solidified shell from the test body. In doing
so, 16 samples are cut from the circumference of the shell and are finally polished and etched.
This procedure is schematically shown in Fig. 7.4 (left hand side). The solidified steel shell around
the test body is illustrated together with the samples and the polished and etched metallographic
specimen. Eight of these 16 specimen are finally investigated in a metallographic examination in
which the hot tears are counted (Number of Hot Tears, NHT) and their length (Length of Hot
Tears, LHT) is measured. In addition, the distance from the chill-shell interface (Distance from

Interface, DfI) is determined.

The evaluation procedure of these parameters is illustrated in Fig. 7.4 (right hand side). The

determination of NHT and LHT is performed according to the following equations:

k
1
NH] = — - N; 7.5
NMicrograph Z ( )
1 k
LHT = — - L; 7.6
NMz'crograph EZ: ( )

In these two equations, Nificrograph 15 the number of analysed micrographs (mainly eight micro-
graphs) and k denotes the individual hot tear. In addition, the ratio LHT /N HT can be determined,
which represents the average tear length AT'L. These parameters together with the calculated stan-

dard deviation (SD) for every analysed experiment are summarised in Section B.2 (Appendix B).
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Metallographic Specimen

Figure 7.4: Schematic illustration of the making of the metallographic specimen and a detailed view of a
micrograph including hot tears, whereby the evaluation parameters are additionally illustrated.

Hot tearing represents the phenomenon of crack formation within the mushy zone. Therefore,
the analysis of the above mentioned parameters considers only cracks which are within the range of
the mushy zone during the tensile test. This can also be formulated vice versa: The determination
of the position of the cracks provides information, whether cracks are generated within the mushy
zone or not. These kinds of cracks can therefore be treated as hot tears. Again, no distinction is

made between open or segregated hot tears.

7.4 Summary

The SSCT testing method is very complex. Thus, the test and the evaluation of the test must
be carried out very accurately. The results are substantially influenced by the testing parameters.
Therefore, the validation of the solidification conditions is an important feature of the SSCT-test. In
a previous study 1206l it was shown that the conditions of the above described laboratory experiment
are similar to those of the continuous casting process. The main demands — a deformable mushy
zone with columnar grain structure, an adjustable microstructure and a load direction perpendicular
to the dendrite growth axis — are fulfilled.

The thermal analysis is essential in the interpretation of hot tearing, the metallographic analysis
is carried out in view of the number and length of hot tears, the average tear length and the
distance from interface. In Appendix B, all results of the thermal and metallographic analysis are

summarised.
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8 Hot Tearing Under Continuous Casting
Conditions

A hot tear does mot always appear under apparently
identical conditions; in fact it seems subject to a
considerable degree of randomness in relation to its
appearance or mnon-appearance, and to its extent.”.

JOHN CAMPBELL

“Castings, Butterworth-Heinemann (1991)

Chapter 8 presents the results of the experimental investigations of hot tearing using the SSCT-
test for different steel grades. In addition, the previously presented model of an accumulated strain

within a certain range of the mushy zone is applied and the consequences are discussed.

An important point in this investigation was the question whether the SSCT-test is an appro-
priate tool for investigating the phenomenon of hot tearing of steel. According to the definition
of hot tearing, the generation of hot tears takes place during solidification within the mushy zone.
Therefore, the aim of the first test series was to clarify if it is possible to generate hot tears within
the mushy zone. An important point was the position of the hot tears within the sample. The
following section summarises the results of a test series applying different testing parameters (hold-
ing time, strain rate and cooling rate) at a constant chemical composition (construction steel) and

constant total strain e4.;.

8.1 Hot Tearing of a Construction Steel under Different Testing

Conditions

The first test series ( Test Series A) was performed using a typical construction steel (0.16—0.20 wt.-
%C, 0.20 — 0.40 wt.-%Si, 1.30 — 1.50 wt.-%Mn, < 0.025 wt.-%P and < 0.01 wt.-%S), the as-is
analysis of the tested steels is summarised in Tab. B.1. Additionally, the measured initial steel
bath temperature Tsp, the used coating thickness s..q; and strain rate € as well as the respective
holding time HT are listed in Tab. B.1. The total applied strain is 2.4 % in all cases. As it can
be seen from this table, three different holding times (HT = 4, 8 and 12 s), two different strain
rates (¢ = 2-1073 and 6 - 1073 s71) and two different cooling rates (sqoqt = 0.40 and 0.15 mm)



8 Hot Tearing Under Continuous Casting Conditions

were investigated. As mentioned in Chapter 7, a coating thickness of 0.40 mm corresponds to the
cooling conditions in a slab casting mould (maximum heat flux of ~ 1.7 MW/m? and a mean
heat flux of ~ 1.25 MW /m?), whereas a coating thickness of 0.15 mm corresponds to the cooling
conditions in a bloom casting mold (maximum heat flux of ~ 2.4 MW /m?, and a mean heat flux
of ~ 1.45 MW /m?).

Test series A included 13 tests, test number A09/1 and A09/2 are two experiments using the
same testing parameters. All other experiments differ in their testing parameters. The first step in
every individual experiment is the thermal analysis. In Chapter 7 an example of a thermal analysis
was illustrated in detail. Therefore, the thermal analysis of every experiment will not be described

in the following section.
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Figure 8.1: Calculated shell thickness as a function of time for two different coating thicknesses.

The result of the thermal analysis is the shell growth as a function of solidification time during
the SSCT-test (see Fig. 7.3). This is an important requirement for the coming accurate hot tearing
analysis. Two examples of the calculated shell growth as a function of solidification time are illus-
trated in Fig. 8.1 for two different cooling rates. These calculations were carried out by applying an
average time-dependent heat flux density and an average initial steel bath temperature of the dif-
ferent experiments illustrated in Tab. B.1. These diagrams are only used in the following to explain
the different testing conditions for the different testing parameters. For the detailed consideration

of every experiment a careful analysis — as illustrated in the section Thermal Analysis — is applied.

When comparing the two diagrams, it can be seen that the higher cooling rate (St = 0.15 mm)
results in a higher time-dependent shell thickness. Furthermore, the different holding times are
illustrated, resulting in different shell thicknesses at the beginning of testing. According to the two
different strain rates and the constant total strain of 2.4 %, the time interval of testing is 4 and
12 s, respectively. This is also illustrated in the figures by means of different hatched rectangles.
The position of the deformed (strained) mushy zone changes with solidification time and testing
conditions (holding time, strain rate and cooling rate). Considering, for example, the lower cooling
rate (Scoat = 0.40 mm), the shortest holding time and the lower strain rate, Fig. 8.1a shows that

the position of the strained mushy zone moves during testing. The position of the mushy zone
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during the straining process plays an important role as will be seen also later in the present thesis.
The results of the thermal analysis (shell thickness vs. solidification time) for every experiment of
test series A are summarised in Appendix B. Furthermore, the comparison of the calculated and
measured shell thickness is illustrated in Fig. B.10 in Appendix B. The good correspondence of the
calculated and measured shell thickness is apparent and is an important requirement for further
investigations.

First of all it is necessary to clarify whether the SSCT-test represents an appropriate tool to
investigate hot tearing and whether it is possible to generate hot tears within the mushy zone.
In order to answer these questions, the position of hot tears within the solidified steel shell was
determined as described in Section 7.3. The grey bars in Fig. 8.2a show the position of the mushy
zone during the hot tensile test as described above for a strain rate of 2 - 1073 s~! (deformation
rate: 0.1 mm/s) and the different testing parameters of holding time and cooling rate. In addition,
the minimum /maximum position from the interface of the determined hot tears is illustrated. It
can clearly be seen that the position of the occurring hot tears is situated within the mushy zone
during testing. Moreover, the occurrence of hot tears can further be narrowed within the mushy
zone. The illustrated range (minimum/maxium value) of the determined hot tears in Fig. 8.2a
requires a closer examination. Therefore, Fig. 8.2b shows an example for the distribution of the
number of hot tears* for steel A01 (Scoqr = 0.40 mm and HT = 4 s) and A06 (Scoqr = 0.15 mm and
HT = 12 s), respectively. Fig. 8.2b shows a typically trend of the detected number of hot tears

with a maximum of detected hot tears at a certain position from the interface.
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Figure 8.2: a) Range of mushy zone during tensile testing together with the position of the detected hot
tears within the solidified shell and b) the distribution of the number of hot tears al defined distances from
the chill-shell interface for a strain rate of 2-1073 s~1.

Fig. 8.3a shows the same situation for a strain rate of 6-1072 s~! (deformation rate: 0.3 mm/s).
Similar to the results of the lower strain rate, the range of the detected hot tears lies within the
position of the mushy zone during testing. However, it can be seen that the minimum position

of the generated hot tears lies slightly below the position of the mushy zone at the beginning of

*Please note that this distribution only refers to the starting point — by means of the measured DfI — of the detected
hot tears.
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testing. The results of the holding time of 4 s are not considered because of a fully disrupted shell
at both cooling rates. Fig. 8.3b again shows the distribution of the number of hot tears. The trend
is similar as the trend obtained by a strain rate of 2-1073 s~! with a clear maximum of the detected

number of hot tears in a certain position from the interface.
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Figure 8.3: a) Range of mushy zone during tensile testing together with the position of the detected hot
tears within the solidified shell and b) the distribution of the number of hot tears at defined distances from
the chill-shell interface for a strain rate of 6 - 1073 s—1.

The determined distribution of the number of hot tears for every test illustrated above is sum-
marised in Appendix B. It can be seen from these figures that the obtained characteristics can be
approximated using a Gauss fit. Thus, the essential information regarding these investigations can
be summarised as follows. The results show that the SSCT-test can generate hot tears within a
certain range of the mushy zone during solidification. Applying different testing conditions, espe-
cially different cooling rates, leads to different positions of the strained mushy zone. The position
of the detected hot tears corresponds very well to the position of the mushy zone in all cases. Fur-
thermore, the investigated steels show a uniform trend regarding the distribution of the number of
hot tears within the solidified shell.

Apart from the number of hot tears and the corresponding position from the interface, also the
length of the hot tears and the average tear length were determined (see Section Metallographic
Analysis). The results of these investigations are listed in Tab. B.3 (see Appendix B) together
with the corresponding standard deviation and the parameters centre and width resulting from the
Gauss fit.

The results of the number of hot tears, length of hot tears and the average tear length together
with the standard deviation resulting from a total strain of 2.4 % are illustrated in the following
figures. Fig. 8.4 shows the results of the number of hot tears for the two different strain rates.
From Fig. 8.4a it can be concluded that a higher cooling rate (Scoqt = 0.15 mm) results in a
smaller number of hot tears in all cases. The different applied holding times show no effect on this
parameter. Contrary to the higher cooling rate, the number of hot tears tends to augment with
increasing holding time at the lower cooling rate (Scoqt = 0.40 mm). Applying the higher strain

rate of 6-1072 s~! (Fig. 8.4b) basically results in higher values for the number of hot tears at both
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Figure 8.4: Detected number of hot tears for the tested construction steel under different testing conditions
(holding time and cooling rate) for a strain rate of a) 2-1073 s~! and b) 6 - 1073 s71.

lower and higher cooling rates. Considering the lower cooling rate, no influence of the holding time
can be observed. However, increasing the holding time at the higher cooling rate leads to a higher
number of hot tears.

The same situation is illustrated in Fig. 8.5 for the experimentally determined length of hot tears
for the two different strain rates. Considering the results of the lower strain rate, illustrated in
Fig. 8.5a, the same tendency as found for the number of hot tears can be seen. With increasing
holding time the values of the length of hot tears tends to increases for the lower cooling rate. At
the higher cooling rate clearly smaller values are determined, showing no influence with increasing
holding time. At the higher strain rate (see Fig. 8.5b), a slight increase of the length of hot tears
can be seen at both the lower and higher cooling rates. Compared to the number of hot tears, it is

interesting to note that the higher strain rate results only in a minor increase of the length of hot

tears.
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Figure 8.5: Detected length of hot tears for the tested construction steel under different testing conditions
(holding time and cooling rate) for a strain rate of a) 2-1073 s™! and b) 6 - 1073 s7L.
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A further parameter resulting from the metallographic analysis is the average tear length. This
parameter is the mean value of all detected hot tears of the investigated micrographs (generally
eight micrographs per experiment). The determined values are illustrated in Fig. 8.6a for the lower
cooling rate and in Fig. 8.6b for the higher cooling rate. Considering the lower cooling rate, it can
be seen that the higher strain rate leads to shorter hot tears. The average tear length tends to
increase with higher holding times. However, with respect to the high cooling rate, the measured

values of the average tear length remain constant, independent of holding time and strain rate.
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Figure 8.6: Detected average tear length for the tested construction steel under different testing conditions
(holding time and strain rate) for a) the lower cooling rate (Scoat = 0.40 mm) and b) for the higher cooling
rate (Scoat = 0.15 mm).

Tab. 8.1 summarises the influence of strain rate, cooling rate and holding on the results of the
experimentally determined parameters of the number of hot tears, length of hot tears and the
average tear length. Both the strain rate and the cooling rate show a significant influence in view
of the number of hot tears. A higher cooling rate reduces the number of hot tears, whereas a
higher strain rate increases the number of hot tears. This also applies for the length of hot tears.
However, the effect of the strain rate on the length of hot tears is much smaller. The average tear
length decreases with increasing strain rate at the lower cooling rate, but shows no effect on this
parameter at the higher cooling rate. Generally, an increasing holding time augments the values
of all three determined parameters. An exception are the measured numbers of hot tears at the
higher strain rate in conjunction with the lower cooling rate and the entire values of the average

tear length at the higher cooling rate.

Parameter Number of Hot Tears Length of Hot Tears Average Tear Length

Strain Rate T — -
Cooling Rate ! ! 1=
Holding Time - T— T-

Table 8.1: Effect of strain rate, cooling rate and holding time on the experimentally determined parameters
(1 increase, | decrease and — no influence).
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It can be concluded that the strain rate and cooling rate show the expected effect on hot tearing
and corresponds with the literature. However, an increasing number and length of hot tears as well
as a slight increase of the average tear length, especially at the lower cooling rate, was measured
although the total strain was held constant. Due to the formation of hot tears within the mushy zone
during solidification the holding time should not affect the hot tearing susceptibility. Therefore,

these finding are of particular interest and will be discussed later.

Test series A was also carried out to provide results for the validation of a fully coupled, thermal-
stress analysis using the software package ABAQUS 53 and a decoupled thermal and mechanical

154] The goal of these simulations was

analysis using the software package COMSOL Multiphysics!
to evaluate the stress and strain distribution within the test specimen and furthermore, to improve
the general understanding of the SSCT-test. However, this is not part of the present thesis, more

information on this is provided in the literature!!+155:156]

After these investigations using different testing conditions on a constant chemical composition
(construction steel), the influence of the carbon content on hot tearing was examined. The next
section illustrates the results of seven test series (test series B - test series H), the individual test

series were performed with different carbon contents.

8.2 Metallographic Results of Hot Tearing of Different Carbon Steels

In order to investigate the influence of carbon, all other alloying elements (Si, Mn, P and S) were
held constant with contents equal to a typical construction steel (0.20—0.40 wt.-%S%, 1.30—1.50 wt.-
%Mn, ~ 0.007 wt.-%P and ~ 0.007 wt.-%S). The different carbon contents was 0.05, 0.08, 0.12,
0.16, 0.30, 0.50 and 0.70 wt.-%C, the coating thickness was 0.40 mm (lower cooling rate according
to a slab caster) and the holding time was defined as 16 s. The as-is analysis of all conducted
experiments and the corresponding initial steel bath temperature are listed in Appendix B (see
Tab. B.2) together with the applied total strain and strain rates. The summary of the testing
parameters from the test series and the calculated liquidus and solidus temperatures are illustrated
in Tab. 8.2

A very important result of the Finite Element (FE) calculations regarding stress and strain
distribution within the solidifying steel shell and of the test series A was that the hazard of a
disrupted steel shell decreases with increasing holding time. The reason can be explained by a
higher shell thickness at the beginning of testing. Therefore, the experiments presented in the
following section refer to a holding time of 16 s in all cases. The previous section described an
increasing hot tearing tendency with increasing holding time. This fact is not neglected in the
following section, but the reason for the slight increase of hot tearing with increasing holding time
will be discussed later in conjunction with the model of an accumulated strain.

As already mentioned, is the thermal calculation the first step in analysing the experiments (see

Section 7.2). The results of these calculations — the shell growth (shell thickness vs. solidification

time) — are summarised in Appendix B. Fig. B.10 in Appendix B shows the comparison of calculated
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Testing Parameters Microsegregation Analysis
Test Series C  Deformation Rate HT s.o0t 17 Tq
B 0.05 0.1/0.3/0.6 16 0.40 1522 1491
C 0.08 0.1/0.3 16 0.40 1520 1475
D 0.12 0.1/0.3 16 0.40 1516 1453
E 0.16 0.1 16 0.40 1513 1441
F 0.30 0.1 16 0.40 1501 1407
G 0.50 0.1 16  0.40 1486 1363
H 0.70 0.1 16 0.40 1473 1321

Table 8.2: Indication of test series with corresponding carbon content(in wt.-% ), applied deformation rates
(in mm/s), holding time (HT, s) and coating thickness (Scoat, mm) as well as liquidus (Ty) and solidus
(Ts) temperature (in °C) resulting from microsegregation analysis.

and measured shell thickness of all conducted test series. Again, the calculated shell thickness
corresponds to a solid fraction of 0.2. The diagrams in Fig. B.10 show that this value of fg results

in a very good correlation between measured and calculated shell thickness.

A further important calculation is the microsegregation analysis, which was carried out adopting
the microsegregation model proposed by Ueshima et al.[?¥ (see Appendix A). Fig. 8.7 shows the
results of these calculations for the tested steel grades containing different carbon contents. In
addition, the resulting liquidus and solidus temperatures are illustrated. From these figures it
follows that the 0.05 and 0.08 wt.-%C steels solidify in the -Fe phase. The solidification range
ATrg is 31 °C and 42 °C, respectively. As expected, the tested steel grades containing 0.12, 0.16
and 0.30 wt.-%C show a 0-v transformation during solidification. Regarding the occurrence of the
0-7 transformation the following conclusions can be drawn from the microsegregation analysis. The
d-y transformation of the 0.12 wt.-%C' steel starts at a temperature of 1483 °C, which corresponds
to a solid fraction of approximately 0.9. The end of the transformation coincides with the solidus
temperature, which results in a temperature range (ATs_.) of 30 °C. Considering the 0.16 wt.-%C,
it follows that the §-y transformation starts at a solid fraction of approximately 0.79 and is finished
at 0.98. Hence, the temperature range AT;_, is 19 °C, which is clearly lower compared to the
0.12 wt.-%C steel. The §- transformation of the 0.30 wt.-%C' steel already occurs at a very early
stage during solidification (fs = 0.42). As can be seen from Fig. 8.7e, the transformation takes
place in a rather small temperature range of T5_, = 3 °C. Finally, the 0.50 and 0.70 wt.-% carbon
steel show pure austenitic solidification, with values of AT g of 123 °C and 153 °C, respectively.

The results of these calculations in conjunction with the thermal analysis lead to the shell growth
of the different tested steels. Evidently, the determined solidus temperature plays an important
role. However, the validation of this temperature is still a great challenge. One possibility is the
comparison of the calculated solidus temperature to the measured zero ductility temperature from
hot tensile tests. As illustrated in Chapter 2, this parameter corresponds to a solid fraction of 0.99
or 1 according to the literature. In order to review the applied microsegregation model major effort

was taken to compare values from literature to corresponding calculated values (157

86 Thesis Robert Pierer



8.2 Metallographic Results of Hot Tearing of Different Carbon Steels

a) b) c
10 RA 10 ¥ 1,0 ¥
~— ‘ — s s
08 T~ | \\
1o f, o 08 08 AN N
S g N [S) (S
o
§ oo g 84 506l B & | 506l B N N
gL R 2 1% 2 2
L 04t o g T W, & 3 W
4 1 L 04F o [ 4 I.|.0,4-—|_.,. / [
02 02 02 /
/
00 s 00 it 00 1,
1490 1495 1500 1505 1510 1515 1520 1525 44751480 1485 1490 1495 1500 1505 1510 1515 1520 1525 1450 1460 1470 1480 1490 1500 1510 1520
0
Temperature, °C Temperature, °C Temperature, °C
d) . e) f)
10 f, 10 i 10 i
‘ ‘ ‘ —— s ‘ —— s
08 08 " 08 \~f
o o o o I s o
c 063 I\\fs 2 156l B \ § S 06 °§ ) 8
g3 X \ P13 3 18 | % \
§ 04t =8 04t K o] & o4l K =
02 J \ 02 \ 02 \
P ‘(f 3,
00 g 00 A 00 ¥,
1440 1450 1460 1470 1480 1490 1500 1510 1520 1410 1425 1440 1455 1470 1485 1500 1350 1365 1380 1395 1410 1425 1440 1455 1470 1485 1500
Temperature, °C Temperature, °C Temperature, °C
9) -
10F f
| ~
08
o Ng o
= s %
§ 069 -
= - -
E W, W,
E o4t =
02
00 ¥
1320 1340 1360 1380 1400 1420 1440 1460 1480
Temperature, °C

Figure 8.7: Calculated solid fraction, 6-Fe fraction in the solid phase and v-Fe fraction in the solid phase
as a function of temperature at carbon contents of a) 0.05, b) 0.08, ¢) 0.12, d) 0.16, e) 0.30, f) 0.50 and g)
0.70 wt.-%.

8.2.1 Position of Detected Hot Tears

Section 8.1 already pointed out the importance of the position of the detected hot tears. In this
section, the results of the different test series will be illustrated. Fig. 8.8 summarises the results of

these investigations.

The investigation of the 0.05 wt.-%C' steel includes five tests (test series B). The determined
values of the number and length of hot tears and the average tear length are listed in Tab. B.4.

L and a total strain of 2 and

As can be seen in this table, applying a strain rate of 2- 1073 s~
3 % (BO1 and B02) results in no hot tearing. Therefore, Fig. 8.8a only considers the test with
the higher strain rates (B03 — B05). The range of generated hot tears tends to agree with the
position of the mushy zone during testing. However, the minimum position of detected hot tears
lies below the mushy zone during straining. In comparison to the results of the construction steel,
this phenomenon also appears at the higher strain rate (see Fig. 8.3) but not at a strain rate of
2.1073 s~ 1. Please note that the illustrated distance from the interface of the determined hot tears

(black rectangles) represents the minimum and maximum values. The detailed distribution within
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the shell in view of the number of hot tears for all experiments of test series B to H is summarised

in Appendix B.
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Figure 8.8: Range of mushy zone during tensile testing together with the position of the detected hot tears
within the solidified shell for test series B — H.

In order to investigate the 0.08 and 0.12 wt.-%C steel (test series C' and D), two different strain
rates were applied. The experiments with the higher strain rate were conducted to determine
the range of preferred strain accumulation according to the presented model in Chapter 6. The
detailed consideration will be done in a subsequent section, however, the results are already included
in Fig. 8.8b and c. The detected hot tears of all experiments are within the mushy zone during
testing, and they are generally situated in the lower half of the mushy zone. Contrary to the higher
strain rates of test series B, the position of the detected hot tears of these two test series at the

higher strain rate are also within the mushy zone.

Fig. 8.8d to Fig. 8.8g again show the range of the detected hot tears within the shell in terms
of the distance from the interface. It can clearly be seen that the generated hot tears are within
the range of the mushy zone during testing. This applies for all tested steels except for steel F02,
where the minimum value is below the mushy zone. As previously discussed, the hot tears tend
to occur at higher amounts of solid fractions. The detailed characteristics of the distribution of
the number of hot tears is of particular interest. These results are summarised in Appendix B

(Fig. B.13 to Fig. B.19). Considering these figures a general tendency of the number of hot tears
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as a function of the distance from the interface can be observed. At a certain distance from the
interface a maximum of the number of hot tears are detected. Fitting this trend using a Gauss
model, this distance can be determined in terms of the Gaussian mean (GM). This parameter is

summarised in Tab. B.4.

It can be concluded that the detected hot tears within the micrograph can be clearly related to
the position of the mushy zone during testing. Moreover, the range of the occurring hot tears can
further be narrowed within the mushy zone. The detailed consideration of this fact takes place
later in conjunction with the determination of a preferable range of strain accumulation. A further

interesting result is the trend of the tear distribution.

Apart from the evaluation of the position of the hot tears, the number and length of hot tears
as well as the average tear length are measured for every experiment. The summary of these

investigations can also be found in Appendix B.

8.2.2 Number of Hot Tears

The diagrams in Fig. 8.9 show the results of the number of detected hot tears per micrograph
with the corresponding standard deviation for all experiments investigating the influence of carbon
content. The aim of this investigation is the determination of hot tearing sensitivity as a function
of strain and the carbon content. Furthermore, the presented model will be applied to the results.

First of all, only the measured values resulting from the metallographic analysis are presented.

Fig. 8.9a shows the detected number of hot tears as a function of the total applied strain (2 and
3 %) and the strain rate for the 0.05 wt.-%C steel. A strain rate of 2- 1073 s~! does not cause
any tear formation. Applying a higher strain rate of 6 - 1073 s~! results in the values illustrated
in Fig. 8.9a. These values increase with increasing total strain. However, increasing the strain rate
once more (12-1073 s71) does not lead to an increase of the number of hot tears (see BO5 and B04
at a total strain of 3 %).

At the test series C and D (0.08 and 0.12 wt.-%C) two different strain rates were investigated.
The purpose of testing a strain rate of 6 - 1072 s~! is the determination of the range of preferred
strain accumulation within the mushy zone. Considering Fig. 8.9b it can be seen that steel C05 does
not feature an applied total strain. The experiments without external deformation (straining) were
carried out for 0.08, 0.12, 0.16, 0.30, 0.50 and 0.70 wt.-%C'. Since the 0.05 wt.-%C steel showed
no hot tearing at total strains of 2 and 3 %, this steel grade was not tested without straining.
The reason for investigating no external load (strain) lies in the specific conditions of the SSCT-
test. Because of the hindered shrinkage during the total test, the question arises if the material
specific contraction (shrinkage) can already lead to hot tearing. Hence, tests without straining the
solidifying steel were additionally carried out in order to consider only the effect of steel shrinkage
on hot tearing. The results of the 0.08 wt.-%C' steel can be summarised as follows. An increasing
total strain results in an increase of the number of hot tears at both strain rates. When conducting
the experiment without tensile testing (C05), no hot tearing takes place. Further, the higher strain

rate changes the increase of number of hot tears to lower values of the total strain. Generally, this

Thesis Robert Pierer 89



8 Hot Tearing Under Continuous Casting Conditions

a) ! L T b) 14 0.08 wt.-% Carbon | . ¢) ¥ —————
0.05 wt.-% Carbon | I 0.12 wt.-% Carbon |
12 12 T 12}
. : . 2,8 moot |,
< 10H m  Strain Rate: 210°s” =~ 10 T =~ 10
14 A StrainRate: 610°s” 14 1 14
3 o Strain Rate: 1.210%s" BOS, 3 3 AD®
~ 8H - 8 T - 8 T
5 B | g w7 A 5 o8 o1
T 6 7 T 6 | T 6
5 ABI3 5 B co3 5 D03
S 4 S 4 u o 4
2 é co2 .g D02
E 2 c6A 5 2
= =
z z Wco Z oos g 278
BO1 2 D04
0 n n®2 of mcos o MM
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35
Total Strain, % Total Strain, % Total Strain, %
d) 14 — r r e) 14— T r f) 14— v r
1 0.16 wt..% Carbon | 12 0-30wt-%Carbon| 12 0.50M.-%Carbon'
. . .
G 10 g 10 ro g 10
§ 8 |§ 8 :Fm ,§ 8 meot |
§ k] M FO3 g
6 % 6 6
§ 4 R E01 s o4 § 4
_é m, e é WF4 -é [ et mG02
S 2l B ! 5 2} " S 2
z E05 1EO04 =z Fo5 z e Wco4
0 0 0
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35
Total Strain, % Total Strain, % Total Strain, %
g) 14— T T
12| [0TOWt% Carbon |
V.i 10
S s
2 n
E 4 o2
Ho4
5 2 T
z Hos MHO5
0 L)

00 05 1,0 15 20 25 30 35
Total Strain, %

Figure 8.9: Number of hot tears as a function of applied total strain for the a) 0.05 wt.-%, b) 0.08 wt.-%,
¢) 0.12 wt.-%, d) 0.16 wt.-%, e) 0.50 wt.-%, f) 0.50 wt.-% and g) 0.70 wt.-% carbon steels.

behaviour can also be observed at the 0.12 wt.-%C' steel, which is illustrated in Fig. 8.9c. Contrary
to the 0.08 wt.-%C steel, which shows only a J-Fe solidification (see Fig. 8.7b and c¢), a small number
of hot tears is determined at the experiment without straining (D06). The measured values of the
number of hot tears at a total strain of 0.0 and 0.5 % are nearly identical. The detection of
the number of hot tears of approximately one per micrograph lies within the scatter band of the
metallographic analysis. A further point of interest regarding the results of the 0.12 wt.-%C' steel
concerns the detected number of hot tears applying two different strain rates at a total strain of
2 % (D03/D02 and D09) and 1 % (D04 and DO07). It can be seen that the higher strain rate leads
to a higher number of hot tears at a total strain of 2 %. However, at a total strain of 1 %, the
results of the number of hot tears are nearly identical at these two strain rates. The test series C
and D include two experiments applying the same testing parameters (C03/C02 and D02/D03).
From both test series it follows that the values of the number of hot tears lie within the range of

the standard deviation and show a good reproducibility.
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The steels containing 0.16, 0.30, 0.50 and 0.70 wt.-%C' were investigated applying only a strain
rate of 2-1073 s71. The diagrams in Fig. 8.9 illustrate that the 0.16 wt.-%C steel already shows an
observable degree of hot tearing at the experiment without straining (E05), but a relatively small
increase of the number of hot tears with increasing total strain. In addition, the 0.30 wt.-%C' steel
shows hot tearing merely due to shrinkage during solidification (F05). However, contrary to the
0.16 wt.-%C', the number of hot tears considerably increases with total strain. Finally, the results
of the 0.50 and 0.70 wt.-%C steels are very similar, with a small value at the tests without straining

and a more or less moderate increase of hot tears with increasing total strain.

8.2.3 Length of Hot Tears

In addition to the number of hot tears, the length of each detected tear within 8 micrographs is
measured. The testing parameters of the results illustrated in Fig. 8.10 correspond to those of the
previously illustrated results of the number of hot tears. The experiments containing 0.05, 0.08
and 0.12 wt.-%C were conducted applying different strain rates, whereas the 0.16, 0.30, 0.50 and
0.70 wt.-%C' steels were tested at a strain rate of 2- 1073 s~ 1.

Fig. 8.10 shows that the characteristics of the length of hot tears in all cases is very similar to the
characteristics of the number of hot tears. Hence, the facts pointed out in the previous section also
apply for the length of hot tears. With increasing total strain the length of hot tears increases for
all tested steel grades. Generally, a higher strain rate results in an increasing hot tearing tendency.
However, increasing the strain rate rate (B04, B05) shows no effect on hot tearing, neither on
the number nor on the length of hot tears. Regarding the tests C03/C02 and D02/D03 clear
reproducibility can be seen from Fig. 8.10b and Fig. 8.10c. Considering the tests FO1/F02, it seems

that steel F01 is a maverick.

8.2.4 Average Tear Length

The diagrams in Fig. 8.11 illustrate the measured values of the average tear length. Considering the
results of the 0.05 wt.-%C steel (Fig. 8.11a), it can be observed that the detected hot tears nearly
show the same value, independent of strain and strain rate. Regarding the 0.08 wt.-%C' steel, the
higher strain rate shows no effect on the average tear length with values approximately in the same
range as steel C04 (lower strain rate). At the lower strain rate, this parameter tends to increase
with increasing total strain. Additionally, the scatter band of the average tear length significantly
increases with the total applied strain, demonstrating the higher variation of tear lengths at higher
strains. Fig. 8.6 shows the results of the 0.12 wt.-%C steel. At both strain rates a slight increase
with increasing total strain can be seen, whereas the average tear length of the higher strain rate
shows lower values than those of the lower strain rate. The results of the remaining test series

generally show the same trend, i.e. a slight increase with increasing total strain.
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Figure 8.10: Length of hot tears as a function of applied total strain for the a) 0.05 wt.-%, b) 0.08 wt.-%,
¢) 0.12 wt.-%, d) 0.16 wt.-%, e) 0.530 wt.-%, f) 0.50 wt.-% and g) 0.70 wt.-% carbon steels.

8.3 The Effect of Carbon Content on the Hot Tearing Tendency

In the previous section, the results from the metallographic analysis were presented for each in-
vestigated carbon steel. In the following section, these results are illustrated as a function of the
carbon content and the applied total strain to point out the measured hot tearing susceptibility in

view of the number and length of hot tears and the average tear length.

The diagrams in Fig. 8.12 show the measured values of the number of hot tears for the experiments
applying no external strain (total applied strain = 0.0 %) and the results applying 0.5, 1.0 and 2.0
% strain. The values of the 0.05 wt.-%C' steel for 0.0, 0.5 and 1.0 % total applied strain have been
assumed to be zero in all cases. Since no hot tears occurred during the experiments with 2 and 3
% total strain, this assumptions seems to be adequate. In addition, an average value is used in the

figures for the experiments with the same testing conditions (e.g. C02 and C03).
Fig. 8.12 summarises the results of the number of hot tears as a function of carbon content.
Considering the experiments without applying an external deformation (Fig. 8.12a), hot tearing is

observed above a carbon content of 0.12 wt.-%. At a carbon content of 0.16 wt.-%, a maximum
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Figure 8.11: Average tear length as a function of applied total strain for the a) 0.05 wt.-%, b) 0.08 wt.-%,
c) 0.12 wt.-%, d) 0.16 wt.-%, e) 0.30 wt.-%, f) 0.50 wt.-% and g) 0.70 wt.-% carbon steels.

of the number of hot tears is detected. After this maximum value the determined number of hot
tears continuously decreases. Applying a total strain of 0.5 % slightly increases the number of hot

tears. However, the maximum of the number of hot tears changes from a carbon content of 0.16 to
0.30 wt.-%.

These results in view of the number of hot tears can also be applied to the determined values
of the length of hot tears, which are summarised in Fig. 8.13. If no tensile test is performed, a
maximum value of the length of hot tears is determined at a carbon content of 0.16 wt.-%. At a
total applied strain of 0.5, 1.0 and 2.0 %, the length of hot tears increases from 0.05 to 0.30 wt.-%C.
A higher total strain results in a considerable trend of the maximum value at 0.30 wt.-%C. At a

carbon content of 0.50 and 0.70 wt.-%C' the length of hot tears decreases.

The results of the average tear length differ from the results of the number and length of hot tears.
Considering the results of the different applied total strains, the average tear length as a function of
carbon content shows a similar trend. An exception are the experiments without straining, where
the values tend to decrease after reaching a maximum value at 0.16 wt.-%C'. In all other cases (0.5,

1.0 and 2.0 % total strain), the carbon content shows no significant effect on the average tear length
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Figure 8.12: Number of hot tears as a function of carbon content for a total strain of a) 0.0 %, b) 0.5 %,
c) 1.0 % and d) 2.0 % (strain rate: 2-1073 s~1).

at carbon contents greater than 0.16 wt.-%. However, up to this carbon content, the average tear

length shows a considerable increase.

8.4 Determination of a Preferable Range of Strain Accumulation

The basic concept of accumulation of strain within a certain temperature range (ATs4q = T4 —Ts)
in the mushy zone is based on the assumption that there is a temperature Ty (solid fraction fg 4,
respectively) where the strain starts to accumulate. Thus, the amount of the effective strain e.rs
(€eff = €th + €a) strongly depends on this temperature range. The determination of fg 4 is an
important step and was carried out for the 0.08 and 0.12 wt.-%C steel. Considering the figures in the
section Position of Detected Hot Tears (Fig. 8.8), the occurrence of hot tears can be approximately
narrowed between fg4 > 0.9 and fg = 1. In order to determine fg 4 in detail, the following

considerations are made.

According to the definition of the effective strain, the thermal strain and the accumulated strain
must be calculated within ATg,. However, these calculations require the unknown parameter of
the fraction of solid fg 4. It is assumed that the strain rate affects only the magnitude of the
effective strain. Therefore, Fig. 8.9b and Fig. 8.9c illustrate the number of hot tears for the 0.08
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Figure 8.13: Length of hot tears as a function of carbon content for a total strain of a) 0.0 %, b) 0.5 %,
¢) 1.0 % and d) 2.0 % (strain rate: 2-1072 s71).

and the 0.12 wt.-%C' steel which were gained by various experiments and the variation of the total
strain and two different strain rates. In these figures two different trends of the number of hot
tears as a function of the total strain can be observed for a strain rate of 2- 1072 and 6 - 1073 s~ 1,
respectively. Determining the effective strain depending on fg for all experiments should result in
a uniform trend of the number of hot tears as a function of 7. The reason for this is that the
accumulated strain already considers the strain rate. The corresponding fg is assumed to be fg 4.
The calculation of the effective strain is therefore done for different values of fs 4 (0.8, 0.9, 0.93,

0.96 and 0.99), determining the thermal and accumulated strain.

The strain resulting from volume changes caused by both, temperature differences and phase

transformation must be considered. The thermal strain is a direct result from the density p via

the following equation1?8:

en(T) = -1 (8.1)

Using this equation it is essential to define the density for J-Fe and ~-Fe as a function of tem-

perature T and carbon content 159:160];
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Figure 8.14: Average tear length as a function of carbon content for a total strain of a) 0.0 %, b) 0.5 %,
¢) 1.0 % and d) 2.0 % (strain rate: 2-1073 s71).

_ %C -3 -3
ps = (801071 — 04724 - T) - (14 15o==) - (141843107 %C) (8.2)
B %C _3 —3
py = (8105.91 = 0.5001-T)- (14 ;o ") - (148317107 %C) (8.3)
pr = 7100 — 73-%C — (0.8 — 0.09 - %C) - (T — 1550) (8.4)

A simple mixture rule can be used to determine the overall density from the values of the different
phases (°fg, 7 fg and f1,):

1
P = 5fs/ps +7 fs/py + frlpL

(8.5)

Based on the results of the microsegregation analysis (see Fig. 8.7), the thermal strain can be
calculated for the 0.08 and 0.12 wt.-%C' steel between fg¢ = 1 (Ty = Ts) and different values of
fs,4 (0.8, 0.9, 0.93, 0.96 and 0.99). The results of these calculations - the thermal strain within a

certain temperature range - are illustrated in Fig. 8.15.

Fig. 8.15 shows that the thermal strain increases with an increasing temperature range within the

mushy zone (decreasing fg). It can further be seen that the thermal strain of the 0.12 wt.-%C steel
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Figure 8.15: Thermal strain as a function of fs for the 0.08 and 0.12 wt.-%C' steel.

shows higher values due to higher values of ATg4 and particularly due to the d-y transformation

during solidification.

The accumulated strain is determined directly from the results of the thermal analysis. This
is illustrated in Fig. 8.16a for the 0.08 wt.-%C' steel and a total applied strain of 2 % (Steel No.
C02). According to the used strain rate (2 - 1072 s71) the testing time is 10 s. Additionally,
the certain temperature range of strain accumulation ATgy = Ta(fs = fsa) — Ts(fs = 1) is
illustrated. Due to the solidification process this results in an accumulated strain curve, which
is illustrated in Fig. 8.16b for different values of fg 4. With increasing values of fs 4 (decreasing
ATgy) the accumulated strain decreases. The maximum values of the accumulated strain €4 ;44 for
the different values of fg 4 are found at the same position within the shell. Furthermore, the values
of €4 max are below the total strain of 2 % in all cases. Considering Fig. 8.16a at the beginning of
the test, the first accumulating volume elements show values of fg greater than fs 4. Subsequently,
volume elements reach fg 4 due to the solidification progress and start to accumulate strain. At
a certain position within the shell, these volume elements reach a maximum value (€4 ). This
maximum value appears at the position where the final volume element can move from fg 4 to
fs =1 during straining.

Fig. 8.17 shows the values of the calculated maximum accumulated strain for the 0.08 (C02) and
the 0.12 wt.-%C steel (D02). The curves are similar to that obtained for the thermal strain. With
decreasing fs 4 the values of €4 ;4. increase. The reason for the higher accumulated strain of the
0.12 wt.-%C steel is the wider ATg4. The values of the maximum accumulated strain result from
the thermal analysis of the experiments C02 and D02, respectively. Thus, the results also include

the influence of the solidification conditions.

For the calculation of the effective strain, the maximum accumulated strain and the thermal
strain must be determined as illustrated above. In doing so, the effective strain can be calculated
for every conducted experiment of test series C' and D (0.08 and 0.12 wt.-%C'). However, the aim

of this step is to determine fg 4 by means of calculating e.r¢ as a function of the different fraction
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Figure 8.16: a) Shell growth during testing together with a certain temperature range of strain accumulation
and b) the resulting characteristic of the accumulated strain for different values of fs a.
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Figure 8.17: Accumulated strain as a function of fs for the 0.08 and 0.12 wt.-%C' steel.

of solids. As illustrated in Fig. 8.18, a solid fraction of 0.96 leads to a very good correlation of the

detected number of hot tears as a function of effective strain at both steel grades.

The transparent squares represent the results of the lower strain rate (2-1073 s~!) at the total
applied strain. Due to the consideration of the accumulated strain within a certain part of the mushy
zone, the effective strain clearly lies at lower values (black squares). Because of the higher strain rate
(6-1073 s~ 1), the accumulated strain corresponds to the total strain at these experiments. At both
steel grades, the number of generated hot tears as a function of the effective strain lies on the same
curve at a solid fraction of 0.96. According to the above made assumptions and considerations, the
solid fraction at which strain accumulation within the mushy zone starts is fs 4 = 0.96. Hence, the

range of a preferable strain accumulation is found between ATgq = Ty (fs = 0.96) — Ts(fs = 1).
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Figure 8.18: Number of hot tears as a function of the effective strain for the 0.08 and 0.12 wt.-%C' steel.

8.5 Application of the Model and Discussion of the Results

In the previous section, the preferred range of strain accumulation was determined for the 0.08
and 0.12 wt.-%C steels. In a first assumption, this range is used for the calculation of the effective
strain for all tested steels. The position of the detected hot tears within the mushy zone was
already illustrated in Section 8.2.1 (see Fig. 8.8). In this figure the range of the determined hot
tears is illustrated for minimum and maximum values of the distance from the interface. Fig. 8.19
corresponds to this illustration, the preferable range of strain accumulation is also highlighted.
Contrary to Fig. 8.8 the position of the detected hot tears is displayed via the determined Gaussian
mean and the standard deviation (see also Fig. B.11 - Fig. B.19 in Appendix B). From the diagrams
in Fig. 8.19 it can clearly be seen that the position of the detected hot tears is within ATgy — a

very important result regarding the verification of this range.

Regarding the position of the detected hot tears within the steel shell (hot tear distribution)
in conjunction with the curve of the accumulated strain, the following results can be observed.
Fig. 8.20 shows the hot tear distribution together with the acting accumulated strain within ATgy
for the steel CO1. In order to illustrate tendencies of the position of the appearing hot tears as a
function of the carbon content, the parameter Adgr is defined, which is also illustrated in Fig. 8.20.
This parameter represents the difference between the Gaussian mean from the hot tear distribution
and the position of €4 maz (d2 = DfI(GM) — D fI(€A maz))-

In conjunction with the position of the maximum number of hot tears within the shell (Gaussian
mean) it is investigated whether this position corresponds to the position of the maximum accu-
mulated strain. For this purpose, the results of the determined parameter Adyr are summarised
in Fig. 8.21. From the diagrams it can be seen that the position of the Gaussian mean coincides
well with the arising maximum accumulated strain. Fig. 8.21b shows the results of Adyr in view
of the mean value and standard deviation for the different carbon contents. The values increase

from approximately —1.0 to +1.0 mm with increasing carbon content, the steels up to 0.12 wt.-%C
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Figure 8.19: Range of mushy zone during tensile testing, the preferable range of strain accumulation and
the position of the detected hot tears in terms of the Gaussian mean and the standard deviation for test series
B - H.

show negative values and the steels above 0.16 wt.-%C' have positive values. A possible explana-
tion for this is given by the microsegregation analysis. As was shown in Fig. 8.16, the position of
€ A,max does not change with different values of fg. However, the position of this parameter changes
with the curve of fg as a function of temperature, which strongly depends on the microsegrega-
tion calculation and the used model parameters. Thus, it seems that the micosegregation analysis
underestimates the segregation at lower carbon contents and overestimates it at higher carbon

contents.

Nevertheless, it can be concluded that the determined preferred range of strain accumulation cor-
responds very well to the position of the detected hot tears within the steel shell for all tested steels.
However, the determination of ATgy4 is based on solidification calculations (thermal analysis) using
the modified microsegregation model according to Ueshima et al.. Other microsegregation models
may change the above illustrated results. Furthermore, only the carbon content was varied in the
present study. Based on these facts the preferred range of strain accumulation is valid for a carbon
content between 0.05 and 0.70 wt.-% and a constant chemical composition of 0.30 + 0.04 wt.-%S1,
1.30 £+ 0.05 wt.-%Mn, 0.006 + 0.001 wt.-%P and 0.007 £ 0.001 wt.-%S":
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8.5 Application of the Model and Discussion of the Results

ATsa =T(fs =0.96) —T(fs =1) (8.6)

Considering hot tearing, two features must be taken into account: first, the hot tearing sensitivity
or susceptibility and second, the characteristic of tear growth/propagation. The former can be
described by the number of hot tears and the latter by the average tear length. Following these
considerations two extreme cases may occur. Few hot tears (low hot tearing sensitivity) showing
high values of tear length (high tendency of tear propagation) or many hot tears (high hot tearing
sensitivity) which are rather short (low tendency of tear propagation). Basically, few long cracks
are more harmful than many short cracks. Depending on the definition of a crack index! or on the
quality demands on the final cast product both, the number of hot tears as well as the average tear

length have to be considered.
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Figure 8.20: Distribution of hot tears and accumulated strain within the steel shell for steel No. CO1.

In other words, the phenomenon of hot tearing must be investigated in view of tear initiation
and propagation. This will be done in the following section in conjunction with the effective
strain. The determination of this parameter (e.¢) was already demonstrated taking into account
the thermal strain as well as the maximum accumulated strain within ATg4. As pointed out in
Chapter 6, hot tearing occurs if the effective strain reaches a critical value — the critical strain of
hot tearing ec. Therefore, the tear initiation can be described by means of . The corresponding
parameter from the metallographic analysis illustrates the number of hot tears. After initiating hot
tears, tear growth takes place with increasing strain. A measure of the tendency of tear propagation

illustrates the average tear length.

Before starting with the determination of a critical strain of hot tearing as well as the illustration
of the tendency of tear propagation as a function of carbon content, it should be mentioned that in
this study the tested steels show mainly segregated hot tears. As pointed out in a previous section,

no distinction is made between open and segregated hot tears.

"The crack index proposed by Wiinnenberg and Flender [5], for example, puts more focus on the number of hot tears
(hot tearing sensitivity).
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Figure 8.21: a) Gaussian mean versus the position of €A mag for all tested steels and b) mean values with
standard deviation of the parameter ds as a function of carbon content.

Due to the different solidification sequence regarding the appearing Fe-phases, three different
steel grades are defined (see also Fig. 8.7): Steel grade Type A solidifies only in the é-phase. The
transformation into austenite takes place below the solidus temperature (test series B and C'). The
steels of Type B show a J-vy transformation during solidification, which applies for the 0.12, 0.16
and 0.30 wt.-%C steels (test series D, E and F). Finally, the steels of Type C show no é-Fe during

solidification (carbon contents above 0.50 wt.-%C, test series G and H).

This classification is used in the illustration and discussion of the results as depicted in Fig. 8.22.
In the respective diagrams for the different carbon contents, the number of hot tears are illustrated
as a function of the effective strain. A careful and critical analysis of the measured values in Fig. 8.9
allows the detection of possible mavericks (such as steel No. G02), which are highlighted in the

diagrams.

The diagrams in Fig. 8.22 show the evolution of the number of hot tears with increasing effective
strain. The determined linear equations for each carbon content are also illustrated. Discussing the
resulting gradient m;,;:, the steels of the respective steel types show a similar gradient. This means
that type A steels (0.05 and 0.08 wt.-%C') show a high gradient (m;,ix > 8), type B steels point
at gradients between 4 and 6 and the 0.50 and 0.70 wt.-%C' steels show m,;-values smaller than
3. A high gradient implies that with increasing effective strain the number of hot tears increases
significantly. A lower gradient leads to lower values of the number of hot tears with increasing
effective strain. Thus, the parameter m;,;; represents the sensitivity of hot tearing (in terms of the
number of hot tears) as a function of the effective strain, a very important result of these depictions.

The trend of the gradient m;,;; is summarised in Fig. 8.23a as a function of carbon content.

The results of Fig. 8.22 allow the determination of a critical strain of hot tearing. According
to the results of the number of hot tears as a function of effective strain, the hot tear formation
cannot be described by means of a Heaviside Step Function. However, considering two different

cases allows the determination of a critical strain of hot tearing (ec = (NHT — dinit) /Minit):
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Figure 8.22: Number of hot tears as a function of the effective strain for type A, B and C steels.

e Case 1: The requirement of no hot tears within the steel shell (NHT = 0) leads to eco by
determining the point where the line (linear fit) crosses the abscissa (eco = —dinit/Minit)-

Therefore, hot tearing occurs if e.rr > e¢ .

e Case 2: Assuming that ec corresponds to one generated hot tear as a critical value (NHT =

1) leads to ec;1 = (1 — dinit)/minit- Thus, this criterion states that no hot tearing takes place

if Eeff <EC,1-

Fig. 8.23b shows the results of these two different approaches. It can be seen that the critical
strain of hot tearing of type A steels is approximately 0.5 for Case 1 and 0.6 for Case 2. Type B
steels strongly depend on the carbon content. With increasing carbon content the critical strain
decreases from about 0.70 to < 0.10 (case 1) and from 1.10 to 0.20 (Case 2), respectively. A nearly
constant critical strain is determined for type C steels, with a value of less than 0.10 for case 1 and
approximately 0.50 for case 2. Regarding the specification of a critical amount of hot tearing, these

two cases clearly illustrate the difficulty in defining a critical limit of hot tearing. Besides other
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8 Hot Tearing Under Continuous Casting Conditions

reasons, this fact explains the great scatter band of critical strain values from literature. Case 2
(one generated hot tear) is the more reasonable approach. The determined values are more realistic
than the very low values of e¢ at higher carbon contents. Hence, the determined critical strain
ec, corresponding to one generated hot tear (Case 2) is used in conjunction with tear initiation
(ec =ec1)-

Due to the different evolution of the number of hot tears with increasing effective strain is is not
sufficient to consider the critical strain of tear initiation only. Therefore, the present thesis defines
critical values as a function of the numbers of hot tears. Thus, the criterion can take into account

the extent of hot tearing and consequently the quality demands on the final product:

NHT

Minit

Etol|%0] = €c,0l%] + (8.7)

In this equation, the term tolerable strain €, is introduced. The parameters m;,;; and ec o were
already illustrated in Fig. 8.23 and are finally listed in Tab. 8.3.

a) 20 b)12 —————
8r o oo B e
16 I ' I H 1. VVVVV H L Se"(Nl-rI—ZO) |
e tar 08 a D\s+ Sy
% 12 : / : : c :
£ 06 M/ \m- e
£ 10 X U : ; : u
€ gl ) /‘DD ./
28 R e s R N - vl
I ARE =\ P Vo
5 al 02t \l rrrrrrrrrrrrrrrrrr
2! ol o P—o— o
0 i i i i i i i i I I I I I i i i
00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08
Carbon Content, % Carbon Content, %

Figure 8.23: a) The gradient m,; resulting from the linear regression and b) the critical strain as a
function of carbon content.

The results of these considerations can be summarised as follows. Type A steels are more likely
to show a medium value of the critical strain but with increasing effective strain the extent of hot
tearing increases considerably(high m;,;). Type C steels show a critical strain in the same order
of magnitude compared to Type A steels. With increasing effective strain a rather moderate hot
tearing sensitivity is determined (low myp;:). Steels with a d-vy transformation (Type B) clearly
differ from the previous ones. The 0.12 wt.-%C' steel shows the highest value of critical strain.
With increasing carbon content up to 0.30 wt.-%, the critical strain decreases to a minimum.
Regarding the degree of hot tearing with increasing effective strain, Type B steels are between the
fully é-ferritic and austenitic solidifying steels and show no significant differences as a function of

the carbon content.

Investigations of hot tearing considering the tear propagation can be done by introducing and

determining the propagation velocity vpr.,. In doing so, the results of the average tear length as
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8.5 Application of the Model and Discussion of the Results

a function of the time ?,,,, are of particular interest and relevance. In Fig. 8.24, the two different
mechanisms of hot tearing — tear initiation and propagation — are illustrated for the 0.12 wt.-%C
steel and for two strain ratest. At the higher strain rate the effective strain is equal to the total
applied strain, whereas at the lower strain rate the effective strain lies below €4,;. In both cases, hot
tears will be initiated when the strain is equal to the critical strain of hot tearing. Subsequently,
hot tears grow with a certain velocity as long as a strain acts and/or the effective strain is reached.

The time interval of propagation t,,., is also illustrated in the diagrams.
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Figure 8.24: Tear initiation and propagation of a 0.12 wt.-%C steel for two different strain rates.

By using the values of .., and the experimentally measured average tear length, the propagation
velocity vpop can be determined. This is illustrated in Fig. 8.25 for the different carbon contents.
In addition, the determined linear equations (AT'L = AT Lo + Uprep - t) for each carbon content
are illustrated in Fig. 8.25. If the critical strain is reached, a hot tear occurs with a certain length
AT Ly (initial tear length). Fig. 8.26a illustrates the initial tear length as a function of the carbon
content. With increasing carbon content the initial tear length tends to increase. The determined
propagation velocity of the hot tears is illustrated in Fig. 8.26b, showing a decreasing trend of the

values between 0.05 and 0.16 wt.-%C' and nearly constant values of v, above 0.16 wt.-%C.

Summarising, Type A steels show the lowest values of initial tear length of about 0.6 mm and
the highest propagation velocity of approximately 0.3 mm/s. Type C steels show the opposite
behaviour (high initial tear length: ~ 1.4 mm, low propagation velocity: 0.05 mm/s). The initial
tear length of Type B steels tends to increase from 0.9 to 1.4 mm with increasing carbon content.
The propagation velocity of the 0.12 wt.-%C steel is 0.14 mm/s, whereas the 0.16 and 0.30 wt.-%C

steels show values similar to Type C steels.

Additionally to the hot tearing sensitivity expressed by the number of hot tears including the
evolution of this parameter with increasing effective strain (see Eq. 8.7), the expected average tear

length can be estimated using the following relation:

¥Please note that the thermal strain which also contributes to the effective strain is not considered in this figure
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Figure 8.25: Average tear length as a function of time for the 0.05, 0.08, 0.12, 0.16, 0.30, 0.50 and 0.70
wt.-% carbon steels.

Eeff —EC

ATL = AT Lo + Uprop -
9

Eeff = EC (8.8)

The initial tear length AT'Lg as well as the propagation velocity vy.o, were already illustrated
in diagrams and are summarised in Tab. 8.3. This equation considers the influence of the strain
rate on the tear length. According to Eq. 8.8, the average tear length decreases with increasing

22]

strain rate. This is in accordance with the findings of Yamanaka et al.'*!, which show shorter tear

lengths with higher strain rates. At a strain rate of 2-107% s71, a tear length of up to 20 mm was

22]

measured, whereas the measured tear length amounts to only 3 mm“< at four times higher strain

rates.

As already mentioned, the number of hot tears as well as the average tear length are very
important parameters in the consideration of the demands on the product quality. The above
determined relations of NHT and ATL enables an estimation of the extent of hot tearing as a

function of the effective strain. In the following, an example will be presented to underline the
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Carbon Content 0.05 0.08 0.12 0.16 0.30 0.50 0.70
£C,0 049 047 0.80 0.37 0.07 0.06 0.04

Myinit 873 1525 539 431 6.15 269 194

AT Lg 0.58 0.71 0.89 1.36 1.37 1.32 1.53

Uprop 0.35  0.28 0.14 0.01 0.04 0.06 0.05

Range of Validity: e.;y <1.6 <14 <24 <26 <20 <34 <34

Table 8.3: The determined parameters eco (in %), Mminit (in %~ '), the initial tear length AT Lo (in mm)
and the propagation velocity vprop (in mm/s) for different carbon contents of the tested steel grades.

advancement of using the results of the present thesis. Considering, for example the 0.08 and
the 0.30 wt.-%C steel, the first steel (¢ = 0.54 %) has a higher critical strain than the latter
(ec = 0.20 %). However, the severity of hot tearing can be much higher for the 0.08 wt.-%C' steel.
An effective strain of 1.4 % would, for instance, result in 14 hot tears with an average tear length
of 1.9 mm for the 0.08 wt.-%C' steel. The same effective strain causes 8 hot tears with an average

tear length of 1.6 mm for the 0.30 wt.-%C' steel.

Initial Tear Length | Propagation Velocity

20 " - | ] 0,5] — . Eod
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00 01 02 03 04 05 06 07 08
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Figure 8.26: The determined initial tear length AT Ly and the propagation velocity vprop as function of the
carbon content.

The above illustrated example clearly shows the advancement not only considering the critical
strain but also the evolution of the extent/severity of hot tearing with an acting strain. It was
shown that this evolution is very different for the respective carbon content. Depending on the
quality demands on the final cast product, a tolerable strain ;, can be defined as a function of
the acceptable extent of hot tearing (in terms of NHT and ATL). Therefore, the results of the
present study provide an important basis and a step forward in the consideration of hot tearing
in the continuous casting process. However, these results are only valid for the tested steel grades
with carbon contents of 0.05, 0.08, 0.12, 0.16, 0.30, 0.50 and 0.70 wt.-%C and 0.20 — 0.40 wt.-%S4,
1.30 — 1.50 wt.-%Mn, ~ 0.007 wt.-%P and ~ 0.007 wt.-%S and for the investigated parameters.
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8 Hot Tearing Under Continuous Casting Conditions

8.6 Summary

This chapter showed that the SSCT-test is an appropriate tool to investigate hot tearing under
continuous casting conditions. Applying different testing conditions on a construction steel, it
could be shown that the position of generated hot tears is in good agreement with the position of
the mushy zone during testing. Furthermore, the influence of the strain rate and the cooling rate
were illustrated. The increasing hot tearing tendency with increasing holding time indicates that a

strain-based hot tearing criterion must consider the solidification conditions.

After that, the results of the position of the detected hot tears within the mushy zone, the
number and length of hot tears as well as the average tear length were presented. Regarding
the position of the detected hot tears, hot tears are more likely to occur in a small range above
the solidus temperature. The number and length of hot tears show a clear tendency, to increase
with increasing total applied strain. Generally, the average tear length also tends to increase with

increasing total strain.

The influence of carbon content on hot tearing in view of the number and length of hot tears
can be summarised as follows. Between a carbon content of 0.05 and 0.30 wt.-%C', the hot tearing
sensitivity increases, reaching a maximum at 0.30 wt.-%C and decreases at carbon contents of 0.50
and 0.70 wt.-%C. An interesting result was gained from the experiments applying no external
strain. Steels which pass through a §- transformation during solidification already show a minor
hot tear formation. A maximum value was found at a carbon content of 0.16 wt.-%C. However,
these results must be interpreted very carefully, because the number of hot tears are in the same

order of magnitude as the standard deviation.

According to the introduced concept of an accumulated strain within a certain part of the mushy
zone, the determination of this temperature range (ATs4) was of major importance. Considering
the accumulated strain and the thermal strain, ATg4 was determined between a solid fraction of
0.96 and 1 for the 0.08 and 0.12 wt.-%C steels. The defined effective strain e.; using the proposed
model takes into account the influence of chemical composition (width of ATs4), strain rate and

solidification conditions (time for strain accumulation, t4).

Finally, the model of an accumulated strain was applied, illustrated and discussed for all results.
The comparison of the position of the detected hot tears within the steel corresponds very well
to the position of ATs, during tensile testing. The description of hot tearing was carried out by
distinguishing tear initiation and propagation. The determination of the critical strain was carried
out for two cases (NHT = 0 and NHT = 1), illustrating the uncertainty and difficulty of the
determination of this parameter. It was found that the critical strain of steels which solidify purely
in the 0-Fe (Type A steels) or v-Fe (Type C steels) phase is in the same order of magnitude, whereas
the critical strain of steels with a d-v transformation (Type B steels) changes considerably with
carbon content. Besides the critical value of hot tearing it could also be shown that the evolution
of the extent of hot tearing is influenced by the carbon content. Type A steel grades show a sharp
increase of the extent of hot tearing with increasing effective strain, whereas the extent of hot

tearing increases rather moderately with increasing effective strain at Type C steel grades. Type
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B steel grades lie between Type A and C steels. The consideration of tear propagation was done
by determining the initial tear length and the propagation velocity. It was shown that the initial
tear length tends to increase with increasing carbon content. Hence, the width of the preferable
temperature range of strain accumulation ATs 4 and the initial tear length show a correlation. The
propagation velocity showed an inverse trend as a function of the carbon content. Between 0.05

and 0.16 wt.-%C the propagation velocity sharply decreased and remained constant afterwards.

In order to consider the demands on the quality of the final cast product, the criterion of a critical
strain was advanced in terms of a tolerable strain &4, and the estimation of an average tear length
as a function of the effective strain. By this, the evolution of hot tearing is considered, ensuring

flexibility of the criterion with respect to the final product quality requirements.
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9 Summary, Conclusion and Outlook

You know that I write slowly. This is chiefly because I
am never satisfied until I have said as much as possible
i a few words, and writing briefly takes far more time
than writing at length.® CARL FRIEDRICH (GAUSS

“In G. Simmons Calculus Gems, New York, McGraw Hill
Inc., 1992

9.1 Summary and Conclusion

The presented thesis deals with the phenomenon of hot tearing and the development of an efficient
hot tearing criterion in continuous casting of steels. In a comprehensive review of the literature
different definitions were presented, the suggested mechanisms were explained and the main influ-
encing parameters were pointed out. According to the Shrinkage-Brittleness Theory hot tearing
takes place by separating solid-solid bridges. The Strain Theory describes hot tearing by the separa-
tion of a solid-liquid mass in the absence of solid-solid bridges, whereas the Generalised Theory tries
to combine the previous two theories. The initiation and propagation of hot tears along primary
grain boundaries represent an important element in the phenomenon of hot tearing. In addition,
the wettability of the grain boundaries by the liquid is described in the relevant literature. A fur-
ther point of interest is the similarity of hot tearing and liquid metal embrittlement. In the field of
continuous casting, hot tearing is mainly associated with the brittle temperature range considering

the influence of chemical composition.

Numerous hot tearing criteria based on stress, strain and strain rates or based on other principles
were illustrated in detail. Many of these criteria are rather new in the field of continuous casting
of steel because they were mainly developed in the field of aluminium alloys or have their origin in
the field of welding. However, hot tearing in steel and other materials or in casting and welding
represents the same phenomenon. Some of the criteria define a critical value of hot tearing, e.g. in
terms of a critical strain or stress. Others define a hot tearing susceptibility in order to describe
mainly the influence of the chemical composition. Hot tearing criteria in continuous casting of
steels are mainly strain-based models, which compare the strain due to the process to a critical

strain of hot tearing. Generally, the critical strain of hot tearing of steels decreases with increasing
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carbon content and strain rate. However, regarding the strain rate different research findings are
published. Here, the results of Yamanaka(2281 are of special relevance. Hot tearing occurs when
the total amount of strain within a certain critical temperature range exceeds the critical strain,

independent of strain rate and manner of deformation.

In order to predict the expected hot tearing tendency of the tested steel grades in a laboratory
experiment, four different criteria from the literature were applied. The stress-based model pro-
posed by Rogberg[2Y strongly depends on the secondary dendrite arm spacing. Using values of
this parameter determined from micrographs of the SSCT-test leads to an increasing hot tearing
tendency between 0.05 and 0.30 wt.-%C. After 0.30 wt.-%C the hot tearing tendency decreases.
This trend is very similar to the results of the present thesis in view of the number and length of hot
tears at different applied total strains. Both criteria, the empirical equation of the critical strain
proposed by Won et al.l8 and the strain rate-based model published by Rappaz et al.[ show
an increasing hot tearing susceptibility with increasing carbon content. The Clyne and Davies!?7
approach results in a similar trend as the stress-based criteria. These results indicate the major
influence of the microstructure (secondary dendrite arm spacing in the Rogberg criterion) and the

consideration of the residence time of a volume element in a certain part of the mushy zone.

The requirements on a hot tearing criterion in the field of continuous casting were also illustrated,
which represented the initial point of the development of a process related hot tearing criterion.
Based on the distinction between subsurface hot tears and internal hot tears, it appears that the
consideration of the process, the microstructure and the steel composition are the main demands
on a process related hot tearing criterion. Furthermore, both open and segregated hot tears may
degrade the quality of the final product. The occurrence of hot tears is not necessarily connected
to a quality loss of the final product. Additionally, it was shown that the cracks preferably extend
along primary grain boundaries, which are orientated perpendicular to the main load direction. As

a result of these considerations, the definition of hot tearing was specified.

In order to consider also steel composition, strain rate, solidification velocity, thermal contraction
during solidification and the quantification of deformation limits a hot tearing criterion based on
an accumulated strain within a certain part of the mushy zone was developed. In doing so, the
accumulated strain due to process is compared to an effective strain. This effective strain comprises
of the accumulated strain and the thermal strain within a preferable temperature range of strain
accumulation. By introducing a tolerable strain as a function of the hot tearing susceptibility

quality demands on the final cast product can be considered.

A major part of the presented thesis focuses on laboratory experiments (SSCT-test). After
demonstrating the main features of this test, the thermal and metallographic analysis were pre-

sented. These two procedures are essential for an accurate interpretation of the results.

According to the experimental investigation of hot tearing, it was first shown that the position
of generated hot tears is in good agreement with the position of the mushy zone during testing.
The experiments for this were carried out using a typical construction steel and different testing

parameters (strain rate, cooling rate and holding time). Based on this steel composition the in-
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vestigations focused on the influence of carbon content on hot tearing. The cooling rate (coating
thickness: 0.4 mm) and the holding time (16 s) were held constant. For the most part the strain
rate has 2- 1073 s~!, whereas at certain steel grades the strain rate was increased to 6 - 10~3 and
1.2-1072 s7'. The results of the position of the detected hot tears within the mushy zone, the
number and length of hot tears as well as the average tear length were presented. By comparing
the position of the detected hot tears with the position of the mushy zone during testing, it could
be shown that hot tears are more likely to occur in a small range above the solidus. The number
and length of hot tears clearly increase with increasing total applied strain, whereas this behaviour
could not be demonstrated clearly for the average tear length. The trend of the number and length
of hot tears — the hot tearing susceptibility — as a function of the carbon content can be summarised
as follows. If no external deformation is applied a maximum value of the hot tearing susceptibil-
ity was found at a carbon content of 0.16 wt.-%C. With increasing total strain this maximum
is shifted to a carbon content of 0.30 wt.-%C. This is in contradiction to the general findings of
the relevant literature which mainly describe increasing hot tearing susceptibility with increasing

carbon content.

The model of an accumulated strain is based on a preferable temperature range of strain accumu-
lation within the mushy zone (ATg4 = T4 —Ts). Therefore, the determination of this certain range
was necessary. According to the definition and basic understanding of hot tearing, the generation
of the cracks takes place at temperatures above solidus representing the lower boundary of the
preferable temperature range of strain accumulation. The upper boundary (74) is the temperature
and the corresponding solid fraction where strain accumulation starts. The determined value of
this solid fraction is fg 4 = 0.96 for the 0.08 and 0.12 wt.-%C' steels. Again, fg 4 strongly depends

on the microsegregation analysis and consequently on the used model and model parameters.

In a first assumption, this value was applied to all tested steel grades resulting in an effective
strain (= accumulated strain + thermal strain) within the preferable temperature range of strain
accumulation. It could be shown that the occurrence of hot tears corresponds very well to the
defined position of the preferable temperature range of strain accumulation during tensile test-
ing. The characterisation of hot tearing was carried out by considering both, tear initiation and
propagation. Thus, the phenomenon of tear initiation was described by a critical strain, whereas
tear propagation was specified by an average propagation velocity. It was found that steels which
solidify purely in the §-Fe phase show nearly the same critical value (ec ~ 0.5 %). This value was
also found for steels that solidify purely in the v-Fe phase. Steels with a d-y transformation show
a decreasing critical strain (0.12 wt.-%C: e = 1.0 %, 0.16 wt.-%C: ec = 0.6 % and 0.30 wt.-%C":
ec = 0.2 %) with increasing carbon content. However, the definition of a critical strain of hot
tearing is not sufficient. This can be confirmed by the findings of the present thesis regarding the
evolution of the extent of hot tearing in view of the number of hot tears and the average tear length
(propagation) with increasing effective strain. The 0.05 and 0.08 wt.-%C' steels show a sharp in-
crease of the number of hot tears with increasing effective strain, whereas the extent of hot tearing
increases rather moderately with increasing effective strain at the 0.50 and 0.70 wt.-%C'. For the
0.12, 0.16 and 0.30 wt.-%C steels the evolution of hot tears was found to be between the above
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mentioned steel grades. It was also found that the initiated hot tears show an initial tear length,
which increases with increasing carbon content. With respect to tear propagation, a decreasing

propagation velocity with increasing carbon content was determined.

Based on these findings, the present thesis defined two relations in order to estimate the expected
quantity and length of hot tears as a function of the effective strain. A further improvement
resulting from these considerations is the possibility of defining critical strain values taking into
account the demands on the final cast product. Finally, the presented approach together with the
experimentally determined results offer a more accurate consideration of the problem of hot tearing

in the continuous casting process of steel.

9.2 Outlook

Conclusions that can be drawn from the performed experiments and the presented model seem to
provide promising perspectives for further work using the SSCT-test and the presented approach of
an accumulated strain within a preferable temperature range of the mushy zone. In the following
section, some additional questions and further necessary considerations for a deeper fundamental

understanding of hot tearing shall be sketched:

e [t is still an open question whether hot tearing takes place by separating solid-solid bridges,
separating a continuous liquid film between primary grain boundaries or whether both phe-
nomena are possible. The key for answering this question can certainly be found in the

metallographic analysis by means of a detailed investigation of generated hot tears.

e As a further step, the mechanism of the generation of open or segregated hot tears must be
studied in order to provide a criterion distinguishing between these two types of hot tears.
Therefore, experiments should be carried out with the aim to create these kinds of hot tears.
In combination with metallographic analysis, a criterion considering open and segregated hot

tears can be developed.

e With respect to segregated hot tears and the severity in the final product, deformation ex-
periments should be carried out to investigate the behaviour of segregated hot tears at the

subsequent processing.

e As shown, hot tears preferably occur at primary grain boundaries. In this context, the
morphology (grain boundary cohesion) in view of the coherency temperature, coalescence
temperature and microsegregation behaviour should be described. In this case, also the
metallographic analysis could be an important tool to provide clues regarding the role of

primary grain boundaries in hot tearing.

e A further important parameter concerning hot tearing is the microstructure. The influence of
this parameter was investigated in Chapter 5. The presented results mainly refer to constant

cooling conditions. However, it appears that the hot tearing tendency of the construction
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steel is clearly lower at a higher cooling rate (coating thickness of 0.15 mm) in comparison
to lower cooling rate (coating thickness of 0.40 mm). Therefore, the presented results of hot
tearing are only valid for the used cooling rate. Further investigations should focus on the

influence of the microstructure, e.g. by introducing a microstructure parameter in the model.

e Finally, the role of precipitations and/or of microporosity in the face of tear initiation should

be examined.

The presented strain-based approach of an accumulated strain within a certain temperature range
constitutes a step forward in the consideration of hot tearing in continuous casting. This concept
together with the above sketched necessary improvements could provide a further step forward to

avoid the undesirable phenomenon of hot tearing in the continuous casting process.
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A The Microsegregation

This seems to be one of the many cases in which the
admitted accuracy of mathematical processes is allowed
to throw a wholly inadmissible appearance of author-
ity over the results obtained by them. Mathematics
may be compared to a mill of exquisite workmanship,
which grinds your stuff of any degree of fineness; but,
nevertheless, what you get out depends on what you
put in; and as the grandest mill in the world will not
extract wheat flour from peascods, so pages of formu-
lae will not get a definite result out of loose data.®

TroMAS HENRY HUXLEY

“Quarterly Journal of the Geological Society, 25, 1869

The non equilibrium (true) solidus temperature — in the present thesis referred to as solidus
temperature Ts — strongly depends on the cooling conditions. In fact, the solidus temperature
can be calculated using empirical formulas. However, these equations do not consider the cooling
conditions, which results in inaccurate values of Tg. Therefore, the microsegregation as well as the

influence of the solidification conditions must be taken into account.

In Chapter 2, different microsegregation approaches!*923 were already mentioned. The present

study uses the model proposed by Ueshima et al.!®® to calculate the solute redistribution during

solidification. The following assumption are made:

e The transverse cross section of the dendrites

schematically illustrated in Fig. A.la.

e In the transverse section of the dendrites the concentrations of solutes in liquid are uniform,
in axial direction of the dendrites the diffusion in solid and liquid is neglected. This results

in a one-dimensional diffusion in the x direction as illustrated in Fig. A.1b.

e The development of the y-phase occurs from the interface between § and the liquid phase.

At the interfaces (s/l and 6/7), the solutes are distributed in equilibrium.

Using a finite difference method and applying the above mentioned assumptions, the diffusion
and distribution of solutes can be calculated for three existing phases (, v and liquid). Thus, the

analysis can be done by dividing half the area of the secondary dendrite arm spacing Ao into ky

Model

is approximated by a regular hexagon, which is



A The Microsegregation Model

nodes (see Fig. A.1b). In this figure, 7 is the node number and L; denotes the length of the interface
between the nodal areas i and 7 + 1. The area of the " node is referred to as A; with the width

Ax. The rates of diffusion into solid and liquid phases are calculated using the following equations:

In the § — phase (2 < i < N%7) and the v — phase (N%/7 +1 <i < NV/F)

ol =) GC)

In the § — phase (i = 1) :
SR

At the /v interface (§ — phase: i = N%/7 —1; ~—phase: i= N‘S/'V) :
C?Vé/w - ]5\75/“!—1 k0 (A.3)

In these equations, j is § or v phase, C'is the solute concentration (wt.-%), D denotes the diffusion
coefficient, k?/° denotes the distribution coefficient between ~ and & phases, N%/7 and N7/L are

the interfaces between § and v phase and + and liquid phase, respectively.

Applying a mass balance to the §/v interface results in the following equation:

ACijyy D Loy - (CRop iy = Cay) = D® - Lyssy g (CRapn = Clarn o) (A.4)
At (AN‘;/'Yfl + AN5/’Y . k'Y/é) . A.’E '

Considering the mass balance of solid and liquid phases at the §/L interface, the following

equations can be written:

C’Y

1 =ClkE (A.5)

NY/L_q k

F=Ci— Y OZ--AZ-/ZN:AZ- (A.6)
=1 i=1

kn kn
Fy= | K" Ay + Z Ai /ZAi (A7)
i=Nv/L41 =1
F
CcL = F; (A.8)
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Figure A.1: a) Longitudinal and transverse cross section of dendrites (schematically) and b) part of the
transverse cross section together with numerical discretisation according to Ueshima et al. %4/

In the above illustrated equations, ¥/ is the distribution coefficient between v and liquid phases
and Cj is the average concentration.

A further assumption of the calculation procedure is the parabolic growth rate. In order to
account for the shell growth rate, the local solidification time ¢; must be determined. This is
done by means of the empirical equation between t; an Ay, where the latter is used as an input

parameter [163]

Ag = 14.775 - 547 (A.9)

In the calculation procedure, the solidification or the § — « transformation in a given area is
complete when the liquidus temperature T, and the 0 —~ transformation temperature Ty, become

equal to the actual temperature. These temperatures are given by:

Ty =T]+> ml-CJ (A.10)

pure )

Ty = To0 + > md k)" Oy (A.11)
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A The Microsegregation Model

In these equations, j is the § or v phase, i is the element and C° denotes the initial concentration.
The liquidus temperature of the § and ~ phase is Tg = 1536 and T} = 1525.4 °C, respectively and
the Tz%ze is the temperature of the d —v transformation of pure iron (1392 °C). The parameter m and
the equilibrium distribution coefficients of the elements are summarised in Tab. A.1. Additionally,
the diffusion coefficients* (em?/s) used in the calculations are illustrated in Tab. A.1. A further
important point in the calculation procedure is the consideration of the MnS precipitation, which is
not included in the original study of Ueshima et al.!. In order to determine the solubility product

of MnS, the following relation is used in the present thesis:

8750

It is assumed that the MnS precipitation starts when [Mn] - [S] > Kyms. Thus, the MnS

precipitation takes place until the stoichiometric equilibrium is reached.

Element m?° mY  mb kL /L D° D7
C -82.7 -60.9 1122 0.19 0.34 0.0127exp(—19450/RT) 0.0761 exp(—32160/RT)
Si -9.0 -11.9 -60 0.77 0.52 8.0 exp(—59500/RT") 0.3 exp(—60100/RT")
Mn 5.1 4.2 12 0.76 0.72 0.76 exp(—53640/RT) 0.055 exp(—59600/RT)
P -34  -33.4 -140 0.23 0.13 2.9 exp(—55000/RT) 0.01 exp(—43700/RT)
S -40  -37.7 -160 0.05 0.035  4.56 exp(—51300/RT") 2.4exp(—53400/RT)

Table A.1: The liquidus line slopes m, the equilibrium distribution coefficients k°2161:55] and the diffusion
coefficients D [53:162] of the solute elements.

It can be summarised that the determination of the fraction of solid as a function of temperature
using microsegregation models is an important basis for the solidification calculations. The predic-
tion as well as the validation of (true) solidus temperatures considering the cooling conditions is
a complex task. The validation of microsegregation models can be done by comparing measured
and calculated values of zero ductility temperatures. This was carried out within the scope of a

[157]

master thesis in conjunction with the present thesis using the above described and modified

1541 Fig. A.2 shows the comparison of the measured [41:42:102:164,165] 514 calculated (according

mode
to a fg of 0.99) zero ductility temperatures. Detailed considerations of these results are provided
by Stocker !, Nevertheless, it can be seen that the calculated ZDT is in good agreement with

the measured values.

The major parameters of the calculation are the equilibrium distribution coefficients, the diffusion
coefficients of the solute elements and the input parameter Ao. The first two coefficients are taken
from literature. The used relation between local solidification time and secondary dendrite arm
spacing results from Ao-measurements of previously conducted SSCT experiments. The secondary
dendrite arm spacing of the tested steel grades was assumed to be 30 pum. In a first step, this seems

to be a sufficient assumption due to the applied constant cooling conditions. However, in order to

*Notes: In the equations of D, R is the gas constant (1.987 cal/molK) and T is the temperature in Kelvin
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improve the quality of the calculations, recently a study was started with the aim of measuring
secondary dendrite arm spacing as a function of the carbon content and the local solidification
time using SSCT specimen of the present study. On completion of the present thesis, first results
were available showing values of Ao between 20 and 50um. However, the determined relations
between local solidification time and secondary dendrite arm spacing could not be considered in

the microsegregation analysis.

Radoski (~1.55 wt.-% M
16001 o Radik: Em.eom.-%M:; T
1550 5 Swnerar e ]
g.)“ 1500 [ g g:oklagtag?etal. ]
@ sl ey ]
J H H D
T 1400} e e ]
« 1 gAE:
= 1as0f T O ]
R 1300f o ]
om0l S ]
§ 1200 | A . E
3 1150} AL ]
00 i i i i i i i

11 1 1 1
1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600
Measured ZDT, °C

Figure A.2: Comparison of measured and calculated (fs = 0.99) ZDT using the modofied microsegregation
model according to Ueshima et al.[%4].

Finally, the MnS precipitation must also be considered in the microsgregation analysis. Calcula-
tions without MnS precipitation would lead to very high enrichment of sulphur and consequently

to very small values of the solidus temperature, which was shown in the literature126].
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B Experimental Data

Statistics are like a bikini. What they reveal
18 suggestive, but what they conceal is wvital.®
AARON LEVENSTEIN

“Unsourced

B.1 As-is Analysis and Testing Parameters of the Different Test Series

Test No. C Si Mn P S TsB  Scoat € HT

A01 0.17 0.27 1.30 0.005 0.007 1539 0.40 0.002
A02 0.18 0.30 1.40 0.005 0.007 1541 0.15 0.002
A03 0.17 030 1.44 0.005 0.007 1544 0.40 0.002
A04 0.17 0.26 1.36 0.005 0.007 1542 0.15 0.002
A05 0.18 0.30 1.29 0.004 0.005 1550 0.40 0.002
A06 0.16 0.24 1.40 0.005 0.007 1542 0.15 0.002
AQ7 0.18 0.30 1.29 0.004 0.005 1550 0.40 0.006
A08 0.17 0.26 1.46 0.005 0.007 1548 0.15 0.006
A09/1 0.16 0.24 1.37 0.005 0.007 1547 0.40 0.006
A09/2 0.18 0.24 1.42 0.005 0.007 1543 0.40 0.006
A10 0.17 0.25 1.39 0.005 0.007 1539 0.15 0.006
All 0.18 0.24 1.34 0.005 0.007 1541 0.40 0.006
Al12 0.18 0.26 1.37 0.005 0.007 1543 0.15 0.006

= = — =
O o Q00 00 = e 5 o 0 00

Table B.1: Chemical composition (as-is analysis in wt.-%) of the investigated carbon steel (construction
steel), steel bath temperature (in °C), coating thickness (in mm), strain rate (in s~') and holding time (in



B Experimental Data

Test No. C Si Mn P S Tsp Etot €
BO1 0.05 0.25 1.30 0.006 0.007 1556 2  0.002
B02 0.05 0.21 1.13 0.005 0.008 1549 3  0.002
B03 0.06 0.26 1.27 0.004 0.005 1557 2  0.006
B04 0.05 0.29 1.28 0.004 0.005 1550 3  0.006
B05 0.05 0.30 1.29 0.004 0.005 1550 3  0.012
Co1 0.08 0.26 1.20 0.007 0.008 1550 3  0.002
C02 0.08 0.30 1.36 0.007 0.008 1550 2  0.002
C03 0.08 0.29 1.16 0.004 0.006 1546 2  0.002
Co4 0.08 0.30 1.29 0.004 0.006 1550 1  0.002
C05 0.08 0.30 1.27 0.004 0.005 1555 - -
C06 0.08 0.29 1.31 0.003 0.005 1546 0.6 0.006
Co7 0.09 0.28 1.33 0.003 0.005 1546 0.9 0.006
Co8 0.07 0.28 1.30 0.003 0.005 1541 1.2 0.006
D01 0.12 0.30 1.35 0.007 0.008 1544 3  0.002
D02 0.12 0.28 1.34 0.007 0.007 1546 2  0.002
D03 0.12 0.32 1.25 0.004 0.007 1541 2 0.002
D04 0.12 0.28 1.26 0.005 0.007 1543 1  0.002
D05 0.12 0.29 1.33 0.004 0.006 1542 0.5 0.002

D06 0.12 034 1.27 0.004 0.005 1551 - -

D07 0.12 028 1.35 0.004 0.006 1544 1 0.006
D08 0.12 0.28 1.33 0.004 0.006 1546 1.5 0.006
D09 0.12 027 131 0.004 0.006 1542 2  0.006

EO01 0.16 031 1.28 0.006 0.007 1548 2  0.002
E02 0.15 0.26 1.32 0.007 0.007 1540 1.5 0.002
EO03 0.16 0.30 1.27 0.005 0.007 1542 1  0.002
E04 0.15 0.27 1.31 0.004 0.007 1540 0.5 0.002
E05 0.16 030 1.28 0.004 0.005 1546 - -

FO1 0.29 0.28 1.33 0.007 0.007 1540 2.0 0.002
F02 0.30 0.27 1.26 0.008 0.007 1528 2.0 0.002
F03 0.31 034 1.28 0.0056 0.008 1530 1  0.002
Fo4 0.30 0.28 1.32 0.004 0.007 1524 0.5 0.002
F05 0.30 0.29 1.29 0.004 0.007 1536 - -

GO01 0.50 0.26 1.30 0.008 0.007 1514 3  0.002
GO02 0.51 0.29 1.28 0.007 0.007 1516 2  0.002
GO03 0.47 032 131 0.0056 0.008 1515 1  0.002

G04 0.48 029 1.33 0.004 0.009 1510 0.5 0.002
GO05 0.51 029 1.28 0.004 0.008 1520 - -

HO1 0.70 0.27 1.32 0.009 0.008 1505 3.0 0.002
HO02 0.70 0.25 1.34 0.007 0.007 1506 2.0 0.002
HO03 0.66 0.29 1.32 0.008 0.008 1503 2.0 0.002
HO4 0.66 031 1.36 0.005 0.009 1505 1.0 0.002
HO05 0.69 029 1.41 0.004 0.009 1498 0.5 0.002
HO6 0.70 0.29 1.29 0.004 0.010 1506 @ - -

Table B.2: Chemical composition (as-is analysis in wt.-%), steel bath temperature (in °C), applied total
strain (in %) and strain rate (in s—') for test series B — H.
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B.2 Parameters of the Metallographic Analysis

B.2 Parameters of the Metallographic Analysis

Data from FExperiments Gauss fit
Test No. NHT SD LHT SD ATL SD Gaussian Mean Width
A01 3.50 079 386 1.18 1.10 0.14 3.15 0.59
A02 213 078 155 1.04 0.73 0.39 5.49 0.60
A03 4.00 1.14 476 1.77 1.19 0.42 4.33 3.56
A04 1.86 0.75 1.54 0.81 0.83 0.29 5.59 1.56
A05 514 0.89 7.18 282 1.39 0.53 3.81 1.21
A06 225 097 183 1.15 0.81 0.29 6.72 0.38
A09/1 9.57 1.14 6.28 234 0.66 0.31 3.36 0.62
A09/2 9.63 141 6.68 1.03 0.60 0.33 3.47 0.67
A10 3.17 095 247 096 0.78 0.26 4.09 1.19
All 9.62 1.86 849 224 0.88 0.48 3.20 1.71
Al12 450 1.52 344 1.88 0.79 0.42 3.82 2.53

Table B.3: Number of hot tears (NHT), length of hot tears (LHT, mm), average tear length (ATL, mm)
and standard deviation (SD) as well as the Gaussian mean (in mm) and width (in mm) resulting from the
Gauss fit of the tear distribution within the shell (test series A).
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Data from Experiments Gauss fit
Test No. NHT SD LHT SD ATL SD Gaussian Mean Width

BO1 0 0 0 0 0 0 0 0

B02 0 0 0 0 0 0 0 0

B03 475 1.51 3.60 1.68 0.76 0.29 6.00 0.54
B04 750 149 6.86 1.44 091 0.42 6.24 0.99
BO05 825 1.94 7.57 2.05 0.92 0.36 6.13 0.84
Co1 11.00 2.34 16.06 2.23 1.46 0.80 6.67 0.94
C02 350 0.69 336 1.64 096 0.64 6.65 0.33
Co03 450 1.73 446 1.64 0.99 0.64 5.49 4.29
Co4 1.50 0.79 1.02 0.69 0.68 0.28 4.39 1.53
C05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C06 2.50 0.53 223 1.39 0.89 0.36 4.87 0.58
Co7 6.75 1.58 572 1.10 0.85 0.34 5.40 0.94
Co08 10.75 1.67 10.11 1.54 0.94 0.38 5.84 0.88
D01 7.25 207 13.12 4.37 181 0.81 6.98 0.90
D02 350 235 424 272 121 0.66 6.44 0.58
D03 543 1.21 775 277 143 0.62 6.24 0.38
D04 1.25 0.71 155 0.79 1.24 0.49 5.00 0.15
D05 0.75 0.46 090 0.64 1.20 0.24 5.37 0.29
D06 0.75 0.44 0.81 0.55 1.08 0.35 - -

D07 1.38 052 1.12 1.37 0.81 0.31 4.75 0.46
D08 6.13 1.62 539 1.33 0.88 0.29 5.05 1.12
D09 833 0.58 1246 1.44 1.04 0.36 5.00 0.59
EO01 433 150 694 141 1.60 0.75 7.59 3.30
E02 3.63 126 547 1.65 1.51 0.70 6.07 3.15
EO03 3.13 084 523 291 1.67 0.61 5.91 0.59
E04 2.00 0.82 280 1.04 140 0.59 6.20 0.34
EO05 238 1.03 322 1.04 135 0.27 - -

FO1 763 1.69 11.51 5.31 151 0.74 6.47 3.60
F02 9.38 1.84 1820 3.22 1.94 0.78 6.15 1.81
F03 6.88 1.68 11.35 3.65 1.65 0.51 5.10 0.73
Fo4 3.13 1.13 419 2.00 1.34 0.49 5.63 1.51
F05 1.58 049 205 156 130 0.15 - -

GO1 8.25 0.96 1840 4.29 223 0097 4.61 0.83
G02 2.83 1.67 4.88 284 1.72 0.58 4.77 1.83
G03 2.75 1.21 4.08 091 148 0.59 4.36 0.72
G04 1.62 0.75 239 1.07 1.47 0.30 4.75 0.54
GO05 0.88 0.55 1.11 030 1.26 0.38 - -

HO1 6.25 238 14.35 2.27 229 0.66 4.23 0.91
HO02 3.75 191 6.61 276 176 0.41 3.18 2.35
HO03 - - - - - - - -

HO04 225 129 3.69 132 1.64 041 3.85 0.44
HO05 1.25 052 207 0.68 1.66 0.55 3.18 0.52
HO06 0.75 0.47 0.66 0.19 0.88 0.36 - -

Table B.4: Number of hot tears (NHT), length of hot tears (LHT, mm), average tear length (ATL, mm)
and standard deviation (SD) as well as the Gaussian mean (in mm) and width (in mm) for test series B-H.
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B.3 Shell Growth of the Tested Steel Grades

B.3 Shell Growth of the Tested Steel Grades
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Figure B.1: Calculated shell growth for a solid fraction of 0, 0.2, 0.96 and 1, measured shell thickness and
range of straining for the test series A (strain rate: 0.002 s~1).
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Figure B.2: Calculated shell growth for a solid fraction of 0, 0.2, 0.96 and 1, measured shell thickness and
range of straining for the test series A (strain rate: 0.006 s~1).
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Figure B.3: Calculated shell growth for a solid fraction of 0, 0.2, 0.96 and 1, measured shell thickness and
range of straining for the 0.05 wt.-%C steel.

16 — e 16 ——— — 16 ——— ——
14 Steel No. C01 Testing Period 1 Steel No. C02 Testing Period 1 Steel No. C03 Testing Period
0)
0 02)
512» ?Efo.)zr £ 120 /( ) | g 12} o ]
£ £
= 10| 1 =290l 09 & 1F %(0.2) ]
s (0.96) g o %(1) g s
[ =1 ] £ [ £ [ /((?-)95)‘
E 6 1E (33 1E 61 "
2 4r 12 4 124 1
7 7 7
2t m  Measured Shell Thickness | { 2t »  Measured Shell Thickness | { 2t »  Measured Shell Thickness | {
(X) Fraction of Solid (X) Fraction of Solid (X) Fraction of Solid
0 . A 0 . . 0 f .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Solidification Time, s Solidification Time, s Solidification Time, s
16 T T T T T T 16 T T T T T 16 . . . . . . .
" Steel No. C04 Testing Period 1a Steel No. C05 Steel No. C06 Testing Period
r 1 r 1 14t 1
(0) N
0 02)
E 12} }0_)2) J E 12} 02 | E 12l 58_)2) ]
g 10F {1 4 10F ©09)1 § 10l / ]
(0.96) g (1) 0.96
£ °r R £ °r § O
3 . / 3] 6 ] /
E°f 1 ° 1E ¢ 5 1
g af ] g af 1% 4 ]
" " %
2+ m  Measured Shell Thickness |4 2+ m  Measured Shell Thickness |4 L i J
‘ (X) Fraction of Solid ‘ (X) Fraction of Solid ‘ 2 ‘ % e keSS
0 . . 0 . . . .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 O 0 15 2 2 3 3
Solidification Time, s Solidification Time, s Solidification Time, s
16 T T T T T T T | 16 . . . . . .
14| | Steel No. CO7 Testing Period ] 14| | Steel No. C08 Testing Period ]
(0)
0
E 12t & 1 E 12l 02
p 101 1 & 10 0.96)7
g 8 0%)] 8 1)
£ °r m 1 &€ st ]
el s
£ of - ]
5 4 13 4 :
7
2r = MeasuredShel Thidkness | % 5[ w  Measured Shell Thickness |-
o § ) (X)_Fraction of Solid (X) Fraction of Solid
0 . .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Solidification Time, s Solidification Time, s

Figure B.J: Calculated shell growth for a solid fraction of 0, 0.2, 0.96 and 1, measured shell thickness and
range of straining for the 0.08 wt.-%C steel.
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Figure B.5: Calculated shell growth for a solid fraction of 0, 0.2, 0.96 and 1, measured shell thickness and
range of straining for the 0.12 wt.-%C steel.

Thesis Robert Pierer

B-7



B Experimental Data

16 T T T T T 16 T T T T T 16 T T T T T T
14l Steel No. E0O1 o 1 1l Steel No. E02 o 1 14l Steel No. E03 o
0.2 0.2

E 12t Testing Period 03 ] E 12t Testing Period ©3 ] E 121 Testing Period 02) |
g— 10} 0] 4 10F ©096)1 g 10} o %)A
£ 8t (1)<§8> m 1 g 8f .
] ] S (1)
£ of 1E of 1Eof :
3 4l 13 4l 1 5 4l ]
& & &

2+ m  Measured Shell Thickness | 4 2+ m  Measured Shell Thickness | 4 2+ = Measured Shell Thickness |4

(X) Fraction of Solid (X) Fraction of Solid (X) Fraction of Solid
0 n s 0 s s 0 f n
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Solidification Time, s

Solidification Time, s

Solidification Time, s

T T

16 ————r ———— 16 —
14| [ Steel No.E04 o | 14| [ Steel No. E0s
©02)
E 121 Testing Period 1 E 12t
= 10} 1
©0%)] . 10}
8t (Ul g 8t
s S
E o 1 E 9
3 4 1 B 4}
7] B
2+ m  Measured Shell Thickness | 2+
(X) Fraction of Solid
0 L
0 5 10 15 20 25 30 35 40 00

m  Measured Shell Thickness
(X) Fraction of Solid

Solidification Time, s

15 20 25
Solidification Time, s

30 3B

40

Figure B.6: Calculated shell growth for a solid fraction of 0, 0.2, 0.96 and 1, measured shell thickness and
range of straining for the 0.16 wt.-%C steel.
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Figure B.7: Calculated shell growth for a solid fraction of 0, 0.2, 0.96 and 1, measured shell thickness and
range of straining for the 0.30 wt.-%C steel.
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Figure B.8: Calculated shell growth for a solid fraction of 0, 0.2, 0.96 and 1, measured shell thickness and
range of straining for the 0.50 wt.-%C steel.
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Figure B.9: Calculated shell growth for a solid fraction of 0, 0.2, 0.96 and 1, measured shell thickness and
range of straining for the 0.70 wt.-%C steel.
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B Experimental Data

B.4 Measured versus Calculated Shell Thickness
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Figure B.10: Calculated shell thickness versus measured shell thickness for all test series.
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B.5 Distribution of Detected Number of Hot Tears for all Test Series

B.5 Distribution of Detected Number of Hot Tears for all Test Series
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Figure B.11: Distribution of detected number of hot tears for test series A (strain rate: 0.002 s~1).
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Figure B.12: Distribution of detected number of hot tears for test series A (strain rate: 0.006 s—1).
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B Experimental Data
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Figure B.13: Distribution of detected number of hot tears for test series B.
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Figure B.14: Distribution of detected number of hot tears for test series C.
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B.5 Distribution of Detected Number of Hot Tears for all Test Series
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Figure B.15: Distribution of detected number of hot tears for test series D.
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Figure B.16: Distribution of detected number of hot tears for test series E.
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Figure B.17: Distribution of detected number of hot tears for test series F.
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Figure B.18: Distribution of detected number of hot tears for test series G.
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B.5 Distribution of Detected Number of Hot Tears for all Test Series
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Figure B.19: Distribution of detected number of hot tears for test series H.
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