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Nomenclature 

Greek symbols 

Symbols Term 

α-ferrite Alpha-ferrite 

γ-Austenite Gamma, austenite 

δ-ferrite Delta-ferrite 

ΔL Elongation or change in length ΔL = L - L0 

 

Latin symbols and abbreviations   

Symbols/Acronym Term 

Ae3 Equilibrium start temperature of austenite-to-ferrite  

transformation 

Al Aluminium 

Ar1 End temperature of austenite-to-ferrite transformation dur-

ing slow cooling 

Ar3 Start temperature of austenite-to-ferrite transformation 

during slow cooling 

C Carbon 

CC Continuous casting 

CS Casting shop 

CSG Crack sensitive grades 

dln Dislocations 

EDX Energy dispersive X-ray spectroscopy 

ER Elongation to rupture 

Fe Iron 

FEM Finite element method 

gb Grain boundaries 

GBS Grain boundary sliding 



6  Nomenclature 

 

 

HSM Hot strip mill 

HV 20 Vickers hardness, 20 kg load 

L Sample gauge length after test 

L0 Sample gauge length before test  

LOM Light optical microscope 

Mn Manganese 

N Nitrogen 

Nb Niobium 

NST Nil-strength temperature 

OM Oscillation marks 

PFZ Precipitate free zone 

Ppt. Precipitates 

R of A Reduction of area 

RT Room temperature 

S Sulfur 

SEM Scanning electron microscope 

SZFG Salzgitter Flachstahl GmbH 

TEM Transmission electron microscope 

Ti Titanium 

V Vanadium 

ZDT Zero ductility temperature 

ZST Zero strength temperature 
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Abstract 

Steel is still one of the most important materials worldwide in terms of demand and eco-

nomic impact and considered irreplaceable in many applications. Products/parts made of 

steel can be found mainly in the automotive and transport areas, construction as well as 

household appliances. Material defects during steel production and downstream cause in-

terruptions to the nonstop production process resulting in reduced production efficiency or 

even material loss and machinery damage. In a world production scale; energy, time and 

material loses due to steel slab cracking costs the steel industry hundreds of millions of 

euros every year.  

 

One of the serious defects facing slab quality and continuity of the planned rolling schedule 

is surface transverse cracking during continuous casting (CC), transportation/storage or 

hot rolling. Micro-alloyed steel grades are one of the most susceptible grades prone to this 

kind of failure due to precipitation of fine particles in critical sizes and distribution. The de-

fect possibility is higher after ferrite formation at lower temperature ranges. Other critical 

effects during slab cooling emerge later on in the slab storage area or by reheating in the 

hot strip mill (HSM). Understanding the conditions leading to cracking and perusing its pre-

vention/prediction is in the focus of interest as crack avoidance has an enormous monetary 

impact by reducing the energy consumption as well as from environmental aspects.  

 

The main objective of this work is to understand and evaluate the potential cracking rea-

sons of steel slabs of the crack sensitive grades (CSG) through an industrial approach in a 

steel plant. This is considered the base for a prediction model for slab cracking behaviour 

based on both industrial and laboratorial results. CSG follow a special casting and handling 

set of regulations in terms of casting speed, secondary cooling, stockyard handling and 

temperature for charging into the reheating furnaces. The statistical analysis of the de-

fected/cracked slabs enlightened the slab temperature and deformation histories and pos-

sible deviations from ideal/set production instructions. Critical failure parameters were de-

fined, classified and ranked according to their influence on the cracking risk. 

 

The effect of process variations and disturbances on surface cracking for the two steel 

grades; Alloy-1 (0.08% C, 0.12% Ti and 0.05% Nb) and Alloy-0 (0.08% C and 0.001% Ti) 

was evaluated. The defects during the CC process were studied by hot tensile testing 

(Baehr DIL805 A/T), microstructure investigation, and simulation of precipitation kinetics of 

Ti- and Nb-carbonitrides using MatCalc software. Furthermore, a FEM (finite element 

method) temperature model (by Abaqus CAE) was developed to evaluate temperature pro-

files on different slab regions during slab cooling at different handling routes. The validated 
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temperature prediction helped to study the effect of different routes - according to the 

planned charging temperature into the HSM - on phase transformation and material prop-

erties before furnace charging. Finally, the critical situations during production that possibly 

lead to cracking were defined, explained and confirmed by industrial analyses. The crack-

ing mechanisms of these types of steel grades could be predicted and will be used as a 

base for the extension to further critical grades. 
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Zusammenfassung 

Stahl ist einer der weltweit wichtigsten Werkstoffe in Bezug auf Nachfrage und wirtschaft-

liche Auswirkungen und wird in vielen Anwendungen als unersetzlich angesehen. Materi-

alfehler während der Stahlproduktion führt zu Unterbrechungen des Nonstop-Produktions-

prozesses, was zu einer verringerten Produktionseffizienz oder sogar zu Materialverlust 

und Anlagenschäden führt. In einem Weltproduktionsmaßstab; Energie-, Zeit- und Materi-

alverluste durch Risse an Stahlbrammen kosten die Stahlindustrie jedes Jahr Hunderte 

Millionen Euro. 

 

Einer der gravierenden Defekte bei der Brammenqualität und Kontinuität des geplanten 

Walzprogramms ist die Oberflächenquerrissbildung beim Stranggießen, Transport/Lage-

rung oder Warmwalzen. Mikrolegierte Stahlsorten sind eine der anfälligsten Sorten, die 

aufgrund der Ausscheidung feiner Partikeln in kritischen Größen und Verteilungen für diese 

Art von Versagen anfällig sind. Die Defektmöglichkeit ist nach Ferritbildung in niedrigen 

Temperaturbereichen höher. Weitere kritische Effekte beim Abkühlen einer Bramme treten 

später im Brammenlager oder durch Wiedererwärmung in der Warmbandstraße auf. Das 

Verständnis der Bedingungen, die zu Rissen führen, und die Durchsicht ihrer Verhinde-

rung/Vorhersage stehen im Fokus des Interesses, da die Vermeidung von Rissen enorme 

finanzielle Auswirkungen hat, indem sie den Energieverbrauch sowie unter Umweltaspek-

ten reduziert. 

 

Das Hauptziel dieser Arbeit war es, die möglichen Ursachen für die Querrissentstehung in 

Stahlbrammen ausgesuchter rissempfindlicher Sorten durch einen industriellen Ansatz in 

einem integrierten Hüttenwerk zu analysieren und zu bewerten, um diesen als Grundlage 

für ein Vorhersagemodell zur Rissentstehung in Brammen zu nutzen. Basis dazu waren 

neben der Analyse von Betriebsdaten auch Laboruntersuchungen an diesen kritischen 

Sorten.  

 

Rissempfindliche Sorten unterliegen im betrieblichen Ablauf speziellen Vorschriften für das 

Stranggießen (Gießgeschwindigkeit, Sekundärabkühlung) und das Handling im Brammen-

lager und der Lagerung bis zum Einstoß in die Wiedererwärmöfen im Warmwalzwerk. Die 

statistische Analyse der über mehrere Jahre defekten/gerissenen Brammen ermöglichte 

die Erfassung der Temperatur- und Umformungshistorie der Bramme und mögliche Abwei-

chungen von den für diese Sorten geltenden Vorgaben. Kritische Parameter konnten defi-

niert, klassifiziert und nach ihrem Einfluss auf das Rissrisiko eingestuft werden. 
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Die Auswirkung von (erkannt kritischen) Prozessschwankungen/-störungen auf die Quer-

rissbildung wurde untersucht und bewertet für die zwei Stahlsorten Alloy-1 (0,08% C, 

0,12% Ti und 0,05% Nb) und Alloy-0 (0,08% C und 0,001% Ti). Die während des Strang-

gießens auftretenden Defekte wurden durch Warmzugversuche, die im Umform-dilatome-

ter DIL805 A/T durchgeführt wurden, Mikrostrukturuntersuchungen und Simulation der 

Ausscheidungskinetik von Ti- und Nb-Karbonitride mit MatCalc Software untersucht. Dar-

über hinaus wurde ein FEM-Temperaturmodell (Finite Elemente Methode) mit Abaqus CAE 

entwickelt, um die Temperaturprofile auf verschiedenen Brammenbereichen während der 

Brammenabkühlung auf verschiedenen Erzeugungsrouten zu berechnen. Die validierte 

Temperaturvorhersage half dabei, die Auswirkung verschiedener Routen - entsprechend 

der geplanten Einstoßtemperatur in die Warmbandstraße - auf die Phasenumwandlung 

und die Materialeigenschaften vor dem Ofeneinsatz zu beschreiben. Schließlich wurden 

die kritischen Situationen während der Produktion - die möglicherweise zu Rissen führen - 

definiert, erklärt und durch die industrielle Analyse bestätigt. Die Rissmechanismen dieser 

Stahlsorten können vorhergesagt und als Grundlage für die Erweiterung auf weitere kriti-

sche Sorten genutzt werden. 
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Chapter 1: Transverse cracking of slabs 

The worldwide steel production (approximately 1870 million tons crude steel in 2019 - ac-
cording to World Steel Association) contributes to a huge part of the global trade and econ-
omy. Securing safe, environmentally friendly and uninterrupted steel production processes 
assures high production efficiency and market stability. Nowadays, more than 90% of the 
worldwide steel production is produced by continuous casting (CC). The defect of only 0.5% 
of CC production costs the industry hundreds of millions € every year in a worldwide scale. 
Besides, the cost of process interruption duration and the extra operational and energy 
costs have to be added. 
 
This thesis deals with the potential transverse cracking that might appear during the pro-
duction and handling of micro-alloyed steel slabs, in particular in the process chain starting 
from CC followed by handling and logistics in the slab storage area and ends by charging 
into the reheating furnace of the hot strip mill (HSM). It represents an industrial and scien-
tific approach investigating the problem of transverse cracking of slabs through defined 
production routes. This thesis tries to give reasonable answers to questions like: Why does 
surface transverse cracking take place and how? Is it possible to define the cracking situ-
ations/critical conditions for some grades? And how to ensure a nonstop process and by-
pass any potential interruptions by optimizing the processing routes and charging sched-
ules of slabs with critical conditions?  
 
This is an approach in trying to understand the cracking phenomena in terms of reasons 
and mechanisms in both, research and industrial contexts. The big aim is offering a practi-
cal solution to avoid material damage and process disturbance. The scope of this work is 
focusing on defining and studying the critical situations - deviation from ideal practice - that 
might lead to slab cracking during CC, slab transportation or yard storage up to feeding 
into the reheating furnace. Applying the findings of this work to planning of slab logistics 
and rolling schedules is believed to enhance securing a smooth and uninterrupted produc-
tion process.  
 
In this regard, it is important to note that in this context, a safe process permanence is the 
first priority. This means, in the HSM for example, that eliminating/sacrificing a slab with 
high cracking probability from the rolling schedule due to a high possibility of surface or 
internal material damage in order to save the process is to be much appreciated than to 
risk the hot rolling mill efficiency and process continuity. Trouble in the reheating furnace 
by a cracked slab will strongly influence production efficiency and might last for hours or 
even days. Changing the slab’s processing route or its charging schedule - according to its 
casting conditions and current temperature -, could be a solution in many cases to avoid 
both, risking the HSM and wasting energy costs.  Slab cracking/breakage in the reheating 
furnace or by early roughing passes is considered to be the worst-case scenario for the 
HSM and removing such a ‘critical’ slab from the rolling schedule in advance or adjusting 
its handling process, would be the highly acknowledged solution. The question here is 
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which slabs are more sensitive/subjected to cracking than others, how to rank those sen-
sitive grades, and how to handle them in a safe way.  
 
Scientific research approaching solutions for current industrial problems, developing ideas 
for real industrial challenges and building models for process optimization, is - in my opinion 
- one of the most reasonable investment of scientific studies into practice. This work is a 
result of a cooperation and mutual reach project between the Department of Metal Forming 
and Processing in the Institute of Metallurgy, Clausthal University of Technology, and Salz-
gitter Flachstahl GmbH (SZFG), Department of HSM.  
 

1.1    Thesis layout 

This dissertation is composed of eight chapters followed by listing of the bibliography and 
lists of the presented figures and tables. Chapter 1 gives a short overview about the steel 
industry. Chapter 2 explains the risk of slab transverse cracking problems, the results of a 
statistical analysis using SZFG data, and the plan of the experimental work and objectives. 
In Chapter 3, the state of the art is explained in a detailed literature survey. Chapter 4 
illustrates the materials, instrumentations, devices and software used to produce the ex-
perimental work. The CC process and the effect of deviation from ideal process parameters 
on crack sensitivity is analyzed in Chapter 5. In Chapter 6, the effect of slab handling and 
transportation routes on cooling and the corresponding microstructure development are 
studied. Chapter 7 and 8 are summarizing the results of the thesis and recommendation 
for further work is given in English and German, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 2: Big picture and objectives  13 

Chapter 2: Big picture and objectives 

This chapter gives an overview of a common production and handling process from casting 
to charging into the reheating furnaces of a hot strip mill (HSM). The key parameters for 
the experimental work and thesis objectives and outlines are described. 
 

2.1    SZFG Steelmaking plant 

Steel slabs of different grades with dimensions mostly (10 – 12 m) in length, (220 – 350 
mm) in thickness and up to 2500 mm in width are cast in the casting shop (CS), which 
includes four continuous casting (CC) machines. In normal cases, slabs of crack sensitive 
grades (CSG) - according to handling requirements - have to follow one of three designed 
transportation roots after casting. The slab route is planed based on which class of material 
the slab belongs to and the schedule of the HSM.  
 
Route-1 is the fastest route designed for direct hot charging into the HSM, Route-2 repre-
sents very slow cooling in an isolated closed box for later warm charging, while Route-3 is 
stack cooling down to an ambient or room temperature (RT) in the slab storage area and 
later cold charging into the HSM according to the rolling schedule. Slabs taking Route-1 
will follow a slow cooling schedule, but faster than Route-2 slabs (box cooling). Slabs from 
most of CSG are - in general - not allowed to cool down below 250 °C or 150 °C.  Those 
slabs are scheduled for hot and warm charging with charging temperatures > 250 °C or 
150 °C, according to the charging instructions. Fig. 2.1 shows a sketch of the handling 
process. 
 
 

 
Fig. 2.1: Transportation routes of CSG from CS to HSM 

 

CSG differ in their chemical compositions and handling guidelines and are often prone to 
surface cracking. Surface cracking might take place during/by the end of casting process, 
during transportation and storage or even in the reheating furnace of the HSM. The work 
will be classified into two parts: part one, analysis of the CC process (Chapter 5) and part 
two transportation, handling and charging (Chapter 6). First, a complete statistical analysis 
of cracked slabs over a period of four years was carried out to investigate the history of 
damaged material and get familiar with grades having higher cracking risk. 
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2.2    Statistical analysis 

Based on plant analyses, this part is giving answers to some basic and critical questions 
like: which grades are sensitive to surface cracking? Under which (abnormal) production 
condition might cracking occur? Is it possible to repair a cracked slab? And what damage 
does a cracked slab represent to the HSM process beside the material loss? 
 
To give an answer to these questions, the process mentioned above was observed and 
analyzed in terms of production and handling histories over four years. The purpose is 
understanding the course of ideal/set process and how far a (small) deviation from ideal 
process can lead to defects. The plant analysis and statistics are meant to be presented 
as the first step in the problem analysis, as it is the base for the work structure before 
literature overview and experimental work. Based on the plant analysis, the objectives are 
to be defined and the experimental work is to be planned.  
 

2.2.1    Cracking risk 

A surface crack is hard to repair - if not irreparable -, especially when the slab has to follow 
a hot or warm charging procedure during limited time  durations and is not allowed to cool 
down under critical temperatures which would result in slab scrapping. Apart from scrap-
ping a semi-finished product, the risk of surface cracking is much higher than just losing a 
single cracked slab. Loss of a slab might be acceptable in any production lines compared 
to a possible schedule interruption of the production that might result in case of process 
breakdown, which is the real trouble. A slab with surface cracks or broken slabs might cost 
the CS or the HSM some production minutes/hours until the parts of the hot slab (mostly 
above 1000 °C) are removed and the production is ready to proceed again. Sometimes for 
safety reasons, getting rid of a broken slab cannot take place at high temperatures, which 
means it should be waited until the broken pieces cool down. Worst-case scenario is when 
a slab is broken in the reheating furnace in HSM and blocking the hot rolling process or 
preventing the continuity of the reheating furnace practice. An example of a broken slab in 
the HSM is shown in Fig. 2.2. Another example of a broken slab during storage in the 
stockyard is given in Fig. 2.3. According to the study done by Zappulla [1]  in 2020, annual 
sales of steel products produced by CC represents approx. 1.04 trillion US dollars. If only 
0.1% of the continuously cast steel products are related to defects, this will result in an 
affected revenue of more than 1 million US dollars per day in a worldwide scale. A huge 
care should be given to such a critical and expensive process. 
 

2.2.2    Grades 

In this industrial analysis by SZFG, the production history over four years of all cracked 
slabs and their melts/charges from CC, transportation and stockyard of the HSM shows 
surface cracking in 637 cases. Failure by cracking of the slabs concentrated on only 50 
steel grades with – on average – less than 0.5% of their specific total production amount. 
However, as mentioned above, it is not only about the loss or scraping a slab, but it is about 
assuring a non-stop casting and rolling processes without process disturbance due to 
cracked or broken slabs. If the average slab failure of certain grades is 0.5% (resulted from 
this study) is close to a worldwide failure values, the economic impact would be very huge 
and needs to be studied and reduced.  
 
The concerned cracked grades vary according to their chemical compositions. For simplic-
ity, they are classified into two groups. Group one represents low carbon steels with a 



Chapter 2: Big picture and objectives  15 

 

 

carbon content between 0.05 - 0.3% - all chemical composition contents in this work are 
given in wt.% unless otherwise mentioned - and micro-alloying elements like Ti, Nb and V. 
While group two represents high carbon steels with carbon contents between 0.6 - 1% and 
alloying elements such as Cr, Mn, Si and Mo. The number of cracked slabs from each of 
the 50 concerned grades varies between 4 and 70 pieces depending on the grade and 
processing conditions. For slab history analysis, five grades with the highest repetition of 
occurrence were studied in detail in terms of casting and handling conditions. 
 

 
Fig. 2.2: Broken slab in HSM reheating furnace (Furnace breakdown time: 5.5 h) 

 

 
Fig. 2.3: Broken slab in the HSM stockyard 

 

2.2.3    Slab history and potential cracking reasons 

Around 22% of the cracked 637 slabs root from only five grades (representing 142 defected 
slabs), which are the scope for this statistical and processing history analysis. The main 
objective here is to find out by statistics what was different in processing and history of 
these slabs that might have led to cracking, while the other slabs out of the same 
melt/charge were not prone of cracking. This leaves us to studying the history not only of 
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the failed 142 slabs, but also of every slab within their melts. Studying the history of a slab 
in this manner means checking the casting procedure, in terms of solidification, casting 
temperatures, primary and secondary cooling, slab sequence in the melt, casting speed 
and deformation. Moreover, slab handling after casting, slab route to HSM, slab handling 
in the storage area, temperature profiles before charging in HSM are all critical parameters 
to study. Most importantly, checking the data from the process control system, if there were 
any parameters went out of the allowable set values. If yes, then how often does this devi-
ation happen and finally, compare it with the situation of the slabs, which did not fail. This 
will be shown in detail later on in this chapter. 
 
Before analyzing the history of the 142 melts, it is important to refer to the concept of ”cor-
relation does not imply causation” which was applied to judge/rank the important factors. 
In statistics, this phrase refers to the inability to legitimately deduce a cause-and-effect 
relationship between two variables solely based on an observed association or correlation 
between them [2]. In other words, it is important to keep in mind that not all recorded devi-
ations from set/ideal values of an ideal process are critical reasons for cracking or even 
relevant to it. A factor with deviation from set values should only be considered when it is 
related in a way to cracking mechanism. Avoiding false statistics will lead to more precise 
results and a better experimental plan. That was considered in this work. 
 
After studying the 142 melts with more than 1100 slabs and their history, the cracking po-
tential causes were listed as basis for the further experimental work. Before starting any 
experiments or simulations, the frequency of occurrence of those factors was checked 
within the total production over the same time range to avoid any misleading causes or 
statistical fallacies. For example, low casting speed and changing the tundish were rec-
orded for many of the cracked slabs in the casting shop. Comparing the frequency of the 
appearance of these two factors for the same grades and the total production at the same 
time range shows clearly that changing the tundish is not – or much less -  a crack related 
factor. That was clear after observing that many/most of slabs with the same “changing 
tundish” record didn’t show any cracking problems. While on the other side, many slabs 
with low casting speed record were always related to cracking during CC or later on during 
further processing steps. This could also be proven by experimental work and literature. It 
is important to filter the potential causes through comparison with sound slab records and 
literature work before planning a research program.   
 
After analyzing and comparing the casting and handling history of the 142 melts (more than 
30,000 tons) production of this five grades in a time frame of four years, the following factors 
are the potential causes of the surface cracking, that took place only in relation to defected 
slabs. The findings of the analysis of the 142 melts are the base of the experimental and 
research work. The cracking potential factors could be categorized in three groups, listed 
in Table 2.1 below, according to how often they occurred (frequency arrangement). 
 

Table 2.1: Potential cracking factors 

Group-1  Deviation from ideal casting procedures       (70%) 

Group-2  Failure in handling between CS and HSM    (55%) 

Group-3 Delayed charging into HSM                          (12%) 

 
No especial effect of a certain time/season over the years could be stated after condensing 
the CC production and HSM charging dates and times. In this analysis, the cracking was 
related to the factors listed in Table 2.1, whenever it took place during the year. Factors 
from Group-1 appear in 70% of the cracked slabs, bearing in mind that many cracked slabs 
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had causes from more than one group at the same time. Failures in Group-1 include slab 
shell breakthrough (break-out) in the casting machine, low casting speed, and deviation 
from chemical composition with high nitrogen content. Those slabs were broken mostly in 
the area of the CS. 
 
Group-2 represents 55% of the cracked slabs and includes slabs being first or last in the 
casting sequence of their melts and the slabs with length adjustment requirements (longer 
slab length than the width of the HSM furnace, which need further handling by cutting off 
some meters from the head). Those slabs failed mostly in the slab storage area. 
 
Group-3 represents 12% of the cracked slabs and this took place when hot/warm charging 
of certain grades failed to be fulfilled for any logistics reason and cracks could not be ob-
served before furnace charging. Those slabs had a cold charging procedure after abnor-
mal/unexpected cooling conditions during storage in the stockyard. Cracking is mostly ob-
served in the reheating furnace of the HSM or directly after furnace discharge before hot 
rolling or latest after few passes in the roughing mill. Examples of transverse surface cracks 
after slab discharge from the reheating furnace and during roughing are shown in Figs 2.4 
and 2.5, respectively. 
 

 
Fig. 2.4: Surface cracking after slab discharge from reheating furnace  
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Fig. 2.5: Surface cracking during roughing rolling  

 

2.3    Objectives  

The previous analysis is proving that surface cracking is more a consequence of a critical 
situation composed of different factors taking place at the same time, than just being limited 
to be based on a critical chemical composition. CSG will not crack under set/ideal produc-
tion conditions, which happens in 99.5% of the cases according to this study. Also grades 
which are not CSG might be prone to cracking under severe abnormal casting and handling 
conditions. The main objective here is to define the critical situations in the first place and 
to avoid their fulfillment in real production. In this context, CSG will be more relevant and 
risked than other grades.  
 
A critical situation in the industrial context is composed of deviations in one or more factors 
like: chemical composition, casting speed, straightening temperature and deformation, and 
cooling and charging practices. In scientific research work, a deviation is defined critical by 
occurrence or reaching critical values of the following parameters; hot ductility, grain size, 
amount of micro-alloying elements, size and distribution of fine carbonitrides, deformation 
and cooling rates, ferrite formation, phase transformation, and precipitation kinetics. 
 
In accordance with the findings of the previous analysis, the factors affecting crack sensi-
tivity will be studied in two parts on laboratory experimental level using industrial values. 
Part one (Chapter 5) is related to the CC process and part two (Chapter 6) to slab transport 
and handling after casting until HSM. The plan of the experimental work packages is illus-
trated in Fig. 2.6. 
 



Chapter 2: Big picture and objectives  19 

 

 

 
Fig. 2.6: Experimental work packages 

 
The objectives of the experimental work in Part 1 are as following: 

1. Evaluation of hot ductility and precipitates distributions (types and sizes) in the tem-
perature range of ideal casting process  

2. Evaluating the effect of deviation in casting speed and straightening temperature on 
hot ductility and precipitates sizes under abnormal casting conditions based on se-
lected  industrial cases 

3. Studying the microstructure evolution and failure mechanism during CC under ideal 
and abnormal casting conditions 

4. Defining critical situations for cracking 
 
The objectives of the experimental work in Part 2 are: 

1. Studying the transformation temperature, microstructure, phase distribution and pre-
cipitates (types, sizes and distribution) at the slab surfaces during storage cooling 
and by charging  into HSM under ideal transportation and handling conditions 

2. Evaluating the effect of different cooling conditions representing different handling 
routes and slab positions during storage on microstructure, phase transformation 
and precipitation kinetics of slab surface before charging into HSM 

3. Studying the effect of charging temperature 
4. Defining critical situations for cracking  

 
 
 
 
 
 

Part 1: Continuous casting process 

WP1.1: Definition of ideal / critcal 
casting conditions 

WP1.2: Evaluation of hot ductility

WP1.3: Study of precipitaion 
kinetics

WP1.4: Analysis of fracture 
surface

Part 2: Slab handling process 

WP2.1: Definition of ideal / critical 
cooling schedules

WP2.2: Analysis of slab cooling

WP2.3: Study of precipitation 
kinetics

WP2.4: Microstructure investigation



20  Chapter 3: Literature survey 

 

 

Chapter 3: Literature survey 

Many researchers [3-14] exerted decent efforts over many years of intensive research stud-
ying the process of continuous casting (CC), surface and inner defects of steel slabs, the 
phenomena of transverse cracking and the factors affecting it. Their work is nowadays the 
base for most of the published literature in this field.  

 

3.1    Continuous casting process 

3.1.1    Process 

In CC process, illustrated in Fig. 3.1, the process starts with molten steel flowing from a 
ladle, through a tundish, then into the mold. A slag cover over each vessel and ceramic 
nozzles between the vessels ensure that the steel is protected from exposure to the air. 
Once in the mold, the molten steel - covered with a slag, working as protection against 
oxidation and as a lubricant - solidifies by cooling of the water-cooled copper mold walls to 
form the first solid shell, which is referred to as the primary cooling. The newly solidified 
shell is continuously withdrawn from the mold by the drive rolls at a rate or “casting speed” 
that control the flow of incoming metal, so the process ideally runs in steady state. Below 
mold exit, the solidifying steel shell acts as a container to support the remaining liquid. Rolls 
act as support to minimize or avoid any possible bulging that might arise because of the 
ferrostatic pressure. Between the rolls, strand surface cooling is fulfilled by water and air 
spraying at defined rates to control its surface temperature until the molten core is solid, 
which is referred to as secondary cooling [15]. 
 

 
Fig. 3.1: Schematic of steel continuous casting process [16] 
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Finally, after the strand has solidified throughout its cross section, it is straightened by un-
bending rolls, if processed in a bow-type CC plant   or   vertical bending type continuous 
slab caster. This straightening or unbending operation causes tension stresses on the top 
surface of a slab. Depending on the steel quality, the temperature at unbending is in the 
range of (750 - 1000 °C) [17-19]. After the center is completely solid (at the “metallurgical 
length”), the strand can be torch cut into slabs [15] in defined dimensions. Finally, slabs are 
lifted by cranes and transported on wagons to the slab storage area or direct rolling. 

 
Starting from the point where the skin begins to solidify in the mold until after the solidifica-
tion is complete, the continuously cast section is subjected to a complex history of thermal 
and mechanical stresses [12]. Lankford [12] studied these stresses and strains in solidifying 
continuous cast sections including mold friction forces, thermal stresses, ferrostatic pres-
sure in/and beneath the mold and the bending forces. He stated that under some conditions 
of temperature and thermal history, the ductility of certain zones of the solidified portion of 
the cast section is reduced. Therefore, for high internal quality, it is important that the design 
and operating parameters of a CC machine should be such that tensile stresses in the 
solidifying section can be kept to a minimum [12]. 

 

3.1.2    Solidification  

Solidification of steel in CC is an important parameter, especially in terms of grain sizes 
and distribution of micro-alloying elements. Solidification is predominantly dendritic in the 
columnar zone due to the constitutional super-cooling and preferred crystallographic 
growth [20,21]. Depending on the C-content of the steel, different solidification modes con-
trol the evolution of the cast structure. The solidification diagrams are usually for equilibrium 
cooling conditions, however, in actual steel solidification, the kinetic effects can modify the 
phases and sequences expected [20,22].  

 
In the process of thick slab casting (200 – 250 mm), the first element to solidify at the 
interface with the water-cooled mold will be Nb depleted δ-ferrite. These areas in the slab 
will be later on associated with the surface and subsurface regions of the rolled plate. So-
lidification at the subsurface region will generally be completed as δ-ferrite, due to in-
creased cooling rate resulting in non-equilibrium solidification. This might consequently 
lead to micro-segregation of elements such as Nb in the interdendritic or cellular boundary 
areas to coincide within the δ-ferrite/δ-ferrite grain boundaries. The position and timing of 
the formation of Nb and/or Ti rich phases in this early stage of solidification, plays an im-
portant role of the properties of the slab in its final stages. If full transformation from δ-ferrite 
to austenite occurs prior to precipitation of Ti and Nb rich phases, then the center of the 
austenite grains will correspond to the solute enriched region whilst austenite/austenite 
grain boundaries will be solute depleted [20]. Otherwise, it would be expected that more 
solute content might be located on the austenite grain boundaries if microsegregation over-
takes a complete δ-ferrite to austenite transformation.  
 
In the case, where the transformation δ-ferrite to austenite occurs prior to the solute ele-
ments precipitation, the solute content in the austenite grain centers will be higher as cool-
ing proceeds. This will result in a greater driving force for precipitation to take place and 
formation at higher temperatures. This gives more time for growth and a higher volume 
fraction to form due to the higher amount of solute. The number density of the particles will 
depend on the nucleation rate. Depending on the slab cooling practice, the austenite might 
transform to a matrix composed of ferrite (mostly on grain boundaries) and pearlite (mostly 
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in grain center). In this case, it can be expected that in low carbon steels there will be a 
greater Nb(C,N) precipitate size and number density in the pearlite and the ferrite grains 
close to the pearlite regions with limited pearlite content. Therefore, the separation between 
the high precipitate number density regions is expected to be similar to the separation be-
tween δ-ferrite grain boundaries. This means the secondary dendrite arm or cellular spac-
ing as reported by Kundu in [20]. Nb rich carbo-nitrides (Nb(C,N) or (Nb,Ti)(C,N) or 
(Nb,Ti,V)(C,N)) can be found in polyhedral, globular and plate-shape (10 - 300 nm) and are 
expected to form at ~ 1000 °C in austenite [20,23-25].  

 
At room temperature, traces of particle arrays following the grain boundaries of prior aus-

tenite (or even -ferrite) were recorded by many researches. Similar findings will be illus-
trated in the coming chapters. The particles of Nb, Ti and V carbo-nitrides appear to settle 
on particular locations, as well as taking a random distribution form [20,24]. With increasing 
the Ti content (0.03%) at the presence of sufficient N (0.012%), cuboidal TiN particles can 
form in the liquid steel at high temperatures (> 1350 ºC). those particles can grow to large 
sizes (up to 3 μm). Such precipitates – called primary precipitates in terms of Scheil solidi-
fication pattern - can even be visible under light optical microscope (LOM) [20,25] and are 
distributed randomly in the matrix. Finer precipitates in nano-size formed later after com-
plete solidification are called secondary precipitates and can form on both grain boundaries 
and/or dislocations. Fine secondary precipitates are only visible under high magnifications 
as by scanning electron microscope (SEM).  
 
With a drop in Ti (0.001 - 0.009%) and N (0.006 - 0.008%) content, cuboidal TiN particles 
become smaller in size (70 – 800 nm) [20,23]. Zhang studied the regions where those TiN 
are forming and according to [23], a higher number density of TiN particles was found at 
the interdendritic regions compared to dendritic regions. Moreover, a higher number den-
sity at the mid-thickness position due to the effect of particles sweeping into the slab center 
during solidification was reported [23].  

 

3.1.3    Oscillation marks and hooks 

Oscillation marks (OM) and sub-surface hook formation can strongly affect the surface 
quality of CC steel slabs [26-28], leading to cracks and/or slivers defects in the final rolled 
product. OM are defined according to Sengupta and Thomas [29] as transverse depres-
sions (Fig. 3.2 a) running around the strand perimeter, formed during each vertical oscilla-
tion of the mold. Periodic oscillation of the mold aims preventing sticking of the solidifying 
shell to the mold walls. Providing a “negative strip time” period in each oscillation cycle, 
when the mold moves downward faster than the casting speed, also encourages infiltration 
of the mold slag into the gap between the mold wall and steel shell [29]. 

 
A “hook” is a distinct sub-surface microstructural feature [30-32], that often accompanies 
an oscillation mark, which varies according to the casting procedure and the chemical com-
position of the melt [33]. Danger of hooks will be more obvious with decreasing carbon 
content, slow oscillation, and low casting speed. Hooks tend to entrap mold slag, floating 
inclusions and gas bubbles, which often lead to surface defects such as slivers and blisters 
[34,35] during subsequent rolling processes. Examples of typical “curved hook” and 
“straight hook” shapes are shown (shaded in blue) in Fig. 3.2 b and c, respectively [30,31]. 
To eliminate the negative effects of OM and hooks, the slab surface must be machined 
depending on the defects thickness, which costs time, money and negatively influences 
the productivity [29,30]. 
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 (a) Oscillation marks 

 

Fig. 3.2: (a) Photograph of oscillation marks 
(OM) on the surface of an ultra-
low steel  slab, and optical mi-
crographs showing distinctly 
different features of (b) curved 
and (c) straight hooks adjacent 
to OMs [29,31,32] 

 

      

          (b) Curved 

 

       

   (c) Straight hooks adjacent to OM 

 

 
Sengupta and Thomas [29] explained a mechanism for the formation of hooks and OM, 
which is related to the interaction of many complex time dependent physical phenomena 
near the meniscus where the molten steel surface meets the mold wall, as shown in Fig. 
3.3.  
 
The meniscus shape will be changed due to the pressure fluctuations in the liquid slag 
channel caused by mold oscillation. The turbulent flow patterns in the mold cavity bring 
liquid to the meniscus region with various amounts of transient momentum and superheat. 
Heat is conducted from the solidification front to the mold through the steel shell, liquid and 
re-solidified slag layers. The meniscus region might solidify, depending on the local super-
heat of the liquid, the availability of nuclei sites, the ease of nucleation and growth, and 
alloy properties such as freezing range. The mold or slag rim may interact with the menis-
cus and shell during the negative strip period, especially if it is large. Rapid changes in 
temperature gradient may cause thermal distortion of the shell tip, which depends on the 
steel mechanical properties and the extent of level fluctuations relative to the shell tip. 
These events together determine the shape and size of sub-surface hooks and their corre-
sponding OM [29]. 

 

Oscillation 
mark (OM) 

Location of 
transverse crack 
(along OM) 

Pitch of OM 

Line of hook 
origin (curved) 

Entrapped 
bubble/  
inclusion 

Straight 
hook 
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Fig. 3.3: Complex phenomena occurring inside a continuous caster mold (right),  
               influence initial solidification in the meniscus region (left) [29] 

 
Zhang et. al [36] studied the causes and formation of OM and hooks at the corner of CC 
steel slabs and was able to build a 3D mold model to investigate the shape of the steel-
slag interface and measure the height difference between the OM at the corner of the slab 
compared to those which are further from the corner. According to his analysis, the concave 
OM and hooks at the corner were caused mainly by the interfacial tension between liquid 
steel and liquid slag. 
 

3.1.4    Segregation 

Segregation can simply be defined as any non-uniformity of chemical composition, which 
occurs during solidification/freezing of an alloy. Segregation takes place when the solid has 
a different (usually lower) solubility for alloying elements compared to the liquid causing the 
alloying elements to partition preferentially into the solid or liquid [20,37]. Micro-segregation 
forms in a relatively small scale in the range of (10 – 100 μm), while macro-segregation 
takes place in ranges > 1 mm. One more important difference - besides the size - is the 
location of segregation, where micro-segregation results from freezing of solute enriched 
liquid in the interdendritic spaces, while macro-segregation is non-uniformity of composition 
in the cast section on a larger scale. Centerline segregation can cause many quality prob-
lems due to high degree of positive segregation in the central parts of a continuously cast 
sections as in slabs for example [20,38]. The detrimental effect of segregation is signifi-
cantly influencing the crack sensitivity of slabs. 
 

3.1.5    Defects 

During CC, different surface or internal defects can appear which could result in material 
scrapping or interruption of further transportation and rolling schedules. Fig. 3.4 and Fig. 
3.5 show the classification of surface and internal defects, respectively [3,39].  
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Fig. 3.4: Surface defects [3,39] 1. Transverse corner cracks; 2. Longitudinal corner 

cracks; 3. Transverse cracks; 4. Longitudinal cracks (broad face); 5. Star 
cracks; 6. Deep oscillation marks; 7. Pinholes; 8. Macro inclusions 

 

 
Fig. 3.5: Internal defects [3,39] 1. Internal corner cracks; 2. Side halfway cracks; 3. Cen-

treline cracks; 4. Centreline segregation; 5. Porosity; 6. Halfway cracks; 7. Non-
metallic inclusions, clusters; 8. Sub-surface ghost lines; 9. Shrinkage cavity; 
10. Star cracks, diagonal cracks; 11. Pinholes; 12. Semi macrosegregation 

 
Brain G. Thomas stated [40] that avoiding internal cracks was a critical challenge to early 
CC and is still very critical nowadays. Intuitively, internal crack formation depends on the 
thermal and mechanical stresses to which the shell is subjected. To help investigate the 
fundamentals of this problem, Brimacombe with Grill [41] and Sorimachi [42] applied the 
first FE thermal stress models of solidification to understand the internal stress distribution 
in the solidifying steel strand below the mold. Computational thermal-stress models, also 
pioneered by Brimacombe, have led to an improved understanding of mold distortion, crack 
formation, and other phenomena [40]. 
 

3.1.6    Transverse cracking 

Crowther [3] stated that of the many types of defect in CC products, only transverse surface 
cracking is strongly influenced by the presence of micro-alloying elements. He stated that 
Nb has a very huge detrimental effect in promoting cracking even by small additions of as 
low as 0.01% [3]. 
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Harada et al. [43] studied the formation mechanism of transverse cracking in Al-Si killed 
steel slabs and referred to local micro-segregation to be the origin of cracks. That was 
related to the spreading of positive segregation over OM, which showed high phosphorous 
content. This positive segregation penetrated deeply into austenite grain boundaries, 
through which transverse cracks propagated [43].  

 
The location of transverse cracks varies between forming on the broad and narrow face or 
even the corner of CC slabs. They might be difficult to be recognized by visual inspection 
unless the slab surface is dressed. Transverse cracks are usually associated with the de-
pression of OM explained earlier, and are mostly found on the top slab surface. The cracks 
lengths can be several tens of mm in extreme cases, and generally follow austenite grain 
boundaries. They are partially oxidized, but there is little decarburization, and marginal ox-
idation at the inner end of the crack [3,44]. Fracture surface analysis of transverse cracks 
has indicated intergranular fracture with ductile dimples initiating at a variety of particle 
types, but predominantly MnS and AlN [3,45].  

 
Yang et. al. [46] illustrated the factors affecting cracks found on some micro-alloyed steel 
slabs by some vertical bending type continuous slab casters as illustrated in Fig. 3.6. The 
solidus temperature in the mold interdendritic regions as well as for the OM area decreases 
due to micro-segregation of residual elements, such as S and P, at the solidifying dendrite 
interfaces, which eases the fracture along the segregation [46]. The regions of OM have 
relatively low heat conduction to the mold. A thinner solidified shell in this part compared 
to the rest of the cast exhibit a higher cracking potential. Any tensile stresses and strains 
generated on the surface of this weakened part might lead to slab transverse cracking. 
With decreasing temperature, the surface of the slabs fractured in the temperature zone of 
reduced ductility exhibits precipitates of various types including (Mn,Fe) sulfides and oxides 
in austenite grain boundaries [10,46,47]. 
 

 
Fig. 3.6: Factors affecting cracks on continuous cast slabs [46] 
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According to Mintz et. al. [19] the grain boundaries precipitates will result in a strength 
difference between the grain boundaries and the grain interior. When the grain is subjected 
to an external force, the strength difference will lead to a stress concentration on grain 
boundaries, resulting in grain boundaries de-cohesion. Therewith, the hot ductility of the 
steel is reduced [46].  

 
In CC process, and particularly during unbending, any possible transverse cracking is di-
rectly related to the loss of hot ductility. Stresses arising during bending, straightening and 
friction can lead to transverse cracking especially in regions of ductility troughs. Creep fail-
ure might take place in slab fracture due to the coalescence of cavities nucleating at the 
grain boundaries, including nitrides (AlN, Nb(C,N), BN, etc.), pro-eutectoid ferrite film, and 
cementite [4,17,46, 48-50]. 
 

3.2    Hot ductility of micro-alloyed steels 

Many researchers [4,9,10,12,51,52] were investigating the problem of transverse cracking 
that occurs when the strand is straightened at some stage after exiting a curved mold during 
CC. The cracks are forming along the OM on the top surface and edges. Straightening 
takes place in a surface temperature range between 700 – 1000 °C, the same temperature 
range in which hot ductility - measured by reduction of area (R of A) in a simple hot tensile 
test - is often observed to give low values [4]. 

 
Brimacombe and Sorimachi [7] showed that the cracks observed can probably be linked to 
two zones of low ductility. Firstly, a high temperature zone, over 1340 °C, which seems to 
be the reason for most of the cracks, including all internal cracks, secondly, a low temper-
ature zone in the region between 700 – 900 °C, which gives rise to transverse cracking 
problems at the surface. Combining the low ductility regions with the understanding of the 
stresses generated during CC makes it possible to propose mechanisms of crack formation 
and relate them to operating and metallurgical variables [7]. 

 
Hot tensile testing has been used to evaluate transverse cracking possibilities taking place 
during CC of micro-alloyed steels [8]. The original hot tensile test consisted of heating the 
sample up to (1250 - 1300 °C) to dissolve all existing carbo-nitrides and AlN precipitates 
and to produce a coarse grain size similar to that one of the as-cast microstructure, followed 
by cooling with 60 K/min (for a 220mm thick strand) until test temperature. Mintz suggests 
under these conditions that a reduction-in-area, RA, above 35 - 40% should be reached to 
prevent cracking [4,8,51]. 

 
Cracks are much more likely to occur in regions of low ductility. Several techniques are 
available to study hot ductility under the conditions relevant - as close as possible - to CC 
[3]. Calvo et al. [53] carried out tensile tests at temperatures range of (700 – 1100 °C) with 
an initial strain rate of 5 x 10-3 s-1, to simulate the thermo-mechanical conditions of the 
straightening operation. After each test, the reduction in area of the samples tested to frac-
ture was used as a measure of the hot ductility [53]. The observation of numerous, large 
transverse cracks in the final straightened slab, together with the fact that these are often 
most numerous on the top surface of the slab (i.e. the surface which is in tension during 
straightening) suggests that there is much crack propagation induced by the stresses en-
dured during straightening [3]. 
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3.2.1    Hot ductility curve 

Mechanical properties of steel at high temperature are of major concern in this context as 
they have critical effects on the formation of cracks during CC, thermo-mechanical pro-
cessing and heat treatment [17,52,54,55]. Three embrittlement regions at high temperature 
were reported in [3,56-59] for low carbon and micro-alloyed steel. A typical hot ductility 
curve as identified by Crowther done under test conditions relevant to CC is sketched in 
Fig.3.7 [3].  
 
The embrittlement/low ductility regions can be described as [3]: 
Region I: embrittlement by incipient melting 
Region II: a) embrittlement by second phase particles - (Mn, Fe)S 
Region II: b) embrittlement by second phase particles - Nb(C, N), AlN, V(C, N) 
Region III: embrittlement by transformation 

 

 

Fig. 3.7: Schematic illustration of types of ductility troughs [3] 

 
The hot ductility curve is very useful for predicting the likelihood of transverse cracking 
occurring with new steel compositions. The curves can be produced using different testing 
techniques. Mostly, the hot tensile test is used, giving the R of A on the Y-axis correspond-
ing to the temperature at failure on the X-axis [60]. The information, the curve is giving, can 
also be used to optimize the CC machine and avoid straightening at the regions of ductility 
troughs by modifying the secondary cooling and other casting parameters. After hot tensile 
testing under standardized conditions, a ductility of 40% is required to avoid the problem 
of transverse cracking [4].  
 
Embrittlement Region-I:  
Typically, it takes place at 20 - 50 K below the mean solidus temperature. Analysis of frac-
ture surfaces showed an inter-dendritic failure and the presence of particles such as MnS. 
This embrittlement region is associated with incipient melting at inter-dendritics and grain 
boundaries. Low ductility is linked to segregation areas. The segregation of elements - such 
as S - to inter-dendritic regions during solidification is important for this type [3]. This low 
ductility region may be responsible for the initiation phase of transverse surface cracks, as 
small subsurface cracks have been observed associated with OM [61]. The OM are known 
to be regions of high degrees of segregation of elements, such as S, P and Mn [62]. Heat 
transfer to the mold decreases in the vicinity of the oscillation mark; this will probably keep 
temperatures high within the embrittlement region [3].  
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Steels undergoing a peritectic reaction and transformation make the CC process compli-
cated. Hypo-peritectic steels (C < 0.16%) are particularly susceptible to crack formation 
[7,63]. Sensitivity to crack formation at the first solidified shell is escalated by additional 
stresses and strains resulting from the fact that the primary and secondary solid phases 
have different densities [64-68]. Peritectic transformation generates high tensile stresses 
and contraction, which can lead to crack formation in the initially solidified brittle material 
[69-72]. 
 
Saleem et al. [63] studied crack susceptibility and the surface cracks that can form during 
CC due to the volume changes during the peritectic transformation. It was confirmed that 
the strain caused by the peritectic transformation during CC of peritectic steel makes the 
cast susceptible to cracking. Segregated and non-segregated cracks were studied. The 

results show that, according to alloying content, some liquid will be left when all the -ferrite 
has transformed to austenite. The liquid film avoids the formation of inter-granular cracks 
but will however contribute - due to phase change strain - to a higher crack susceptibility 
on the grain boundaries between ferrite and austenite. Steel composition and cooling rate 
play an important role in defining the type of the crack. Based on the remaining volume 
fraction of the liquid after the peritectic reaction/transformation, inter or intra-granular 
cracks can be formed. [63].  
 
The mechanical model by Saleem [63] takes into account the thermal, mechanical and 
phase change strains. The difference in densities between the austenite and the ferrite 
creates stresses and strains over the interface and results in the strain due to the phase 

change. Due to the larger molar volume of the -ferrite phase, it has been compressed at 

and close to the -interface in order to match the lower molar volume of the -phase. It 
was also shown that the oxidation of the surface can promote the crack growth, cause the 
crack to thicken and enhance embrittlement of the surrounding material due to the precip-
itation of the oxides [63]. 

 
Hassani et. al. [73] studied hot ductility of micro-alloyed steels and showed a similar hot 
ductility curve with three low ductility zones [7,58]. In Zone I, which is from 1300 °C to the 
vicinity of the solidus temperature of steel, the presence of a liquid film - at the austenite 
grain boundaries during heating or at the interdendritic region during cooling from melting 
- causes embrittlement [74]. Ductility at the temperature at which this liquid film forms is 
independent of the strain rate [58,75]. It is mainly affected by the chemical composition and 
micro segregation of impurity elements such as C, P and S, which change the solidus tem-
perature [58,74-78]. Low strength and ductility in this region is the cause of most of the 
cracks found in CC [7,73]. 
 

Embrittlement Region-II:  
This region covers the temperature range of (1200 - 900 °C), depending on composition 
and test conditions. Fracture surfaces are typically along austenite grain boundaries, and 
sometimes show the presence of second phase particles, with ductile dimples around 
them. Sulfides, such as (Mn, Fe)S, and the ratio of Mn/S, in Region IIa, and carbo-nitrides 
such as Nb(C, N), V(C, N), Ti(C, N) and AlN, in Region IIb, are of big importance in this 
embrittlement region [3]. Which type of particles are stable at a given temperature, decides 
which region (IIa or IIb) is to be expected. Lankford [12] linked the ductility loss in IIa to the 
precipitation of liquid FeS particles and the reduction of grain boundaries de-cohesion due 
to S segregation. Type IIa of low ductility requires high strain rates, while type IIb ductility 
loss is becoming worse with decreasing strain rates [12,79,80]. The strain rates during the 
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processing of CC slabs are too slow for type IIa ductility loss, which means that Region IIa 
ductility loss is assumed not to be responsible for transverse crack formation, while type 
IIb will be more critical. 
 
Failure mechanism in type IIb ductility loss starts by austenite grain boundary sliding (GBS), 
which encourages crack formation at grain boundaries [81] and the presence of carbo-
nitrides and second phase particles such as Nb(C, N), V(C, N) or AlN, which was confirmed 
by the surface fracture analysis. These particles can delay the onset of recrystallization and 
reduce the strain required for fracture [3], which means that ductility improvement is de-
layed and fracture can take place at lower strains. 
 
The onset of recrystallization can be linked to the high temperature end of this embrittle-
ment region [82]. If recrystallization can take place prior to failure, any developing grain 
boundary cracks become isolated and further propagation is not possible. Micro-alloying 
elements, such as Nb, can retard the recrystallization in solution or as precipitates and can 
even extend the embrittlement region of IIb to higher temperatures [3].  
 
Embrittlement Region-III:  
At temperatures below Region II and depending on the chemical composition, Region III of 
embrittlement is to be located in the temperature range of (900 – 600 °C). Region II can 
even merge together with Region III and form a wide ductility drop. Fracture surfaces are 
characterized by intergranular failures, and the facets of the individual grains are often as-
sociated with void formation around second phase particles. Embrittlement in Region III is 
linked to the austenite to ferrite transformation, where ferrite film begins to form at austenite 
grain boundaries by cooling below the transformation temperature [3]. There is a directly 
proportional relationship between the temperature, in which ductility starts to fall at the high 
temperature end of Region-III and the Ar3 temperature [83]. 
 
By any further deformation within or below the transformation temperatures, strain will be 
concentrated within the ferrite at grain boundaries, which is softer than austenite. Void nu-
cleation at second phase particles and the growth of these voids continue within the ferrite 
film and cause ductile failure [57,81,84]. Thus, on a microscopic scale, fracture can be 
described as ductile, but overall the failure is brittle [3].  
 
As the temperature decrease, ferrite volume fraction will raise, this will consequently result 
in a uniform strain distribution between austenite and ferrite and accordingly recovers the 
ductility. Moreover, the differential strength between austenite and ferrite becomes also 
less, which will again contribute to a more uniform distribution of strain between austenite 
and ferrite. Around 50% ferrite was suggested for a complete ductility recovery [83].  
 
The improvement in ductility between Region-II and III is probably a result of the absence 
of this thin ferrite films. In this area, any possible failure takes place either by GBS or 
through strain concentration in the precipitate free zone (PFZ). In spite of that, at tempera-
tures above Region-III, less precipitation is available in the matrix and at the grain bound-
aries, which will be detrimental if ferrite is present. Higher temperatures will generally cause 
lower flow stresses as well due to the increased dynamic recovery, which decreases stress 
concentrations at potential crack nucleation sites. One more possibility of ductility recovery 
at higher temperature, if Region-II and III are combined, is that higher grain boundary mi-
gration may occur. Cracks can grow inter-granularly during the early stages of deformation, 
and become isolated within the grains because of grain boundary migration [51,85]. 
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3.2.2    Embrittlement mechanisms  

The fracture analysis of the broken samples in the brittle temperature range always showed 
an intergranular fracture which can be caused by one or a combination of the following 
mechanisms [60,86]:  
 
1. Formation of precipitate free zone (PFZ)  
The presence of PFZ adjacent to austenite grain boundaries represents a region of less 
resistance to deformation than the rest of the matrix structure [60]. In certain temperature 
ranges, strain induced precipitants of Nb(C,N), AlN or V(C,N) can be formed at low strain 
rates [87]. Grain boundaries particles may act as crack initiation sites; or general matrix 
precipitations can result in strength increase, and hence an overall reduction in ductility 
[3,9,51,52].  
 
In the regions of single austenite phases, precipitates form preferentially at the austenite 
grain boundaries as nucleation sites, resulting in soft PFZs adjacent to the grain bounda-
ries. By any further strand deformation, strain will then concentrate in these regions. Micro-
voids are formed by de-cohesion of the precipitate-matrix interface during deformation 
leading to void coalescence and crack propagation along the grain boundaries resulting in 
intergranular fracture. In Fig. 3.8 a-c [88], this mechanism is illustrated. This type of failure 
mechanism is mainly linked to fine precipitates on the grain boundaries [89]. 
 
2. Failure within the thin ferrite films 
The thin ferrite films located at the austenite grain boundaries causes intergranular fracture 
at high temperatures [60]. Strain induced ferrite can start to form at temperatures above 
the expected Ar3 temperature, or even as high as the Ae3, during cooling [90]. Ferrite takes 
the shape of thin films along the austenite grain boundaries [58]. At any given temperature, 
ferrite has lower flow stresses compared to that of austenite because of its higher recovery 
rate. Higher strain concentration will be built up by ferrite, which will be softer than austen-
ite. The failure mechanism caused by the de-cohesion [91] at precipitates on the prior aus-
tenite grain boundaries is illustrated in Fig. 3.8 d-f. Showing the same behavior, the ferrite 
film plays a similar role as PFZs [90]. Precipitates, such as MnS, are often found in the 
ferrite films, which enhance the failure. The strain concentration on grain boundaries will 
decrease, as the phase fraction of ferrite film increases, giving higher ductility values [86]. 

 

 
Fig. 3.8: Schematic illustrations showing intergranular micro-void coalescence by 

deformation in the low temperature austenite region (a-c) and in the two 
phase γ-α region (d-f) [88] 
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3. Grain boundary sliding (GBS) 
GBS governed by the limited dynamic recovery of austenite and by the occurrence of work 
hardening build up at triple joints of grains [60]. Potential grain boundary fracture is seri-
ously possible once the built up stresses at triple points of grain boundaries exceed the 
stress required for grain boundary failure. This leads to intergranular failure by nucleation 
of grain boundary cracks.  Formation of wedge cracks by GBS is illustrated in Fig. 3.9. This 
is considered to be the main deformation and fracture mechanism under conditions of creep 
i.e. for strain rates at and below 10-4 s-1 [86,90]. These failure models are critical at high 
temperatures, when other embrittlement mechanisms, which are mostly linked to the for-
mation of precipitates and the thin ferritic films, are not viable [85]. 

 

 

 

 
Fig. 3.9: Schematic models showing formation of wedge cracks by GBS. Arrows indi-

cate sliding boundary and sense of translation [90] 

4. Suppression of dynamic recrystallization  
Dynamic recrystallization in austenite can be retarded by the precipitation of fine carbides 
or nitrides on grain boundaries during deformation [92]. The mobility of grain boundaries 
will decrease, which help the voids around the precipitates to grow, enhancing the propa-
gation of intergranular cracks, even in a full austenitic matrix [89]. In [84], the effect of par-
ticle size on slab rejection was studied. It could be shown that, with coarse Nb(C,N) on 
grain boundaries, no plate rejection was recorded, while the rejected slabs had fine precip-
itates on the grain boundaries. The grain boundary mobility influences the hot ductility 
based on the size of existing precipitates. Coarser particles with a larger inter-particle spac-
ing are less detrimental to grain boundary mobility and hot ductility than fine, densely-
spaced particles [86,89]. 

 
Anelli et. al. [93] attempted to link the formation of cracks in Al-killed and Nb-Ti and V steels 
to the ductility troughs observed at high temperatures after hot tensile testing. Different 
steel grades were tested under hot tensile test conditions with four different thermal histo-
ries. Studying the fracture facets implies intergranular fracture, where the surface is either 
smooth or covered with fine dimples [51,93]. Anelli suggested two possible embrittlement 
mechanisms [93]: the segregation of P and S during solidification causing the incipient 
melting or the delayed solidification of interdendritic pockets [7,75,94], or the scraping of 
the mold walls and the preferential oxidation of iron, producing an accumulation of Cu at 
the surface of the strand. This enrichment can lead to the formation of a low-melting phase 
that can penetrate along the austenite grain boundaries [7,95]. 
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The formation of cracks in Al-killed and Nb-bearing steels in the temperature range of (1100 
- 700 °C) is associated to the ductility drop noticed in these steels by tensile testing at slow 
strain rates. The decrease in ductility was generally linked to a combination of the following 
factors [51,52,96]: 
1. Formation of AlN/Nb(C,N) precipitates during deformation, which enhances the  

strength of the grain interior and hinders the dynamic recrystallization; 
2. Presence of relatively coarser precipitates of AlN/Nb(C,N) on the grain boundaries of 

austenite, which under deformation conditions can act as potential sites for micro-void 
formation and linking. This increases the GBS; 

3. Existence of a precipitate free zone (PFZ) or thin soft ferrite allotriomorphs on grain 
boundaries of a matrix of austenite, which results in strain concentration on the grain 
boundaries. 

 

3.2.3    Relevance of hot tensile testing to crack sensitivity  

Many researchers and steel plants use hot tensile testing to build the hot ductility curve 
over the temperature ranges including ductility drops. Hot ductility, calculated by the R of 
A of the sample after test to fracture, used to give an indication to cracking possibility at its 
corresponding test temperature. Steel plants use the hot ductility curves to optimize their 
casting process and avoid slab deformation at regions of low hot ductility. The regions of 
low hot ductility (ductility troughs) were recorded by many researchers as the regions where 
slabs have higher crack sensitivity.  
 
In Dillinger Hüttenwerke AG in Germany, the use of hot tensile tests was first applied in 
1973 as a first step towards the avoidance of cracking. According to Bannenberg [83] when 
the first Nb-alloyed heats were cast, they noticed very quickly that with the addition of Nb 
transverse cracks - which were not observable without the presence of Nb but with an 
otherwise identical steel composition - occurred on the strand surface. They established a 
relationship between the number of transverse cracks per slab and the R of A in hot tensile 
tests. Above a R of A value of 75%, no slabs failed by cracking [3,83]. Suzuki et. al. [97] 
suggested a value of 60% R of A to avoid slab cracking. 
 
Another approach by Mintz [98] was carried out after studying the effect of strain rate, grain 
size and precipitation and suggested that a figure in the range of (30 - 40%) of hot ductility 
as a limit to avoid cracking is more in keeping with experimental and works data compared 
to [97]. Moreover, Mintz described some limitations of the hot ductility test in spite of the so 
much useful information being given from the test. Some thermal stresses were not taken 
into account in the hot tensile test, but those stresses are resulting from the thermal cycle 
arising by the temperature fluctuation on the slab surfaces as the strand moves below the 
mold between rolls. Mintz stated that precipitation is probably the most important variable 
controlling transverse cracking and the finer it is, the worse is the ductility [98].  
 
Further comments regarding the grain structure after sample reheating in the test com-
pared to columnar grains present at the slab surface were also mentioned. Moreover, the 
effect of precipitation and segregation patterns in laboratory compared to industrial practice 
was a matter of discussion. Other researchers worked on improving the simple hot tensile 
test itself or using other experiments like hot bending or torsion to reproduce the straight-
ening process by CC, or even using other tools, like software simulation packages, to eval-
uate the missing parts in hot tensile tests, which nowadays is still widely used by steel 
plants as a measurement for crack sensitivity.  
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3.3    Factors affecting the hot ductility 

 

3.3.1    Effect of the chemical composition 

3.3.1.1    Carbon 

The carbon content largely determines hot cracking susceptibility of low alloy steels during 
CC [85]. The peritectic composition region, (0.10 - 0.16%) C has the highest crack sensi-
tivity [99]. Increasing the C content causes the ductility trough to shift to lower temperatures 
because of the corresponding decrease in the austenite to ferrite phase transformation 
[100].  
 
Mintz and Banerjee studied the effect of C and Mn on the hot ductility behavior of plain C-
Mn steels, with C amounts < 0.3% and its relationship to transverse cracking [101] in terms 
of ferrite formation. It could be stated that decreasing the C and/or Mn levels should gen-
erally be beneficial as increasing the Ar3 temperature by narrowing the trough will always 
help in avoiding transverse cracking [101].  
 
Steels with a C content > 0.28% exhibit a different fracture mode, where the trough position 
is shifted to approximately 100 K higher [100,102,103]. This shifting will now result in ena-
bling the intergranular failure to take place in the austenite phase because of GBS rather 
than in thin films of ferrite at the prior austenite grain boundaries. The reason of this change 
in fracture mode was explained by the fact that the C content increase will be raising the 
activation energy for dynamic recrystallization and consequently, the critical strain for dy-
namic recrystallization. It was believed that this increase in the critical strain for dynamic 
recrystallization produced intergranular failure by enhancing the tendency for GBS in aus-
tenite [100,103].  
 

3.3.1.2    Nitrogen 

The presence of N has a detrimental effect to the hot ductility only with combination of Al 
or micro-alloying additions due to the formation of nitrides or carbo-nitrides, which can se-
riously affect hot ductility. The N as well as the Al levels, have to be kept as low as possible. 
Typical N levels are < 0.008% [3,9,104,105]. Electric arc furnace steels are more prone to 
hot cracking owing to the high nitrogen and residual elements content [93].  By Increasing 
N to 0.01%, a serious deterioration in ductility is possible [49]. Micro-alloyed steels with low 
N amounts, having C levels in the peritectic range (0.08 - 0.17%) do not show transversal 
cracking problems as long as the Al level is > 0.04% [104,105]. The nitride precipitates are 
formed before the carbides in Nb containing steels. High N content encourages the precip-
itation of Nb(C,N) in the austenite instead of that of NbC as the composition of the precipi-
tate approaches to nitrides more than to carbides. Hot ductility is critical in the range (0.004 
- 0.011%) N [9]. 
 
In Ti micro-alloyed steels, Ti will combine preferentially with N. The remaining N will com-
bine with any available Al. The amount of N has to be low, to assure a high Ti/N ratio (4 - 
5:1) which enhances precipitate coarsening and improves ductility. In these steels, low 
levels of N should decrease the precipitation temperature for TiN and result in a smaller 
volume fraction of finer precipitates [105,106].  
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3.3.1.3    Titanium 

The effect of Ti addition is complex and depends on the T:N ratio [3]. Ti could be beneficial 
in reducing the transverse cracking but this is dependent on many factors. The presence 
and amount of N, other micro-alloying elements and the austenite grain size after the pin-
ning effect of TiN play an important role. Other factors are the size of the formed Ti precip-
itates itself - especially when Ti is added to Nb steel - and the secondary cooling practice, 
which affects both the grain size and coarsening of the precipitates [3,9,107,108]. Banks 
et. al. [109] studied the influence of Ti on hot ductility of Nb containing steels and showed 
that the hot ductility depends strongly on the secondary cooling conditions. Increasing the 
secondary cooling will possibly decrease the ductility and may not lead to sufficient coars-
ening of the precipitates to give a chance for the Ti addition to improve ductility. He also 
concluded that after a closer simulation of the cooling conditions pertaining to the CC op-
eration that Ti additions can enhance the hot ductility at typical off corner straightening 
temperatures (~ 900 °C). To reach the optimum R of A values, the Ti/N ratio and thermal 
cycles need to be well provided [109]. 
 

3.3.1.4    Niobium 

Niobium is very harmful to the hot ductility. The Nb(C,N) precipitation has especially a huge 
influence on the width and depth of the ductility drops because of the following causes  
[9,19,51,100,110,111]: 
1. In the matrix, very fine Nb(C,N) precipitates lead to  matrix strengthening and raises the 

stress in the grain boundary regions,  
2. In Nb containing steels, the strain is concentrated in the PFZ in grain boundary regions 

which are always relatively weaker,  
3. Extensive grain boundary precipitation will enhance the voiding and the extension of the 

cracks formed by GBS. This means that Nb precipitates will enhance the GBS failure 
mechanism,  

4. Nb can delay the ductility recovery to higher temperatures and delay the onset of dy-
namic recrystallization to higher temperatures. 

Ma et al. [112] stated that slabs containing between 80 and 270 ppm Nb were likely to 
generate cracks [113]. 

 

3.3.1.5    Vanadium 

Adding vanadium to steel helps in its strengthening due to precipitates formation. Fine pre-
cipitates of V(C,N) particles ranging from 5 to 100 μm in diameter are formed during cool-
ing. The addition of V raises the yield strength by average of 5 - 15 MPa per 0.01% V, 
depending on C content and cooling rate [104,114]. On the other hand, the presence of V 
in the steel has a harmful effect on hot ductility. High amounts of V lead to less hot ductility 
[115]. Compared to Nb addition, the V addition has less detrimental effects to hot ductility, 
even for a steel with 0.1% of V [3,9,51,106,115,116]. This could be attributed to the higher 
solubility of V in austenite. As reported in [87], with N values less than 0.005%, the effect 
of V on transverse cracking is small, while in  0.15% V steels defects as transverse cracking 
at high N levels (0.02%) can take place [3,45,87]. 
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3.3.1.6    Other elements 

Many other elements could also play a role in the embrittlement mechanisms and influence 
the crack sensitivity. Al has a detrimental effect on the hot ductility in micro-alloyed steels 
due to the formation of AlN [104,117], which could influence GBS depending on the particle 
size. Copper residuals have also a detrimental effect as they remain in the steel as Cu 
cannot be preferentially oxidized during the steelmaking process. Cu can build up progres-
sively in the subscale layer and result in hot shortness [9]. The lower the Mn:S ratio, the 
higher the tendency to the formation of iron-rich sulphides will be, which are harmful to the 
hot ductility. The segregation of sulphur to grain boundaries is higher than Mn because of 
the large misfit strain energy difference [12,86,118].  The presence of P improves the hot 
ductility, provided segregation is reduced [9]. P improves the oxidation rate of iron at 1000 
°C as well, which could reduce the formation of FeS [119]. Moreover, P promotes the dis-
persion of Mn in the interdendritic region and refines the austenite grain structure, which 
can enhance the hot ductility. It was reported that addition of 0.20% P can reduce the grain 
size to the half [86,120]. 
 

3.3.2    Microstructural effects 

3.3.2.1    Grain size 

Generally, any decrease in the grain size should lead to a better hot ductility 
[51,100,121,122]. During an intergranular failure, the grain size refinement can hinder the 
crack propagation in many ways. A finer grain results in [85]: 

 Reduction in the crack aspect ratio, which controls stress concentration at the crack tip 
[123]. 

 Increase in the triple points, which hinders the propagation of cracks occurring under 
sliding states [123]. 

 Reduction of the precipitates density in the grain boundary regions due to the raise in 
the specific grain boundary areas for a given volume fraction of precipitates [124,125]. 

 Increasing the nucleation sites at higher numbers of grain boundaries, which will result 
in decreasing the critical strain for dynamic recrystallization [126].  
 

One should consider that grain refinement to be effective requires the grain size to be kept 
below 200 - 300 µm to be able to improve the ductility [51,100,122,127]. It is important to 
mention that refining the grain size might also not be sufficient to keep an acceptable hot 
ductility in micro-alloyed steels as, overall, the harmful effect of fine precipitates of Nb(C,N) 
or/and AlN can result in low ductility [51]. 
 
Steels with coarse austenite grains are prone to intergranular fracture through GBS, which 
leads to a very wide ductility trough. Grain size refinement and its effect on the hot ductility 
was reported by Moon [85] and showed an important effect especially in C-Mn steels, with 
0.65% C. At higher C contents, the activation energy for dynamic recrystallization is in-
creased. This results in expecting more GBS to be responsible for the deformation than 
grain boundary migration. Moon suggested that for those steels intergranular failure will 
probably take place below the Ar3 temperature [85]. 
 

3.3.2.2    Precipitation 

The huge effect of precipitation on the hot ductility behavior of an alloy [100]  was studied 
by many researchers, especially the precipitation on grain boundaries which has the big-
gest effect, where the finer precipitates are linked to lower ductility values [51,88]. This 
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critical effect of precipitates on hot ductility depends mainly on their sizes, location and the 
spacing between the particles, which are controlled by the chemical composition of the 
alloy and the thermomechanical history during casting [51,85]. 
 
Carpenter [100] studied the influence of precipitates on the hot ductility of thin slabs of cast 
steel and reported the harmful effect of grain boundary precipitates. At higher tempera-
tures, grain boundary precipitates will enhance voiding during GBS, while at low tempera-
ture, where ferrite films start to form on austenite grain boundaries, the grain boundary 
precipitates will enhance the void formation in these ferrite films as explained earlier in the 
embrittlement mechanisms. Higher phase fraction of precipitates will enhance micro-void 
coalescence. Fine precipitates are more detrimental, especially on their effect in pinning 
austenite boundaries during sliding, which enables failure by allowing time for cracks to 
link-up. In this manner, it can be said that fine precipitates, which can be produced during 
deformation (strain-induced precipitation), are more detrimental to ductility than precipitates 
being present before straining in the form of coarse primary precipitates [100].  
 
The effect of fine precipitates was also reported by Mintz et al. [84], where excessive sur-
face cracks were observed in slabs that contained fine precipitates less than 14 nm. Those 
fine precipitates pins the grain boundaries. When deformation occurs by GBS in the aus-
tenite, cracks were able to join up. Micro-void coalescence failures are also enhanced by 
an increase in the volume fraction of precipitates or inclusion density at the austenite grain 
boundaries, which act as preferential sites for void initiation. Therefore, at low interparticle 
spacing, typically less than 64 nm, excessive cracks might develop [84]. 
 
Zamberger et. al. [128] studied the evolution of primary and secondary precipitates of 
Nb(CN), Ti(CN) and AlN in micro-alloyed steels during CC. The presented investigation 
was carried out using MatCalc software, version 5.41.0021, for Scheil Gulliver and precip-
itation kinetics simulation. LOM and SEM were used for experimental verification. For the 
characterization of the fine secondary precipitates, transmission electron microscope 
(TEM) was used.  
 
For the simulation of the CC process in [128], a temperature profile that matches the tem-
perature profile at a distance of 10 mm from the bloom surface - featuring an industrial 
practice - was used. The microstructure analysis showed a typical ferritic – pearlitic micro-
structure with plenty of precipitates appearing as bright spots. Moreover, many relatively 
large precipitates/particles were observed in both the ferrite and the pearlite regions as 
shown in Fig. 3.10. The clear alignment of the precipitates in the figure’s center could be 
linked to the nucleation of precipitates on some heterogeneous nucleation site such as a 
former austenite grain boundaries. In another TEM and HRTEM (high resolution TEM) per-
formed analysis to characterize the fine secondary particles, linearly aligned Nb-rich pre-
cipitates were observed. Zamberger concluded that these particles have nucleated at het-
erogeneous nucleation sites, such as dislocations or former austenite grain boundaries, as 
suggested for the precipitates [37,128].  
 
The radii of the Nb-rich precipitates arranged along lines were in the range of (10 - 15 nm), 
while for the ones found within the grain; their sizes were between 2 - 10 nm. The same 
pattern was reported for Ti-containing precipitates but with different sizes, where a radius 
of 10 to 15 nm was found for the linearly arranged precipitates, identified by their typical 
facetted morphology, while inside the grain, the Ti-containing particles were observed to 
be smaller with mean radii of about 5 nm [128]. 
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Fig. 3.10: Precipitates in SEM micrograph [128] 

 
For NbC, the numerical simulation of the enriched interdendritic zone predicted similar re-
sults to the ones observed by TEM and micrograph analysis in terms of particle size in 
austenite (Simulation: 143 - 230 nm, micrograph analysis: 50 - 250 nm) and ferrite. The 
computation showed successfully good matching between the calculated particle sizes of 
TiN in the ferrite phase with the micrographs observations as well, while the predicted TiN 
in austenite could not be observed in the analyzed samples. In the depleted regions, parti-
cle size of precipitates of AlN (~ 15 nm), TiN (~ 5 nm) and NbC (~ 2 - 15 nm) by experi-
mental sample analysis could be well predicted in the ferrite phase, while in austenite phase 
the predicted values could not be stated [128].  
 
The limitation of numerical simulation should also be taken into consideration in spite of its 
good agreements with experimental validation in most of the cases. For example, the com-
putations in the simulation are carried out under the ideal situation that the local microstruc-
tural environment is identical for each single precipitate, which does not happen in reality. 
However, the presented model still shows an interesting approach for application of soft-
ware in precipitation kinetics calculation with high potential for more precise analysis of 
primary and secondary precipitation during CC from liquid to solid state [128].  
 
Another approach in applying MatCalc for precipitation kinetics simulation was carried out 
by Lückl et. al. [129], where the effect of thermal history on the ductility behavior of a Ti 
micro-alloyed steel was investigated. It could be confirmed that remelting of the material 
(investigation of the primary solidification microstructure) compared to coarse-grain anneal-
ing at 1320 °C before the tensile tests showed no significant influence on hot ductility after 
the thermal history of surface structure control cooling under the mentioned experimental 
conditions reported in [129]. Another approach regarding the kinetics of AlN precipitation 
in micro-alloyed steel could be found in [130], where the thermodynamic parameters for 
AlN precipitation in Austenite compared to experimental precipitation kinetics was re-
viewed. 
 

3.3.2.3    Parallel effects: Grain size vs precipitates 

Yang et. al. studied the influence of Ti (C,N) precipitates on the austenite growth of micro-
alloyed steel during CC at different cooling rates taking the pinning effect in consideration 
and the correspond effect on hot ductility and transverse cracking. It could be shown that, 
increasing the cooling rates from 1 to 3, 5, 7 and 10 K/s, decreased the austenite grain size 
from 2.16 to 0.69 mm (without pinning effect) and from 1.46 to 0.57 mm (with pinning ef-
fect). At the same time, increasing the cooling rate resulted in finer Ti(C,N) precipitates 
from 137 nm to 43 nm. After studying the diffusion and nucleation characteristics of Ti(C,N) 
precipitation, it could be shown that grain boundary nucleation is preferred for the nuclea-
tion location compared to homogeneous nucleation [131]. 
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As the temperature decreases from 1430 °C to 1200 °C, the austenite grain size increased 
at all cooling rates; the less the cooling rate is, the stronger this effect is. Also by decreasing 
the temperature, the amount of Ti and N dissolved in austenite gradually decreases [131]. 
The study illustrated how increasing the cooling rate resulted in finer grain size, which can 
improve the hot ductility, but resulted at the same time in finer Ti(C,N) being detrimental to 
hot ductility. It could be stated that increasing the cooling rate at austenite transformation 
temperature should be adapted to produce small austenite grains. In terms of the casting 
machine, it was suggested to increase the water flow in the mold to strengthen the cooling 
intensity at 1400 °C to achieve a fine austenite structure, which enhances the hot ductility 
and helps in reducing transverse cracking during straightening [131].  
 

3.3.2.4    Ferrite formation 

The ferrite phase fraction, formation mechanism and starting temperature are important 
factors affecting the ductility trough and the possibilities of transverse cracking especially 
in Region III of low ductility in the hot ductility curve. During transformation of the austenitic 
grains, grain boundaries ferrite films start to develop. The thin films of ferrite surrounding 
the austenite grain boundaries result in transformation controlled intergranular failure [132]. 
Thin ferrite films at austenite grain boundaries are mostly forming during deformation (strain 
induced) and can form over a wide temperature range from the undeformed Ar3 to Ae3 
[100,102,133], where the amount of strain, strain rate, and the austenite grain size are the 
critical affecting factors in the formation. Thin ferrite films can form in both fine grain and/or 
coarse grain steels even within very small strains [134]. The influence at low strain rates is 
important, where thin ferrite films are able to recover so they remain soft at the grain bound-
aries, where the strains remain concentrated. Therefore, low strain rates will lead to poor 
ductility [100,102,134,135].  
 

3.3.3    Effect of the casting process 

3.3.3.1    Mold heat transfer 

The heat transfer in the mold strongly affects the thermal stresses and surface structure of 
the strand [3]. Non-uniform solidification in the mold causes a coarse-grained columnar 
layer near the surface of the strand, raising the cracking risk [86]. The control of mold heat 
transfer can be enhanced [136] by optimizing the casting powders with suitable viscosity 
characteristics, ensuring consistent powder feeding, maintaining stable mold level control, 
mold turbulence reduction and optimizing mold taper to secure a good contact between the 
slag layer and the mold [86]. 
 

3.3.3.2    Mold oscillation 

The formation mechanism and effect of OM on hot ductility and crack sensitivity in steel 
slabs was explained earlier in this chapter. The harmful effect of the OM will increase the 
deeper they are. This depth can be reduced by decreasing the stroke to reduce the heal 
time and/or raising the frequency of the mold oscillation, which proved to reduce the inci-
dence of transverse cracking [61]. Deep and irregular OM can also be a result of poor mold 
level control [3]. According to [87], the oscillation mark depth can also be reduced by a 
correct choice and application of the mold powder and avoiding the peritectic carbon range 
[86,99]. 
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3.3.3.3    Casting temperature 

The casting temperature strongly affects surface cracking. A low degree of superheat is 
beneficial to reduce cracking [137]. Degrees of superheat in liquid steel greater than 30 K 
will result in a higher cracking risk. So, the degree of superheat should be kept lower than 
20 – 25 K, depending on the C content and the strain rate. On the other hand, very low 
superheat is critical. It is advised during CC to keep the minimal superheat temperature 
range of (± 2 to 4 K) in order to enhance both hot ductility and surface quality [104,138]. 
 

3.3.3.4    Casting speed 

Optimizing the casting speed is a key factor for an optimum casting procedures. Casting 
speed directly influences the secondary cooling and the deformation rate of the strand sur-
face at the straightening region. Increasing the casting speed could be beneficial to the 
surface quality, as the strand surface will reach the unbending zone at higher temperatures, 
which could help avoiding straightening within the temperature range of ductility troughs. 
Higher casting speed will increase the strain rate during deformation, which can avoid sur-
face cracks as explained earlier in this chapter. 
 
On the other hand, increasing the casting speed over a certain limit might have negative 
effects in the mold region. At high casting speeds, the flow of flux melt into the mold/shell 
boundary decreases, which leads to higher friction at the boundary locally with viscous flux 
melts. The resulting frictional force might cause transverse cracking at the bottom of the 
OM while still in the mold. Apart from the frictional forces, the crack formation might also 
be increased by the non-uniform formation of the initial shell produced by an uneven inflow 
of molten mold flux into the mold/shell gap during a turbulent sub-meniscus flow. Other 
critical parameters were stated as well, like the meniscus level fluctuation, low meniscus 
temperature and/or too high viscosity of the flux melt [132]. 
 

3.3.3.5    Cooling history 

Soft and hard cooling are the most common types of cooling procedure for the strand after 
leaving the mold in CC. During soft cooling less water is sprayed, often in an air-water mist 
spray. Soft cooling leads to higher surface temperatures than the ductility trough during the 
unbending zone. On the other hand, by hard cooling the maximum performance of the 
water cooling nozzles is used to reduce the strand temperature below 700 °C at the un-
bending zone. Some process defects, such as blocked or worn nozzles, excess water, 
static spray control or poor cooling design, might result in problems with surface tempera-
ture control [86,87]. 
 
In hot tensile testing schedule, studying the influence of cooling rate on the hot ductility 
becomes particularly important with the advent of thin slab casting, where cooling rates are 
much higher than in conventional continuously cast steel. For conventional casting (220 to 
250 mm thick slabs), the average cooling rates from the mold to the straightening temper-
ature are 60 ~ 100 K/min, while values in the range of 200 ~ 300 K/min for thin slab casting 
(60 ~ 80 mm thick slab) was reported [132]. Abushosha [110] studied the influence of the 
cooling rate on MnS inclusions for hot ductility and mentioned the negative influence of 
increasing the cooling rate to the test temperature after solution treatment by deepening 
the ductility trough. Higher cooling rates resulted in finer sulphide re-precipitation at the 
austenite grain boundaries, that decreased the spacing between the particles making it 
easier for ductile cracks to link up and give failure [132]. 
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The same effect was reported in [139-141] for steels containing Ti and Nb, where the duc-
tility got worse by increasing the cooling rate. In other words, the ductility was improved 
using lower cooling rates, which at high temperatures allowed NbC to precipitate out on the 
coarse TiN precipitates. Coarser precipitation occurred and there was less Nb available to 
precipitate out dynamically on deformation [132]. Nb precipitates produced during defor-
mation are generally finer and more detrimental to hot ductility.   
 
Yang et. al [142] studied the effect of the thermal schedule of micro-alloyed steel during 
CC. Traditional thermal schedules and thermal schedules with temperature fluctuation 
were compared to thermal schedules for surface structure control (SSC), which showed 
improved values of ductility after hot tensile testing in the brittle zone III. Sample analysis 
on LOM, SEM and EDS (energy disperse spectroscopy) showed obviously the presence 
of pro-eutectoid ferrite films and aggregation of (Ti,Nb),(C,N) precipitates along the austen-
ite grain boundaries for both traditional thermal and temperature fluctuation thermal sched-
ules. On the other hand, ferrite films and aggregated particles formed around the grain 
boundaries could not be observed for the SSC schedule. This explains the much-improved 
values of the ductility knowing that the tensile testing was carried out at the same temper-
ature for the three different schedules [142]. 
 

3.3.3.6    Strain rate 

Tensile strains during unbending/straightening is a main cause for transverse cracking on 
the slab’s upper surface [87]. The strain rate is a very important factor affecting the cracking 
during straightening and it is mainly dependent on the casting machine geometry and the 
casting speed. Negative effects of lower strain rates on hot ductility can be a result of its 
effect on promoting the GBS, the strain-induced precipitation and the formation of defor-
mation induced ferrite on the austenite grain boundaries, which are all detrimental to hot 
ductility [88]. Multiple point unbending can decrease the average strain rate and result in 
harmful effects on hot ductility at lower temperatures, in spite of that it was reported to 
promote stress relaxation at higher temperatures at ~1300 °C [51,86]. In addition, it is re-
ported [143] that at low strain rates, the amount of strain energy is not sufficient to reach 
the values needed for full recrystallization to take place in normal testing conditions [144]. 
 
Yamanaka et al. proposed an approach [145] for evaluating the critical strain for internal 
cracking in CC. It was mentioned that the critical strain for internal crack are between 0.5 - 
3.8%, while the analyzed strains in any location of the strand are max. 0.3%. The cumula-
tive effects of strain was tested, where the accumulated strain between ZST (zero strength 
temperature) and ZDT (zero ductility temperature) for every roll was considered. Tensile 
testing with liquid core was used resulting in a new evaluation of critical strain showing that 
internal cracking occurs when the total amount of strain applied between ZST and ZDT 
exceeds the critical strain, independent of the deformation mode, whether continuous or 
intermittent. The accumulated strain by every roll shall be accounted [145]. ZST is the tem-
perature during cooling at which forces can first be transmitted perpendicular to the solidi-
fication direction. ZDT is the temperature at which the transition occurs from brittle to ductile 
behavior and mostly linked to solid fraction between 0.98 and 1 [176,177].  
 

3.3.3.7    Thermal stresses 

Cracking could be reduced if care is given to reduce thermal stresses [42]. Thermal cycling 
along the continuous caster could be caused due to roll contact or secondary cooling after 
exiting the mold and can result in cracking at any part during the process. Surface cracking 
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could be reduced by minimizing the mechanical loads on the strand surface, which is 
demonstrated by the lack of surface cracks in the corner regions, when strand soft cooling 
is applied [41,104]. 
 
In summary, the effects on hot ductility are complex and depend on many different factors 
that strongly influence each other. So we can’t separate one factor on its own and study its 
effect solely because some other parameters will be accordingly changed and influence 
the result. It would be wiser to evaluate a situation/process case, which represents a set of 
different factors taking place on the same time. This approach will be explained in detail in 
Chapter 5 and 6. 
 

3.4    Cracking by transportation and charging   

After a successfully complete and defect-free casting process, the steel slabs are still sus-
ceptible to cracking downstream during transportation, storage, charging into the hot strip 
mill (HSM), inside reheating furnace or even during the first steps of hot rolling. Surface 
cracking after the casting shop related to transportation and storage handling in terms of 
slab solid state phase transformations and charging temperature, received much less at-
tention in literature compared to the work published in topics related to CC and failure re-
lated to mold, unbending and secondary cooling. 
 

3.4.1    Air cooling before charging 

Li et. al. [146] studied the effect of slab air cooling after the caster and charging temperature 
into the HSM on solid phase transformation, precipitation formation and the fracture ten-
dency of steel slabs of certain grades. They stated that brittle phases and internal stress, 
might cause cracking defects during/by cold charging, which could be eliminated by rea-
sonable slow cooling using stacking practice for example. Feathery upper bainite forms 
after the casting process when the local cooling rates of slabs are higher than the critical 
cooling rate of bainite formation during phase transformation from austenite to ferrite, which 
might happen when a slab is exposed to air immediately after leaving the caster and cutting. 
Once bainite dominates in the structure, an increasing crack tendency for the slabs upon 
handling is given [146]. 
 
Increasing the contents of elements such as C, Mn, Ni, Mo, Si, Cu, and B, retards the 
transformation from austenite to eutectoid ferrite and pearlite because of the difficult nucle-
ation of the pearlite phase and due to the lower transformation temperature [147-149]. The 
internal brittle bainite structure was observed in the slab after air-cooling for Mo containing 
steels; this could be seen due to the drop in the critical cooling rate and incubation time of 
bainite formation caused with higher contents of Mo elements. Li suggested that for grades 
like Q550D, furnace hot charging should be kept above the bainite transformation temper-
ature (600 °C) [146,150,151]. 
 

3.4.2    Effect of volume change 

Even by slower cooling in some conditions, where no bainite transformation takes place, 
care should be taken for grades with alloying elements. Schöbel [152] performed an exper-
imental simulation of thermally induced stress during cooling of cast low carbon steel slabs 
with and without Ni. He showed that the austenite to ferrite phase transformation is accom-
panied by a volume increase of approx. 1% when changing from FCC austenite to BCC 
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ferrite, a cause for internal stresses within the thermal stress gradients by cooling from the 
surface. The localized induced stress phenomena due to transformation is caused by the 
volumetric expansion in a narrow temperature interval between Ac3 and Ac1, and is linked 
to the second minimum of ductility. The lower the transformation temperature, the higher 
the stress gradients will be, this is due to less relaxation/diffusion at low temperatures. It 
could be shown that the crack sensitivity of the Ni-containing slabs is linked to higher inter-
nal stresses within the austenite caused by the lower transition temperature compared to 
the Ni-free steel [152].  
 
Another study focused on cooling of hypo-eutectoid steels, showing that grain boundary 
ferrite appears as the initial austenite transformation product, which will lead to large vol-
ume expansion and normal stress at the austenite grain boundaries. After charging into 
HSM, the grain boundary ferrite film will transform to austenite with volume shrinkage while 
the slab is reheated. This might lead to the effect that the surrounding austenite is not active 
enough to compensate the local phase transformation shrinkage, so the grain boundaries 
will be under large tensile stresses. Since the microscopic void or porosity defects are likely 
to form around the inclusions (such as (Fe,Mn)S and (Fe,Mn)O) at the grain boundaries, 
the material is prone to surface transverse cracking during the following rolling process 
[153]. 
 

3.4.3    Charging in reheating furnace and rolling 

In some plants, slabs with different temperature histories experience mixed furnace charg-
ing operations during the production process, which results in an unsteady quality of the 
rolled products under the same reheating schedule. This could be critical for steel batches 
with different sensitivities to hot cracking. The study done by Li [146], showed that the 
formation of surface transverse cracks of slabs in CC and rolling processes is attributed to 
both the carbonitrides and stress concentration at the grain boundaries, but the effects of 
carbonitrides size on surface cracks are different. For micro-alloyed steels, surface trans-
verse cracks of primary rolled slab are attributed to the spread of transverse cracks of slab 
during the casting process and the transverse crack formation during the rolling process 
[146]. Here, the precipitates types, sizes and distribution plays an important role. The finer 
the particles are, the higher the transverse cracking tendency will be. According to ductility 
measurements, the ductility of steel slabs starts to be reduced when the size of carboni-
trides particles is less than 50 nm and turns to be very critical to transverse cracking when 
the size is around 10 nm [9]. 
 
During the reheating in the furnaces, the grain boundary carbonitrides - which precipitated 
earlier during CC, further cooling and charging process - would gradually enter dissolving 
and Ostwald ripening periods. In spite of the partial dissolving, since some large-scale car-
bonitrides at the austenite grain boundaries may not fully dissolve, surface transverse 
cracks may frequently occur under the high stresses during rolling with unreasonable hot 
charging temperature [146,154,155]. It could be stated that surface transverse cracks may 
occur during the rolling process in a certain hot charging temperature range, as the number 
and size of the formed carbonitrides depend on the temperature and cooling/heating rate 
[146]. 
 
In other words, it can be stated that the unresolved coarse carbonitrides remaining at the 
austenite grain boundaries after reheating and the hypo-eutectoid ferrite films surface, will 
lead to weaken thermal ductility and will result in cracking during rolling. According to the 
nucleation and growth theory, the precipitation size decreases with a higher nucleation rate 
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per unit volume. Coarse precipitates may occur at the austenite grain boundaries in the hot 
charge temperature range with low nucleation rate and high precipitation speed. The 
formed precipitates, their location and sizes should be taken in consideration when choos-
ing the reheating temperature and rates to avoid/reduce surface cracking during rolling. Li 
studied this effect on J55 steel slabs and suggested that the sensitive hot charging tem-
perature range of (625 - 775 °C) should be avoided. Steels with higher contents of carboni-
trides forming elements have higher crack susceptibility in the improper hot condition. 
Avoiding the sensitive hot charging temperature range or even cold charging process was 
suggested for similar grades [146].  
 
Slab cracking in the HSM is highly affected by the microstructure, which depends on the 
chemical composition and cooling rate during CC and storage. After the caster, the slabs - 
depending on their chemical compositions - are usually air cooled in stacks that can be 
either covered (box) or not.  According to industrial observation, it could be shown that air-
cooling rates are in the range of 9 K/min, while cooling of covered stacks are around 0.3 
K/min. The major difference on cooling rate between air and box cooling is observed in the 
range between 800 - 600 °C [156]. 
 
For a specific chemical composition, the cooling rate from the austenite phase will define 
the final microstructure of steels, which can have various microstructure consisting of dif-
ferent forms and combinations of pearlite, bainite, martensite, cementite, and ferrite [157]. 
The volumetric changes during cooling or heating, caused by these microstructure types, 
can lead to quality problems in low ductility steels [158]. Phase distribution (shape, location 
and presence of precipitates) can also be related to surface quality problems [88,159-163]. 
Giacomin et. al. studied  the 3rd generation of advanced high strength steel and the mech-
anism of cracking in their steel slab focusing on the effect of the cooling route (box or air) 
and the effect of Si, which plays an important role in its microstructure development 
[156,164].  
 
Three alloy with C= 0.19%, Mn ≈ 3% and Si amounts varying between 0.5%, 1.5% and 3% 
were chosen. The results of the microstructure investigations showed that at lower Si con-
tent (0.5%) and slow cooling a matrix with predominantly granular bainite was built, while 
granular bainite and martensite was present for the same alloy at air-cooling. It was also 
indicated that increasing the Si content led to more ferrite after slow cooling and presented  
a notable change in microstructure from furnace (box or slow) cooling to air cooling. The 
alloy with 3% Si showed a matrix composed of large ferrite grains and pearlite in slow 
cooling, which explains the role of Si as a ferrite stabilizer, while by air cooling (faster than 
slow box cooling), smaller amounts of ferrite were present for 1.5% and 3% Si in their 
martensite matrix structures [156,164]. This illustrates the effect of defining the route for 
slab storage and handling on the resulted microstructure before charging, which in return 
affects its mechanical properties and crack sensitivity by the mechanisms mention above.  
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Chapter 4: Tools and materials characterization 

This chapter gives information about the investigated materials in this thesis and the instru-
mentation/software used to carry out the experimental work.  It includes also the first char-
acterization of the investigated alloys in the as cast condition before their further process 
treatments and simulations which will be explained in detail in Chapter 5 and 6. 
 

4.1    Materials 

Analysis, experimental investigation and simulation of two chosen grades are to be illus-
trated in this part. Alloy-1, the alloy showed the highest number of cracking problems in the 
industrial analysis (discussed in Chapter 2) and Alloy-0 with similar chemical composition 
except for the micro-alloying elements as a reference alloy. The chemical compositions of 
Alloy-0 and Alloy-1 are shown in Table 4.1. 
 

Table 4.1: Chemical composition of Alloy-0 and Alloy-1 

Element, % C Mn Ti Nb V N 

Alloy-0 0.08 0.5 0.001 - 0.01 0.004 

Alloy-1 0.08 1.9 0.12 0.05 0.01 0.005 

 
For this experimental work, samples (near surface) from the slab middle region (in width) 
were taken after continuous casting (CC). The dashed boxes in Fig. 4.1 shows the position 
of the received material in the slab. All samples were taken from the upper third (Top) of 
the block far enough form center segregation. Material from the upper surface of Top region 
(0 - 30 mm) was avoided for sample preparation to be sure enough to avoid the surface 
problems. Samples were prepared in the casting direction.  

 

 

 
Fig. 4.1: Position of the received material in the slab 
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The upper part of the received block material was carefully machined into layers for sample 
preparation. Two types of samples were prepared for the current investigations. Firstly, 
cylindrical samples for heat treatments by Dil805A and secondly, flat tensile sample for hot 
tensile testing by Dil805T. Sketches of the cylindrical and flat tensile samples with their 
dimensions are shown in Figs. 4.2 and 4.3, respectively. 

 

 
 

 
Fig. 4. 2: Dil805A cylindrical sample 

 

 

Fig. 4.3: Dil805T flat tensile sample  

(thickness 2 mm) 

 

4.2    Instrumentation  

4.2.1    Dilatometry thermomechanical simulator: Baehr Dil805A/D/T  

Quenching dilatometers are used to study the heat treatment of steel and metal alloys, 
helping to identify the heating rate, quenching rate, and isothermal dwell times. This is 
necessary in metals manufacturing to yield the crystalline structure necessary to meet the 
required physical properties of the finished product. The related microstructural changes 
may be observed through process simulation with real-time monitoring of dimensional 
change. The DIL 805 series quenching dilatometers provide accurate measurements over 
the widest range of heating, cooling and deformation conditions, providing the most sophis-
ticated characterization and optimization of metals processing conditions [165]. 
 
The DIL 805A is used to observe dimensional changes under controlled heating and cool-
ing conditions. A solid or a hollow sample is inductively heated to a temperature plateau 
and is then continuously cooled with defined and controlled (linear or exponential) rates. 
The phase transformation occurring during cooling or in the isothermal plateau (which may 
also be a multi-step transition) is indicated by the (measured) change of length. The begin-
ning and end of the transformation indicate the alloy phase boundaries, e.g. ferrite, carbide, 
graphite, pearlite, bainite, martensite or other eutectoid phase batches. [165]. 
 
The instrument Dil 805 was used in two different modes using an inductive coil for heating. 
The first is Dil805A: configuration of a quenching dilatometer and the second in Dil805T: 
tensile deformation with a maximum deformation force of 25kN. The device is designed for 
measuring length changes under heating, cooling and mechanical deformation in a tem-
perature range between 20 – 1500 °C depending on the sample material. The maximum 
heating rate for Dil805A is 4000 K/s, while in tensile mode Dil805T is 100 K/s and the 
resolution of the sample length change is 0.05 µm/K. the complete device specifications 
are shown in Table 4.2. 
 
 
 

5 10 
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Table 4.2: Device specification of quenching and deformation dilatometer 

Technical specification Quenching dilatometer 
 DIL 805A 

Deformation dilatome-
ter DIL 805T 

Sample geometry [mm] Solid / hollow samples  
d=5-8; l=10 

Solid samples 
 d=5 mm, l=10 mm 

Temperature range [°C]  20 - 1500 °C 

Max. deformation rate [mm/s]  125 

Max. strain rate (ϕ°) [𝑠−1] 
(with 10 mm samples) 

 
 

12.5 

Max. true strain (ϕ)  1.2 

Max. deformations force [kN]  25 

Max. heating rate [K/s] 4000 100 

Max. cooling rate [K/s] 2500 100 

Heating principle Inductive 

Cooling medium  N2, Ar, He, H2 

Vacuum [mbar] 105 

Atmosphere Inert gas, vacuum, air 

Resolution Δl/K [μm]/[K] 0.05 / 0.05 

Thermocouples (resolution [K]) 0.05 

 
To study the phase transformation and the formed microstructure constituents, cylindrical 
samples of 5 mmØ and 10 mm length, shown in Fig. 4.2, were used on Dil805A. Thermo-
couples type S “Pt/Pt-10% Rh” with 0.1 mmØ were welded on the sample surfaces center. 
The experiments were run under vacuum condition by inductive heating using a high fre-
quency generator. He or N2 gas were used for cooling and quenching. The dilatometric 
changes in length and temperatures were recorded as a function of time and consequently 
the relative change in the sample length could be represented as a function of temperature 
in which a phase change by heating or cooling could be clearly observed.   
 
DIL 805A/D/T (shown in Fig. 4.4) further extends the capabilities to alternate tensile and 
compressive loading to emulate mill processing.  Moreover, tensile loading to fracture gives 
additional information about material’s final performance and allows generating true-stress 
vs true-strain or stress/strain cycling plots [165]. Cylindrical and flat tensile samples are 
shown in Fig. 4.5 and 4.6, respectively. 
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Fig. 4.4: Device Dil805A/D/T 

 

    

Fig. 4.5: Cylindrical sample in Dil805A 

[165] 

 

 Fig. 4.6: Flat tensile sample in Dil805T 

[165] 

Hot tensile testing at high temperature is the most common test used for hot ductility eval-
uation. There is no standardized test, and different procedures have been adopted by dif-
ferent researchers. The thermal cycle starts with heating up to a solution temperature in 
the range of (1200 - 1350 °C) and austenitization holding to produce a coarse austenite 
grain and dissolve any micro-alloying precipitates in the material. Afterwards, cooling to the 
test temperature with a rate that represents the secondary cooling experienced at the sur-
face of a continually cast product (typically 60 K/min), then finally straining to failure at a 
strain rate of 10-3 to 10-4 s-1 to simulate the condition experienced during the straightening 
of a CC slab [3]. 
 
The hot ductility in this work was evaluated by the elongation to rapture (ER), measured in 
a hot tensile test. The deformation behavior of each alloy was investigated using DIL805T 
in deformation mode, which is capable of monitoring the strain, load, time and temperature 
during the course of hot tensile test. To assure a high starting temperature and reproducible 
test procedure, the steel samples were heated to a temperature close to melting - approx. 
20 - 30 K below NST (Nil-strength temperature) - to generate an initial microstructure re-

Induction coil 

Thermocouples 

Sample Cooling system 
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sembling that one in the CC machine. Measurement of NST will be explained later in sec-
tion 4.4.5. Kozeschnik in [129] found out that remelting of the material compared to holding 
at higher temperature shows no significant influence on hot ductility results for an alloy 
having close chemical composition to Alloy-1 used in this work.  
 
In the experiments, heating up the samples to high temperature was followed by 10 min 
austenitization, then cooling to the test temperature - representing the straightening tem-
perature range -, and finally followed by tensile deformation under defined load and defor-
mation rates until failure before rapid cooling to room temperature to conserve the micro-
structures for further metallographic analysis. Cooling rates and slab surface reheating be-
fore deformation have also been considered in the thermo-mechanical cycle. Moreover, 
the fracture surfaces were examined using light optical microscope (LOM) and scanning 
electron microscope (SEM). The defined heat cycle and deformation conditions will be ex-
plained in Chapter 5 in detail. 
 

4.2.2    Metallographic preparation 

To investigate microstructural constituents, the specimens were prepared for microscopic 
analysis, first by sample mounting using Demotec 35 (a two-component resin system), fol-
lowed by mechanical grinding on a Buehler-Alpha machine.  Polishing was performed on 
a Struers-Tegramin-30 machine using diamond suspension, then OP-S NonDry SiO2 solu-
tion up to a 0.25 μm, and finally etching with Nital; 100ml ethanol and 3ml nitric acid (65%) 
[166]. Repeating light polishing and etching increased the contrast.  
 
Etchant in [167] was used to etch steel samples for microstructure investigation as well. 
With this method, the parent/prior austenite grains could be clearly distinguished from fer-
rite. The microstructure constituents and the prior austenite grain size were analyzed and 
statistically evaluated.  
 

4.2.3    Light optical microscope (LOM) 

Microstructure analysis by LOM using Olympus BX60M was used to study the microstruc-
ture phases and the precipitates of carbides and nitrides after sample preparation ex-
plained in 4.2.2. LOM pictures were used afterwards as well for the evaluation of grain size 
and calculation of phase fractions percentages using PXF Workbench Point Count soft-
ware. 
 

4.2.4    Scanning electron microscope (SEM) 

After the LOM analysis, the samples are ready for further investigation by SEM using Cam-
scan 44 including an EDX analysis. After the preparation as explained in 4.2.2, the polish-
ing and etching was repeated for a longer period (20 - 30 s extra etching) for getting a 
better contrast by the SEM. After drying, the samples were coated with a gold layer in the 
sputtering chamber of the device before Ar ions spraying on the coated surface for a ho-
mogenous distribution of gold particles. Afterwards, Cu strips were attached to the samples 
surface connecting it to the device holder. SEM was used to study the fine precipitates (in 
nano-size) that could not be observed using the LOM under the available LOM magnifica-
tion. With the help of the adjusted EDX (energy dispersive X-ray spectroscopy) device, the 
composition of the fine (Ti,Nb),(C,N) precipitates could be analyzed.  
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4.2.5    Hardness testing: Wolpert Dia-Testor 

Hardness tests using Vickers method were performed by applying the square shaped dia-
mond indenter with a predefined load on the sample center at room temperature to meas-
ure the hardness of each sample after finishing the microstructure analysis. The hardness 
values give an indication of the mechanical properties of the material after certain treat-
ments; this will be discussed in detail in Chapter 6. The depth of the indentation was auto-
matically recorded on a dial gauge in terms of arbitrary hardness numbers based on the 
measured diagonal of the formed square/rhombus due to the indentation. The average of 
six to eight measurements with enough relative distance for each sample was calculated 
covering the middle area of the specimen to estimate hardness values, while the standard 
deviation was accordingly calculated as well. A load of 20 kg was applied on the specimen 
surface for 10-12 s.  
 

4.3    Software 

4.3.1    MatCalc simulation package 

MatCalc is a computer simulation software package for calculating transformations in me-
tallic systems using the CALPHAD method and a kinetic based on the classical nucleation 
theory. MatCalc uses a mean field approach and allows the description of precipitate sizes, 
number densities and chemical composition. The Scheil-Gulliver module of the thermoki-
netic software package MatCalc was used for a first information on the amount of elements 
becoming bound in the form of primary precipitation during solidification before and during 
the CC [129].  
 
With the help of MatCalc modelling, multiple simulations were performed for every alloy at 
different conditions aiming on studying the precipitation kinetics during CC. The software 
is useful due to its ability to calculate amounts of carbide and nitride precipitates according 
to a defined heating/cooling cycle and its ability to take the nucleation sites into account, 
i.e. the nucleation site, either if it is on grain boundaries or by dislocation or both together. 
One more interesting feature of MatCalc is its ability to take into account deformation to the 
heating/cooling cycle and study its effect on the precipitation mechanism enabling simulat-
ing to a high extent the process during casting and especially straightening.  
 
MatCalc was used for gaining three information for each alloy. Firstly, to define the trans-
formation points of each alloy under equilibrium conditions. Melting point and phase trans-
formation regions were calculated. Comparing the melting point with the temperature re-
sulted from the NST test is important to define the starting temperature for the hot tensile 
testing. The austenite to ferrite transformation temperature from MatCalc had to be com-
pared to the results from the Dil805A experiments. Secondly, it was used to perform a 
Scheil-Gulliver model to predict the primary precipitates during solidification. Before starting 
precipitation simulation for a given alloy for a certain thermo-mechanical treatment, first we 
need to know how much precipitates were already formed during solidification and the rest 
elements, which are still available in the matrix and able to precipitate during further cooling 
and deformation during casting. The third application of MatCalc was to run a precipitation 
calculation step for a thermo-mechanical treatment exactly as the one used for hot tensile 
testing.  
 
Finally, we have the necessary information about the precipitates, amounts, sizes and dis-
tribution of a thermo-kinetic treatment, while hot tensile test will give us the hot ductility 
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values corresponding to that treatment. The values of the parameters used in the thermo-
mechanical cycle such as the cooling/heating rate, strain rate during straightening and re-
heating rate, are given data representing a typical commercial CC process. 
 
The expected results from MatCalc simulations will give an overview of the kinetics of pre-
cipitates formation by calculating the evolution of phase fraction, mean radius and number 
of density. Comparing the types and amounts of precipitates to the ductility values helps in 
understanding which type of surface fracture is dominant in the sample and can be linked 
to the type of ductility loss and cracking. Based on these information one will be able to 
correlate the loss of ductility to the precipitation behavior and define a certain range of 
precipitates, particle size and composition being linked to the low ductility and consequently 
to the crack formation. 
 

4.3.2    Abaqus CAE: Finite element modelling program 

Abaqus is a suite of powerful engineering simulation programs, based on the finite element 
method that can solve problems ranging from relatively simple linear analyses to the most 
challenging nonlinear simulations. Abaqus contains an extensive library of elements that 
can model virtually any geometry. It has an equally extensive list of material models that 
can simulate the behavior of most typical engineering materials including metals, rubber, 
polymers, composites, reinforced concrete, crushable and resilient foams, and geotech-
nical materials such as soils and rock [168].  
 
Designed as a general-purpose simulation tool, Abaqus can be used to study more than 
just structural (stress/displacement) problems. It can simulate problems in such diverse 
areas as heat transfer, mass diffusion, thermal management of electrical components (cou-
pled thermal-electrical analyses), acoustics, soil mechanics (coupled pore fluid-stress anal-
yses), piezoelectric analysis, electromagnetic analysis, and fluid dynamics [168].  
 
The application of the program will be fully discussed in Chapter 6 in the field of heat 
transfer modelling and cooling profiles simulation. Abaqus/CAE 2016 was used to build, 
analyze and evaluate the FEM (finite element method) model. 
 

4.3.3    PXF Workbench Point Count software 

The actual percentages of the different phase structures in the pictures resulted from the 
LOM investigation were manually calculated by using the “PXF Workbench Point Count 
software”. Grain sizes were evaluated by using grid and diagonal methods, while phase 
fractions were calculated by grid point counting. The average values of 20 pictures from 
different positions for every sample were calculated. The results of phase fraction analysis 
depend on the heat treatment performed on each sample. The results will be fully discussed 
in Chapter 6. 
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4.4    Alloy characterization 

4.4.1    As-cast microstructure analysis  

Samples from the as-received material were investigated under LOM and SEM after the 
preparation mentioned in section 4.3 to study the received conditions after CC and before 
starting the experimental program. Fig. 4.7 shows a schematic illustration of the as re-
ceived sample from the centre of slab width (cut form slab centre, Fig. 4.1), while in Figs. 
4.8 to 4.11 the as cast microstructures of the inner surface – section 90 degree to casting 
direction - for Alloy-1 for different locations of the received material are illustrated. 

 

 
Fig. 4.7: Location of as-cast samples in the received material 

 

 
Fig. 4.8: As-cast microstructure (50X),  

                Location-1, Alloy-1 

 
Fig. 4.9: As-cast microstructure (500X),  
               Location-1, Alloy-1 
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Fig. 4.10: As-cast microstructure (50X), 

Location-2, Alloy-1  

 
Fig. 4.11: As-cast microstructure (50X), 

Location-3, Alloy-1  

 
The as cast samples for Alloy-1 show a mixture of ferrite, bainite and pearlite structures 
with different morphologies randomly distributed in the matrix. The grain size also differs 
from one area to another. Relatively high amounts of (Ti,Nb),(C,N) particles are spreading 
randomly in the matrix in different sizes, which could be observed by LOM (Figs. 4.12 and 
4.13) and SEM (Figs. 4.14 and 4.16) and confirmed by EDX (Figs. 4.15 and 4.17) analysis.  
 
 

 
Fig. 4.12: As-cast microstructure 1 (1000X),   
                Location-1, Alloy-1 

 
Fig. 4.13: As-cast microstructure 2 (1000X),     
                Location-1, Alloy-1 
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Fig. 4.14: As-cast microstructure,  
    Alloy-1, Point-1 

 

 

 

 

Fig. 4.15: EDX spectrum of Point-1 

 

 

Fig. 4.16: As-cast microstructure,  
    Alloy-1, Point-2 

 

 

 

 

Fig. 4.17: EDX spectrum of Point-2 

 

 
Samples from the slab corner, see Fig. 4.1, were also studied using LOM to compare the 
resulting microstructure between slab centre and corner under the effect of air/yard cooling. 
Many corner cracks could be observed in the fully bainitic structure at the slab corner re-
gions. Examples are shown in Fig. 4.18.  

 

 
Fig. 4.18: Cracks in corner regions of the receive material, Alloy-1 

On a bigger scale, LOM analysis was performed for relatively large samples to study the 
grain structure at the slab corner and centre on larger areas over the slab thickness in 
casting direction. Figs. 4.19 and 4.20 show the as-cast microstructure of Alloy-1 in corner 
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regions at upper and middle/central areas, respectively. A bainitic matrix with some mar-
tensite formation could be seen on the big scale, which could be attributed to the higher 
cooling rates taking place at the corner areas compared to the rest of the slab. Cracks at 
the centre of the slab corner were also present. At higher magnification, relatively large 
particles of (Ti,Nb),(C,N) were recorded similar to the ones found in the slab width centre 
shown in the Figs. 4.12 and 4.13. The effect of the cooling practice on the microstructure 
of the slab surface at centre and edge compared to the corner regions (in slab transverse 
direction), will be discussed in Chapter 6 in detail.  
 

 

 
Fig. 4.19: Corner microstructure in slab 

corner upper area, inner sur-
face parallel to slab thick-
ness section, Alloy-1 

 
Fig. 4.20: Corner microstructure in slab 

corner central area, inner 
surface parallel to slab thick-
ness section, Alloy-1 

 
LOM analysis for relatively large sample size was also performed for three regions in the 
centre width of the slab, defined as Location 1, 2, and 3 in Fig. 4.7. As can be seen in Figs. 
4.21 – 4.23, the microstructure in the slab centre is different from that of the corner (Figs. 
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4.19 and 4.20) in terms of grain size and formed phases, which can be related to the rela-
tively slower cooling at the slab centre. Fig. 4.21 represents the microstructure at Location-
1, located near the slab surface, which is the area of interest in this work. The LOM analysis 
shows a matrix of bainite with ferrite (8%) formed on the austenite grain boundaries in 
Location-1. Another LOM analysis was performed to measure the grain size using another 
etching material (explained in 4.2.2) which was made to detect austenite grain boundaries 
clearly in the ferrite regions.  
 
Fig. 4.22 shows the as cast microstructure exactly in the slab centre with the highest 
amount of ferrite (37%) in Location-2. Finally, in Fig. 4.23, the microstructure in Location-3 
(slab bottom) is illustrated with (26%) ferrite phase fraction. The presence of the 
(Ti,Nb),(C,N) at higher magnifications could also be clearly observed. Finer precipitates in 
the range of a few micros or in nano-size for both centre and corner regions were observed 
at high SEM magnifications similar to the ones in Figs. 4.14 and 4.16. 

 

 

Fig. 4.21: As-cast microstructure, Location-1, inner surface parallel to slab thickness     
                section, Alloy-1 
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Fig. 4.22: As-cast microstructure, Location-2, inner surface parallel to slab thickness  
                  section, Alloy-1 

 

 

Fig. 4.23: As-cast microstructure, Location-3, inner surface parallel to slab thickness  
                  section, Alloy-1  
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For Alloy-0, the observation for the as cast structure was different. A more homogenous 
(compared to Alloy-1) structure of ferrite/perlite matrix could be observed in all parts of the 
received material at all locations. Figs. 4.24 - 4.27 show examples of the microstructure.  
 

 
Fig. 4.24: As-cast microstructure (50X), 

Location-1, Alloy-0  

 
Fig. 4.25: As-cast microstructure (200X),  
                 Location-1, Alloy-0 

 
Fig. 4.26: As-cast microstructure (500X),  

                  Location-1, Alloy-0 

Fig. 4.27: As-cast microstructure (1000X),  
                 Location-1, Alloy-0 

 

4.4.2    Grain size measurement/calculation 

Based on the previous LOM analysis, grain size evaluation of the micrographs of the dif-
ferent samples from each alloy (after etching method explained in 4.2.2) was performed to 
measure the original austenite grain size using PXF Workbench Point Count software. The 
average grain size was measured by grid and diagonal method.  Evaluation of the results 
gave an average grain size for Alloy-1 of 0.93 mm (± 0.3 mm) in Location-1, while the 
austenite grain size for Alloy-0 was 1.4 mm (± 0.3 mm) at the same location. These average 
austenite grain size values will be used for further precipitation simulation by MatCalc in 
order to build a simulation model with values as close as possible to reality.  
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4.4.3    Austenite to ferrite phase transformation – Dilatometer Dil805A 

Ferrite formation is an important parameter in studying the low temperature ductility 
troughs, where it is important to define the limits of the third embrittlement region. Here, the 
austenite to ferrite transformation temperature is important due to its relation to stress con-
centration, grain boundary effects and enhancement of embrittlement mechanisms. With 
the beginning of the ferrite formation on grain boundaries, void nucleation at second phase 
particles and the growth of these voids continuing within the ferrite film are becoming more 
critical [81,84,169].  On a microscopic scale, it could lead to a ductile fracture, but overall 
the failure is brittle [3].   
 
To observe the austenite to ferrite transformation, dilatometry tests with 10 mm x 5 mmØ 
samples (Fig. 4.2) with slow cooling (0.015 K/s) after austenitization at 1000 °C for 5 min 
was carried out according to the schedule shown in Fig. 4.28. Every test was carried out 
three times for each alloy. An example of the dilatation curve for Alloy-1 is illustrated in Fig. 

4.29. The aim of the experiment is to measure the  transformation (Ar3) by observing 
the sample’s relative change in length over temperature indicating phase changes. In this 
test (Fig. 4.29), ferrite started to form at 775 °C (Ar3) and transformation ends at 607 °C 
(Ar1). The test average values of the transformation temperatures after three runs were 
calculated and summarized in Table 4.3. These values are also to be used for building the 
MatCalc simulation model to be based on measured transformation temperatures.  
 

 
Fig. 4.28: Time - Temperature schedule to study austenite to ferrite transformation  

 
 

Table 4.3: Ferrite start and end temperatures for Alloy-0 and Alloy-1 

 Ferrite start Ferrite end 

Alloy-0 837 °C (±2) 677 °C (±6) 

Alloy-1 757 °C (±7) 607 °C (±10) 



60  Chapter 4: Tools and materials characterization 

 

 

 
Fig. 4.29: Austenite to ferrite transformation curve, Alloy-1 

 

4.4.4    MatCalc Scheil solidification model  

The MatCalc program was used for different applications in this work. In this part, the so-
lidification procedure of each alloy by performing a Scheil-Gulivar simulation will be intro-
duced. Back diffusion of C and N was considered as well as the peritectic reaction. Fig. 
4.30 represents the Scheil model for Alloy-0. By cooling from 100% liquid to complete solid 
(assumption: 1% rest liquid), the constituents of each alloy are calculated in a phase frac-
tion vs temperature diagram.   

 

 
Fig. 4.30: Scheil solidification model, Alloy-0 

 
The result of Scheil solidification model for Alloy-0 suggests a microstructure by the end of 
solidification (liquid=1%) composed of a mixture of delta ferrite (≈ 66%) and austenite (≈ 
33%). The chemical composition by the simulation included 0.001% of Ti and 0.004% of N 
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according to the alloy composition (Table 4.1) which produced a very small amount of TiN 
of 0.004%. The sensitivity of hot ductility to the amount of formed precipitates will be dis-
cussed in Chapter 5. 
 
Scheil solidification model of Alloy-1, see Fig. 4.31, illustrates that a peritectic reaction has 
started and finished. The model suggests an almost fully austenitic matrix structure by the 
end of solidification with 1% liquid. The presence of 0.12% Ti and 0.05% Nb beside 0.005% 
N in the chemical composition of Alloy-1 resulted in the presence of a high amount of Ti- 
and Nb-carbonitrides. The model calculated by the end of solidification the precipitation of 
0.1% of primary TiN and 0.02% of primary NbC in the matrix. These precipitates could be 
clearly seen in the as cast microstructure in section 4.4.1. The precipitation of TiN starts 
very early at ~ 1510 °C, after the beginning of solidification, while NbC starts at ~ 1423 °C, 
shortly before the end of solidification.  
 
According to the MatCalc Scheil models, the solidification for Alloy-1 ends at 1408 °C and 
for Alloy-0 at 1477 °C. These values will be used in the further MatCalc application in mod-
els regarding precipitation kinetics. 

 

 

 
Fig. 4.31: Scheil solidification model, Alloy-1 

 

4.4.5    Measurement of Nil-strength temperature (NST) 

NST is very important for cracking susceptibly studies of metals and alloys, such as in 
welding and casting. At this temperature, as is defined, a material cannot stand any load. 
Therefore, any tensile stress applied at temperatures close to and above the NST would 
lead to a crack or failure. A 6 mmØ x 90 mm sample was used for the NST measurement 
on a Gleeble device together with a pair of specially designed copper grips on the Nil-
strength jaw system. When the specimens are loaded into the grips, the free span should 
be constant. This yields repeatable test results [170].  
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A small load of 8 kg is applied before heating by an air cylinder equipped with the Nil-
strength jaw system. It is kept constant during the tensile test until the specimen is broken. 
The specimen is heated with a heating rate of 20 K/s to a temperature 100 K below the 
liquidus temperature of the material, before changing the heating rate to 1-2 K/s until the 
specimen is broken. The temperature at fracture is registered as the NST of the material. 
The test was run in inert gas environment and type S or R thermocouples are usually used 
when the NST value is higher than 1250 °C [170].  
 
For the NST evaluation of Alloy-1, four experiments were performed. The Time-Tempera-
ture evaluation until sample fracture for the four samples are shown in Fig. 4.32, while the 
resulted NST values of the experiments and the calculated average of the NST measure-
ments are shown in Table 4.4. 
 

 
Fig. 4.32: Time - Temperature evaluation of the NST test, Alloy-1 

 
Table 4.4: Results of the NST experiments, Alloy-1 

Sample NST, °C 

A1.1 1402 

A1.2 1436 

A1.3 1417 

A1.4 1416 

Average: 1418 (±12) 

 
The NST is an important value to define the austenitization temperature in the hot tensile 
testing. The cooling cycle and austenitization temperature will be illustrated in Chapter 5. 
To avoid sample melting and assure a reproducible hot tensile test procedure, the austen-
itization temperature must be taken 20-30 K below NST. An example of the sequence of 
important temperatures below the liquidus temperature are shown in Fig. 4.33.  
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Fig. 4.33: Relation between NST, liquidus and hot tensile test temperatures [171-174] 

 

4.5    Summary and Conclusions 

This chapter gave an overview of the used devices and instrumentation as well as the 
investigated materials. The primary analysis of the as received material and the base ex-
periments and simulations were discussed. The following points can be stated: 

 For Alloy-0, the as cast microstructure of the received slab material is composed of 
ferrite/pearlite matrix at all areas of slab centre and corner. While for Alloy-1, the micro-
structure varied from bainite matrix (at corner regions) and ferrite/pearlite/bainite (in the 
centre of the slab width). More ferrite was observed in the centre of the slab width. 

 Corner cracks in the slab samples could be observed for Alloy-1, but were missing in 
Alloy-0. 

 Relatively large particles of primary (Ti,Nb),(C,N) precipitates were observed in random 
manner all-over the Alloy-1 regions, but could not been detected at any of the Alloy-0 
samples. 

 For further hot tensile testing and precipitation kinetics modelling (explained in Chapter 
5 and 6), some experimental work was carried out with the aim of setting the further 
work on experimental measurements and industrial sample analysis rather than as-
sumptions or literature values.  

 The austenite grain size for Alloy-0 is 1.4 mm, while for Alloy-1 it is 0.93 mm in the slab 
Location-1, where the hot tensile samples are to be prepared. The austenite grain size 
plays an important role, as the precipitation simulation is strongly influenced by it, acting 
as nucleation sites for precipitation in the CC model. 

 According to dilatation testing (Dil805A), the ferrite start temperatures (Ar3) by cooling 
are 837 °C and 757 °C for Alloy-0 and Alloy-1, respectively. 

 Equilibrium calculations using MatCalc resulted in Ae3 values for Alloy-0 and Alloy-1 of 
870 °C and 845 °C, respectively. 

 Simulation for the solidification process was performed using MatCalc 6 and a Scheil 
modelling approach. A complete solidification was assumed reaching 1% rest liquid. 
Peritectic reaction and back diffusion of C and N were considered in the solidification 
calculation. Based on the model results for Alloy-1, the matrix after complete solidifica-
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tion at 1408 °C should be composed of a fully austenite structure with primary precipi-
tates of TiN (0.1%) and NbC (0.02%), which could be obviously detected in the micro-
structure analysis of the as received material. While for Alloy-0, after complete solidifi-
cation at 1477 °C, a matrix of delta ferrite (66%) and austenite (33%) resulted. Very few 
TiN (0.004%) was produced. The effect of precipitates amounts on hot ductility will be 
evaluated in the coming chapters.  

 The MatCalc precipitation model of the CC process will include the amounts of primary 
precipitation resulted from Scheil model as a part of the matrix before further secondary 
precipitation to start after leaving the mold. 

 The precipitation of carbonitride particles in the matrix before a complete delta ferrite to 
austenite transformation, might increase the probability of precipitation to form on aus-
tenite grain boundaries, which is very detrimental to hot ductility and might cause trans-
verse surface cracking, the finer the precipitates are. A remaining liquid film on the fer-
rite/austenite grain boundaries might increase cracking probability due to the strains 
resulting from the phase change. This effect is strongly affected by the primary cooling 
practice in the mold and the chemical composition of the alloy, which defines the phase 
transformation temperatures and amounts.  

 The experiments for the evaluation of the NST temperature for Alloy-1 resulted in an 
average NST of 1418 °C. For a reproducible hot tensile testing, the austenitization tem-
perature will start at 1380 °C. 
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Chapter 5: Continuous casting process 

The process of continuous casting (CC) is analyzed in this chapter followed by presenting 
and discussing the results of experiments and simulations. This chapter will include illus-
tration of ideal casting cycles according to industrial set values, deviation from this cycle in 
case of process interruptions and study of the effects of this interruption on crack sensitivity. 
The effects will be studied and quantified using hot tensile testing (DIL805T), MatCalc pre-
cipitation kinetics modelling and a microscopic approach by LOM, SEM and EDX.  
 

5.1    Different casting conditions 

This section gives the needed overview for the process before the results are introduced 
in the next section. Molten steel follows two successive cooling steps in the casting ma-
chine. First, rapid cooling in the mold, referred to as primary cooling, where primary solidi-
fication takes place and the first solid shell is built, followed by secondary cooling using 
side nozzles spraying water and gas under controlled amounts during further movement of 
the strand downwards between support rolls. The intensity of the secondary cooling con-
trols the strand surface temperature and influences the solidification of the strand center. 
By the end of the casting machine and before the torch cut off line, where slabs cutting 
takes place after the metallurgical length, straightening rolls are responsible for bringing 
the curved strand into a straight/flat position to produce flat slabs. This straightening region 
brings tensile stresses on the upper surface of the strand and compression ones on the 
lower surface.  
 
Two important parameters are mainly affecting an ideal process and their control can 
strongly influence the avoidance of surface cracks during the straightening process. Those 
two factors are the casting speed and the secondary cooling conditions. The combination 
of both factors defines the temperature profile of the strand, surface cooling rates and sur-
face deformation during straightening. Their influence differs from one casting machine to 
another depending on machine’s geometry and slab thickness.  
 
Fig. 5.1 illustrates a schematic drawing starting from mold exit (without values of tempera-
ture and distance form meniscus) of the temperature profile under ideal/typical casting con-
ditions to the set values. The casting speed is 1 m/min and the surface temperature during 
straightening is around 1000 °C on average (temperature fluctuation between maximum 
1080 °C and minimum 950 °C due to roll contact). The ideal temperature profile before 
straightening is illustrated in the diagram by the dashed curve. It can be seen that the sec-
ondary cooling was deactivated/reduced at a certain point from the mold downstream, 
which allows surface reheating of the strand surface before straightening. In case of no 
change in the performance/intensity of the secondary cooling nozzles, the strand straight-
ening would have happened in a much lower temperature range (below 1000 °C) which is 
not desired. Unbending during straightening produces around 1 - 2% of surface tensile 
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strain on the upper slab surface. The strain rate depends on the casting speed, slab thick-
ness and machine geometry that is around 2 x 10-3 s-1 according to industrial data.  
 

 
Fig. 5.1: Temperature profile under ideal/set CC conditions 

 
Slab surface quality and crack free cast products are possibly improved by the optimization 
of casting speed and secondary cooling. Under irregular (undesired but unavoidable) cast-
ing conditions, a compromise should be met to avoid machine damage and getting as ac-
ceptable material quality as possible. Important example is the case of a break-out in the 
mold, where the casting speed is reduced to a minimum and cooling intensity (upper part 
of the machine) is increased to avoid molten steel to flow from the broken strand into the 
machine. By successfully saving the strand flow and reproducing a growing and thicker 
solid shell, the regular casting conditions are to be proceeded again.  
 
What happens during this switching from normal casting speed (1 m/min) into the break-
out situation (0.2 m/min) and then leveling back to the normal casting conditions is studied 
in this chapter within the scope of the effect of this speed switching on surface cracking of 
the strand.  
 
The changes during casting once a break-out takes place until normal conditions are re-
sumed, can be observed over four consecutive segments represented schematically in 
Figs. 5.2 to 5.5. First, once a break-out takes place, the casting speed will be reduced to 
0.2 m/min and the surface temperature of the upper region of the strand will fall and reaches 
values less than 900 °C before it rises up again. An illustration of the beginning of the break-
out is shown in Fig. 5.2. The deviation of the break-out temperature profile from the ideal 
temperature profile is clear by observing the deviation from the dashed curve representing 
the ideal temperature profile. 
 
In the straightening area at the same moment, where the break-out begins, the average 
straightening temperature is still similar to ideal casting, while the casting speed is dropped 
to lower values, which reduces the deformation rate at the slab surface. The conditions in 
the straightening area in this case will be referred to as Break-out-1.  
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Fig. 5.2: Temperature profile during break-out (1/4) 

 
Once the break-out is over and the casting speed is allowed to be gradually increased back 
to ideal conditions, the cooling nozzles set up should be used to improve/repair the part of 
the strand with the undesired temperature drop. The secondary cooling intensity will be set 
to its minimum in the relatively cold part of the strand resulted from the break-out to allow 
reheating of the strand surface from the molten/hotter slab center.  This area will receive 
less secondary cooling by further strand movement downwards to slowly merge with the 
flow of the strand and gradually reach the set/ideal temperature profile values again. This 
recovery practice can be seen in Fig. 5.3.  
 

 
Fig. 5.3: Temperature profile during break-out (2/4) 

 
Under the conditions presented in Fig. 5.3, the part of the strand in the straightening area 
will experience a low casting speed/deformation rate, while the straightening temperature 
is in the range of (1060 - 850 °C). This case will be referred to as Break-out-2. 
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Further increase in the casting speed from 0.45 m/min (Fig.5.3) to 0.65 m/min (Fig.5.4) 
moves the break-out affected region further as shown in Fig. 5.4. The upper part of the 
strand is fully recovered and fits back with the ideal temperature profile of the strand, while 
the lower part with the temperature drop earlier is still recovering by slab surface reheating 
and merging with the rest of the strand that didn’t experience the rapid cooling of the break-
out. The current straightening temperature range is (1050 – 830 °C) while the casting speed 
of 0.65 m/min which results in a lower deformation speed compared with the one in the 
ideal case resulting from 1 m/min. These conditions will be referred to as Break-out-3. 
 

 
Fig. 5.4: Temperature profile during break-out (3/4) 

 
After some minutes from the break-out start, the break-out affected region reaches now the 
straightening rolls in the machine and the casting speed is regulated to its original value of 
1 m/min. This switching to regularity is illustrated in Fig. 5.5. In the straightening area, the 
surface temperature is fluctuating between 1000 °C at its maximum value and 800 °C at 
the lower one. Those values strongly depend on the secondary cooling practice, slab thick-
ness and casting speeds. This condition, where the casting speed is back to 1 m/min and 
the straightening temperature is fluctuating between 1000 °C and 800 °C, will be called 
Break-out-4. The part of the strand coming afterwards (dashed box) has already higher 
temperature range as it was cast after the finishing of the break-out and it represents cast-
ing according to the ideal temperature profile and the set casting speeds. Starting from this 
point, a complete normal condition will proceed. When the 1 m/min is reached again, the 
casting conditions are back to normal, but it is important to note that starting from the break-
out point until the point where the normal casting process proceeds again, all the material 
in between has a different casting history in terms of cooling and deformation. In other 
words, the steel strand related to the break-out (~length of 4 slabs), experienced different 
secondary cooling profiles and deformation rates in the straightening region. A comparison 
between the ideal casting conditions with the four different break-out cases is shown if 
Table 5.1. 
 

T
e

m
p

e
ra

tu
re

, 
°C

Distance from meniscus, m

Ideal temperature 
profile

Straightening area

Part affected by 
the break-out



Chapter 5: Continuous casting process  69 

 

 

 
Fig. 5.5: Temperature profile during break-out (4/4) 

  
Table 5.1: Comparison between ideal/set and break-out casting conditions 

 

Case 
Straightening tem-
perature range, °C 

Cooling rate, 
K/s 

Casting speed at 
straightening, m/min 

Break-out-1 1080-950 0.1 0.2 

Break-out-2 1060-850 0.04 0.45 

Break-out-3 1050-830 0.05 0.65 

Break-out-4 1000-800 0.1 1 

Ideal casting 1080-950 0.1-0.3 1 

 
From the figures and the values, it could be observed that the Break-out-4 case is the one 
where the slab suffers the most abnormal casting conditions compared to the others. It is 
the slab that experiences the sudden cooling at the beginning of the break-out (which can 
lead to finer secondary precipitation), the slowest casting program (which can lead to rela-
tively large austenite grain size) and the straightening takes place at the lowest temperature 
range (down to 800 °C).  
 
However, in both of the ideal casting condition (Fig. 5.1) and the condition of Break-out-4 
(as in Fig.5.5), the casting speed during the straightening is 1 m/min with a difference in 
the temperature range for unbending and cooling history. In spite of the same deformation 
speed taking place in the two cases, the effect of the cooling schedule (at a fixed strain rate 
in both cases) on the hot ductility is remarkable, which is studied in this chapter to evaluate 
the crack sensitivity of a slab with a Break-out-4 history compared to slab cast under the 
set/ideal values. Slabs that represent the Break-out-1, 2 and 3 cases are also believed to 
be critical in terms of cracking as lower casting speeds will result in lower strain rates which 
is detrimental to hot ductility despite that the straightening takes place at relatively high 
temperatures even closer to the ideal casting range. The effect of different strain rates was 
also studied. Finally, the results of this analysis will be compared with the findings of the 
industrial statistical analysis.  
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Based on the previous description, some cases for further experimental procedure were 
chosen to study the effect of different cooling cycles.  Cycle-1 (Fig. 5.6) represents a slab 
with an ideal/set casting conditions where cooling rate before deformation varies between 
0.1 - 0.35 K/s, while Cycle-2, shown in Fig. 5.7, represents a slab cast under the conditions 
of Break-out-4 case.  Cycle-1 and 2 will be used in the further hot tensile testing for hot 
ductility evaluation and MatCalc precipitation simulation. In the hot tensile testing on 
Dil805T, the samples were austenized at (1350 – 1380 °C) for 10 minutes then cooled 
down to test temperature according to the defined cycle until the deformation step. After 
deformation to fracture, the samples are quenched with 100 K/s to room temperature for 
subsequent microstructural analysis. 
 
 

 
Fig. 5.6: Cycle-1 temperature profile during ideal/set casting conditions 

 
Fig. 5.7: Cycle-2 temperature profile for Break-out-4 case 

 

5.2    Evaluation of hot ductility and precipitation kinetics 

 
The hot ductility behaviour of samples from Alloy-0 and Alloy-1 was tested using Baehr 
quenching and deformation dilatometer ‘DIL 805 T’ under the condition selected in the pre-
vious section. DIL805T is capable of monitoring the strain, load, time and temperature dur-
ing the course of hot tensile test. The elongation to rupture (ER) was taken as measure for 
hot ductility and was calculated according to Equation 5.1, where ΔL is the difference of 
the sample gauge length before and after the test. L0 is the sample gauge length before 

0.1 - 0.35 Ks-1 
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test. The average value of at least 2-3 hot ductility tests for every case was evaluated and 
presented in the results. A sketch of the sample geometry of a hot tensile test was shown 
in Fig. 4.3. Analysis of the fracture surface followed the test to study the fracture mecha-
nism resulted at every selected condition and the accompanying effects at its correspond-
ing temperature. 
 

ER =
∆L

L0
∗ 100    [%] 

  (5.1) 
 
 
A precipitation kinetics model for the secondary precipitation on grain boundaries and dis-
locations was built using MatCalc 6. The model is based on the Scheil and primary precip-
itation results from the simulation presented in Chapter 4. The objective of the model is to 
evaluate precipitates amounts, sizes, distribution and number density formed during each 
thermal cycle (Fig. 5.6 & Fig. 5.7) applied in the hot tensile testing. This gave information 
to precipitation kinetics that could be correlated with the hot tensile testing results run under 
the same program/thermal cycle. The results presented in this chapter will answer the fol-
lowing questions in this sequence:   
 

         
 
For the hot tensile testing, Table 5.2 summarises the important studied effects and the 
different test conditions of each case. Effects of four different parameters/combination of 
parameters on hot ductility were evaluated. First, the effect of cooling cycle at a fixed strain 
rate to compare ideal casting conditions with break-out. Secondly, the effect of different 
strain rates for the same cooling cycle to study the effect of different casting speeds for the 
same cooling history. Third, is to combine the improvements resulted from the first and 
second effect by simultaneously optimizing the cooling and strain rates, and finally studying 
the effects at low temperatures on hot ductility after ferrite transformation. 
 
 

What are the properties of the Alloy-0 and Alloy-1
slabs under ideal casting conditions in terms of hot
ductility, precipitation and fracture mechanism?

In case of deviation from ideal casting conditions as
in break-out for example, how will these properties
change?

Is it possible to improve unacceptable slab
properties under undesired conditions? If yes, then
how? If not, then what should be done?
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Table 5.2: List of the studied effects and testing conditions 

Effect Case Cooling rate [K/s] / 
cycle 

Deformation 

Temperature 
range [°C] 

Strain rate 
[10-3 s-1] 

5.2.1 Cooling cycle 
Case-1 0.1 / Cycle-1 1080 - 950 2 

Case-2 0.1 / Cycle-2 1000 - 800 2 

5.2.2 Strain rate 

Case-3 0.35 / Cycle-1 1080, 800 1 

Case-4 0.35 / Cycle-1 1080, 800 2 

Case-5 0.35 / Cycle-1 1080, 800 5 

Case-6 0.35 / Cycle-1 1080, 800 10 

5.2.3 Simultaneous 
change in cooling 
and strain rates 

 
Case-7 

 

0.1 / Cycle-1, 
0.35 / Cycle-1 

 
1080 - 800 

 
1 & 2 

5.2.4 Lower tem-
perature 

 

Case-8 
 

0.1 / Cycle-1 
 

800, 700, 600, 50 
 

1 

 
In Case-1, the ideal cooling cycle during casting (Cycle-1 – Fig. 5.6) was tested at different 
temperatures (1080, 1030, 1000 and 950 °C) with the same cooling rate of 0.1 K/s and 
strain rate of 2 x 10-3 s-1. Case-2 has the cooling cycle of a Break-out-4 slab (Cycle-2 – Fig. 
5.7) and was tested at its related temperature values (1000, 900 and 800 °C). Both cases 
1 and 2 were tested under the same strain rate as they have the same casting speed in 
reality but different thermal history and straightening temperature ranges. Further (lower) 
temperatures (at 800 °C and 700 °C) were tested in Case-1 and 2 for a better study and 
comparison, even if they are not valid in industrial practice under regular conditions. The 
effect of different strain rates for two chosen temperatures (1080 °C and 800 °C), repre-
senting the possible maximum and minimum straightening temperatures, was studied in 
Case 3, 4, 5 and 6 under a fixed thermal cycle of Cycle-1 with a secondary cooling rate of 
0.35 K/s. The results of cases 1 - 6 lead to the idea of hot ductility improvement by simul-
taneous optimization of secondary cooling and deformation speed as will be presented for 
Case-7. For extreme cases, low temperature deformation was applied in Case-8 to evalu-
ate the hot ductility after the appearance of the ferrite phase at 700 °C and 600 °C. Tensile 
testing at 50 °C was carried out to study the microstructure and fracture surface and inves-
tigate if further effects/mechanisms might take place at much lower temperatures.  
 

5.2.1    Effect of cooling cycle 

To start with, the hot ductility of both alloys was measured under the ideal casting condi-
tions of Cycle-1. The aim is to evaluate a range of reference values of the hot ductility 
coming with set/ideal casting temperature and deformation profiles. This is important for 
further comparison purposes. Then tests under Cycle-2 were run to evaluate the effect of 
break-out. The results for each alloy will be separately presented in this section. 
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5.2.1.1    Hot ductility: Alloy-0 (no alloying elements) 

 
For Alloy-0, Table 5.3 shows the results of Case-1 (test conditions see Table 5.2), while in 
Table 5.4, the results of the break-out cycle (Case-2) are presented. Discussion of the 
results will follow the SEM results. 
 

Table 5.3: Results of Case-1: Ideal casting, Alloy-0 

 Ideal/set casting conditions – Cycle-1 

Temperature, °C 1080 1030 1000 950 900 800 700 

Alloy-0 hot ductility, % 82 85 84 80 80 80 80 

Standard deviation ±, % 0 4 5 9 1 0 4 

 
Table 5.4: Results of Case-2: Break-out, Alloy-0 

 Break-out – Cycle-2 

Temperature, °C 1000 950 900 800 

Alloy-0 hot ductility, % 81 79 80 54 

Standard deviation ±, % 0 0 10 8 

 
Fig. 5.8 shows a comparison of the hot ductility under ideal casting conditions against the 
hot ductility after a break-out for Alloy-0. The arrow in the diagram points to the ferrite start 
temperature (Ar3) at 837 °C. 
 

 
Fig. 5.8: Hot ductility of ideal casting vs break-out, Alloy-0 

 

5.2.1.2    Fracture surface analysis: Alloy-0 

The fracture surface of the broken samples were analyzed using SEM to study the fracture 
mechanisms and compare different cases of Alloy-0. Fig. 5.9 shows the fracture surfaces 
for experiments run under ideal casting condition of Cycle-1 at its temperature range be-
tween 1080 °C and 950 °C, while Fig. 5.10, shows the fracture surfaces for experiments 
run under break-out conditions of Cycle-2 at 1000 °C and 800 °C.  
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1080 °C 1000 °C 950 °C 

   

 

 

   
Fig. 5.9: Fracture surface after Cycle-1, Alloy-0 

 
As it can be observed, Alloy-0 will always have high hot ductility values (≈ 83%) under ideal 
casting conditions of Cycle-1 between 1080 and 950 °C, moreover, a ductile fracture could 
be seen on the surface of the broken samples. Even at lower temperatures below the ferrite 
start (Ar3= 837 °C), the hot ductility values did not drop at the temperature range (900 - 
700) °C, which is considered to be the temperature range during transportation and storage 
after leaving the casting shop. On the other hand, a different fracture surface under the 
break-out program (Cycle-2) could be clearly seen at 800 °C (hot ductility 54%), while ac-
ceptable hot ductility values resulted for all other temperatures between 1000 - 900 °C 
during the break-out. The fracture surface at 800 °C, Cycle-2, shows a mixture of intergran-
ular fracture and voids coalesced dimples accompanied with a relatively low hot ductility 
(54%), which did not take place at the same temperature of 800 °C under Cycle-1. Treat-
ments on both cycles at 800 °C were further evaluated under another cooling/quenching 
treatment on Dil805A to study the microstructure, grain size and ferrite formation on both 
cases after sample quenching at 800 °C at the two different cycles. The results are sum-
marized in Table 5.5. 
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1000 °C 800 °C 

  

  

  
Fig. 5.10: Fracture surface after Cycle-2, Alloy-0 

 
Table 5.5: Comparison between Cycle-1 & 2 at 800 °C, Alloy-0 

Sample Cycle-1, 800 °C 
(ideal casting) 

Cycle-2, 800 °C 
(break-out) 

Grain size, µm 103±7 203 ±23 

Hot ductility, % 80 % 54% 

Ferrite content, % 54% 22% 

 
The metallographic analysis after quenching the samples at 800 °C for the two different 
cycles showed that the break-out resulted in a larger grain size and that the phase fraction 
of the ferrite films on the grain boundaries was much less compared to the case of 800 °C 
under Cycle-1 conditions without break-out. The results for Cycle-1 and Cycle-2 at 800 °C 
are shown in Fig. 5.11 and Fig. 5.12, respectively. 
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   Fig. 5.11: Microstructure at 800 °C after 
                  Cycle-1, Alloy-0 

 
    Fig. 5.12: Microstructure at 800 °C after  

Cycle-2, Alloy-0 

 
Generally, the straightening process should take place at temperatures above Ar3 for each 
alloy, which is the case for Alloy-0 between 1080 - 950 °C with hot ductility of ≈ 83% under 
Cycle-1. The break-out forced the strand surface to reach the unbending zone relatively 
late where the surface temperature could partially fall down to 800 °C, which is below the 
ferrite start temperature (Ar3). The formation of thin ferrite films (22%) encouraged the fail-
ure at the grain boundaries and resulted in dimples. The critical effect of the overall break-
out cooling cycle is that it resulted in a relatively higher grain size (203 µm) with less ferrite 
content, giving less resistance to fracture. On the contrary, reaching 800 °C within the nor-
mal Cycle-1 (which is anyway not much likely to happen under normal casting condition) 
results in a finer austenite grain size (103 µm) with a higher ferrite content (54%) on the 
grain boundaries as well as a higher grain boundary density and triple points.  These effects 
result in a longer resistance to failure and higher overall ductility due to higher ferrite content 
and finer grain size. 
 
For alloys of type Alloy-0, unbending at temperatures above Ar3 (for both cooling Cycle-1 
and 2) will not result in higher cracking risks as long as there are no precipitation. Below 
Ar3 with small ferrite content, the strain during deformation will mostly be concentrated on 
the small ferrite contents built in the austenite grain boundaries and cause failure within the 
thin ferrite film as it is softer. With a higher ferrite content (>50%), the overall matrix ductility 
is increasing and the strain distribution between austenite and ferrite will be more uniform. 
This effect was reported by [3,57,81,83,84] as well, as explained in Chapter 3. 
 

5.2.1.3    Hot ductility: Alloy-1 (micro-alloyed) 

By the analysis of Alloy-1, the influence of precipitation should be considered as it strongly 
contributes to the resulting hot ductility values, which did not happen to be the case in 
studying Alloy-0 (no precipitation). Table 5.6 shows a summary of the results of Case-1 
(test conditions in Table 5.2) for Alloy-1 under ideal casting conditions, while in Table 5.7, 
the results of the break-out cycle (Case-2) were presented. Fig. 5.13 shows a comparison 
of the hot ductility under ideal casting condition vs after a break-out cycle for Alloy-1. The 
arrow in the figure points to the ferrite start temperature (Ar3) at 757 °C. Discussion of the 
results will follow the SEM results. 
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Table 5.6: Results of Case-1: Ideal casting, Alloy-1 

 Ideal/set casting conditions – Cycle-1 

Temperature, °C 1080 1030 1000 950 900 800 700 

Alloy-1 hot ductility, % 83 89 82 80 73 55 31 

Standard deviation ±, % 2 1 8 5 6 5 3 

 
Table 5.7: Results of Case-2: Break-out, Alloy-1 

 Break-out – Cycle-2 

Temperature, °C 1000 950 900 800 

Alloy-1 hot ductility, % 82 64 61 55 

Standard deviation ±, % 7 0 8 1 

 
 

 
Fig. 5.13: Hot ductility of ideal casting vs break-out, Alloy-1 

 

5.2.1.4    Fracture surface analysis: Alloy-1 

Analysis of the broken samples surfaces using SEM was applied here as well for studying 
the fracture surfaces and failure mechanisms. Fig. 5.14 shows the fracture surface of sam-
ples run at the ideal casting conditions of Cycle-1 between 1080 °C and 950 °C, where 
ductile failure on sample surfaces could be observed. On the other hand, Fig. 5.15 shows 
the fracture surface in the case of break-out Cycle-2 in the temperature range of (1000 - 
800 °C). Below 1000 °C, the fracture surfaces show more dimples density at the fracture 
interface by lowering the test temperature down to 900 °C and more dimples at 800 °C 
mixed with a partial intergranular failure. 
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1080 °C 1000 °C 950 °C 

   

   
Fig. 5.14: Fracture surface after Cycle-1, Alloy-1 

 
From the results of Alloy-1, it could be observed that under ideal casting conditions of Cy-
cle-1, high average hot ductility values (> 80%) are present accompanied by ductile fracture 
surface in the temperature range of (1080 - 950 °C). On the other hand, during break-out 
(Cycle-2), the fracture surfaces show higher density of dimples regions especially at 800 
°C. Below 1000 °C, the hot ductility values start to drop in the break-out temperature to 
61% at 900 °C until it reaches 55% at 800 °C illustrating the higher risk of cracking during 
break-out compared to normal/ideal casting conditions. 
 
At further lowered temperatures (below 950 °C) during ideal casting of Cycle-1, the hot 
ductility is dropping as well to values of 73% at 900 °C, 55% at 800 °C and even to 31% at 
700 °C (below Ar3). This fact indicates high cracking risk especially after the beginning of 
ferrite film formation at 757 °C, which will strongly contribute to lower hot ductility, but those 
temperatures values between 900 – 700 °C are usually not reached during ideal casting. 
While critical hot ductility values (less than 70%) will possibly be reached at the lower tem-
perature part in case of break-out between 1000 °C and 800 °C. This is most probably the 
reason why a break-out is possibly leading to surface cracking more than any process 
defect. Generally, lower surface temperatures (below 900 °C) during straightening will have 
a negative influence on hot ductility in both cycles, but the effect will be more severe at 
temperatures values below the Ar3 or under the break-out cycle.  
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Fig. 5.15: Fracture surface after Cycle-2, Alloy-1 

 
The low ductility during break-out of Alloy-0 could be explained by failure at the ferrite film 
formed before/during the unbending, which is not the case for Alloy-1. Low hot ductility 
values (55%) during unbending at 800 °C of Alloy-1 resulted due to the precipitation for-
mation before ferrite was formed. The ductility values got even worse (31%) after the ap-
pearance of ferrite (Ar3= 757 °C) in tensile testing at 700 °C due to the combined influence 
of the presence of fine precipitates and ferrite phase, which didn’t take place in Alloy-0. The 
precipitation kinetics of Alloy-1 will be studied in detail in the following section. 
 

5.2.1.5    MatCalc precipitation simulation: Alloy-1 

Two precipitation models were built using MatCalc 6 to study the kinetics of secondary 
precipitates during Cycle-1 and Cycle-2 at different temperatures and its effect on the re-
sulting precipitates sizes and phase fractions. Both models start from the final temperature 
where the Scheil model (see Chapter 4) ended at 1408 °C after a complete solidification 
was reached. The coarse primary precipitates of TiN and NbC formed during solidification 
will stay at fixed sizes and phase fractions in the matrix during the secondary precipitation 
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is taking place in the solid state as will be shown in the figures. Each model was set up to 
enable the secondary precipitates to form on both grain boundaries (gb) and dislocations 
(dln). The first model (Model-1) represent the ideal casting conditions in the temperature 
range of (1080 - 950 °C) as in Cycle-1, while the second one (Model 2) represents the 
break-out case in the range of (1000 - 800 °C) as in Cycle-2.  
 
The complete results and values of particle size and phase fraction of both models after 
running at the different temperature ranges are summarized in Table 5.8 and illustrated in 
Fig. 5.16. As could be observed, the primary precipitates of TiN and NbC have an average 
mean radius of 2 µm with relatively high phase fraction (TiN: 0.001, NbC: 0.0002). Break-
out (Cylce-2) resulted in much finer secondary precipitates and higher precipitates phase 
fractions compared to ideal casting (Cycle-1). The results of the MatCalc models will be 
explained in respect to the results of the hot tensile testing later on in this section. 
 

Table 5.8: Results of MatCalc simulation for Model-1 & 2, Alloy-1 

Model Model-1 Model-2 

Cycle Cycle-1 Cycle-2  

Temperature, °C 1080 - 950  800  700  1000 - 800  

TiN (secondary) 
mean radius, nm 

50-72 67 67 7-10 

TiN (secondary) 
phase fraction 

1-5 
x 10-10 

3 
x 10-10 

3 
x 10-10 

2-80 
x 10-5 

TiN (primary) 
mean radius, µm 

2  

TiN (primary) 
phase fraction 

0.001 

NbC (secondary) 
mean radius, nm 

10-49 1 3 18 

NbC (secondary) 
phase fraction 

2-40 x 10-6 0.0002 0.0021 0.002 

NbC (primary) 
mean radius, µm 

2  

NbC (primary) 
phase fraction 

0.0002 

 
For Alloy-1, the first model is a simulation of ideal casting conditions of Cycle-1 in the tem-
perature range of (1080 - 950 °C). Further lowered temperatures were evaluated by the 
model for a better comparison. Some selected cases from both models will be fully pre-
sented in this section to illustrate the critical influences on particle size. Straightening after 
Cycle-1 at 1080 °C (ideal casting temperature), 800 °C (before Ar3) and 700 °C (after ferrite 
start) are illustrated in Figs. 5.17 - 5.19. The results are showing the phase fraction, number 
density and mean particle radius for each case. An example of the results of Model-2 is 
illustrated in Fig. 5.20 representing the break-out situation at 800 °C. Changes in the cool-
ing rates during a cycle, reheating and/or formation of new nucleation sites due to defor-
mation or ferrite formation, affects the resulting average mean radius and consequently the 
number density and phase fraction. 
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Fig. 5.16: Comparison of particle size and phase fraction between Model-1 and 2  
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Fig. 5.17: MatCalc Model-1 at 1080 °C, ideal casting, effect on particle size, Alloy-1 

 

 
Fig. 5.18: MatCalc Model-1 at 800 °C, effect on particle size, Alloy-1 

Cycle-1 cooling profile – 1080 ºC 

Cycle-1 cooling profile – 800 ºC 
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Fig. 5.19: MatCalc Model-1 at 700 °C (below Ar3), effect on particle size, Alloy-1 

 
 

 
Fig. 5.20: MatCalc Model-2 at 800 °C, effect on particle size, Alloy-1 

 
 
 

Cycle-1 cooling profile – 700 ºC 

Cycle-2 cooling profile – 800 ºC 
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From the results, it could be observed that during the break-out temperature profile (Cycle-
2) a higher phase fraction of TiN and NbC with much finer sizes (TiN:7-10 nm, NbC:18 nm) 
resulted compared to Cycle-1 (TiN: 72 nm, NbC: 49 nm), which explains the low hot ductility 
values for Cycle-2. At 700 °C, NbC will precipitate with a high phase fraction (0.0021) - 
even higher than the primary precipitates phase fraction (0.0002) formed during solidifica-
tion - with very fine average mean radius of 3 nm showing the strong influence of defor-
mation below ferrite start temperatures (Ar3= 757 °C). This corresponds to the lowest rec-
orded hot ductility of 31% resulted at 700 °C as well.  
 
Finer precipitates - especially with higher phase fraction on grain boundaries - are more 
detrimental to hot ductility and will lead to a higher cracking risk as they will enhance deco-
hesion on the prior austenite grain boundaries and promote failure by void nucleation at 
second phase particles. Growth of these voids will continue within the austenite grain 
boundaries especially if thin ferrite film is available. The influence of precipitates sizes on 
failure mechanism was explained in 3.2.2 and 3.3.2.2.  
 
Fine precipitates below critical sizes can form in case of casting outside the temperature 
range of (1080 - 950 °C) of ideal casting with Cycle-1, as for example at 800 °C (even 
worse at 700 °C, below Ar3) or at any temperature at the break-out Cycle-2, where precip-
itation started earlier (in time) with finer particles. This could happen in case of break-out 
for different reasons. Firstly, high cooling rate occurring at the beginning of the break-out 
results in finer particles. Secondly, break-out is accompanied by much slower casting 
speed, which allows longer time periods for strain induced precipitates to form. Finally, the 
intense secondary cooling might result in straightening temperature range below the Ar3. 
The detrimental influence of fine precipitates for both cases could be confirmed with / cor-
related to the low hot ductility results. At break-out condition, TiN particles have sizes of 7-
10 nm in the temperature range of (1000 - 800 °C). Mintz [4] mentioned that slabs with 
precipitates < 15 nm recorded high slab rejections. 
 
As mentioned in 5.1, the Break-out-4 was expected to give the highest cracking probability 
(lowest hot ductility) compared to the other break-out conditions (1, 2 and 3). Model-2 of 
MatCalc was tested under the temperature profile history of the four break-out situations 
with applying straightening deformation at the corresponding unbending temperatures for 
each case. The model considers that each break-out situation has its corresponding cast-
ing and deformation speeds and therefore, the particle size of the precipitates were calcu-
lated accordingly. A summary of the results in shown in Table 5.9. The results confirm that 
the case of Break-out-4 had the smallest particle size of both TiN (7nm) and NbC (18 nm) 
which proves that slab 4 is the most critical one of the strand in case of break-out. The 
ability of avoiding its cracking by optimizing/improving the casting conditions of this slab 
means the ability to avoid cracking for the other less sensitive slabs. Improving hot ductility 
by optimizing casting conditions will be introduced in the next sections. 
 

Table 5.9: Particle size calculation of break-out slabs 

Mean radius, 
nm 

Break-out-1 
(1050 °C) 

Break-out-2 
(1050 °C) 

Break-out-3 
(1030 °C) 

Break-out-4 
(1000 °C) 

TiN 55 55 59 7 

NbC 62 62 55 18 

 
As a short summary of this section, all the important factors influencing crack sensitivity 
and hot ductility are summarized in Fig. 5.21 according to the previously discussed results. 
All casting conditions leading to acceptable hot ductility values (> 80%) are considered safe 
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to surface quality, where slabs did not record surface cracking according to the statistical 
analysis (Chapter 2). Other conditions leading to critical (50-75%) or unaccepted (< 40%) 
hot ductility should be treated with care. The following section will show how optimization 
of casting conditions through casting speed and secondary cooling adjustments could be 
beneficial, in order to shift the unaccepted and critical values into less critical and more 
accepted ones.  
 
 

         
Fig. 5.21: Summary of factors affecting hot ductility  

 

5.2.2    Effect of strain rate in Alloy-1 

5.2.2.1    Hot ductility 

In the previous part, the conditions leading to low hot ductility and high crack sensitivity 
were illustrated in terms of the effect of a break-out. It could also be shown that certain 
temperature ranges and deformation speeds should be avoided during slab straightening. 
In cases where some parameters are out of control due to unexpected failure during the 
casting process, adjusting some other casting parameters is still possible to save the slab’s 
quality. 
 
Two temperatures were chosen for this analysis.  Firstly, 1080 °C, representing a safe 
temperature for ideal casting, and secondly, 800 °C, which was always related to lower 
ductility values with or even without break-out.  For a fixed secondary cooling practice in 
both cases (cooling with 0.35 K/s), four different deformation speeds were tested to study 
the effect of strain rate on the resulting hot ductility. In reality, deformation speed is con-
trolled by the casting speed, casting machine geometry and slab thickness. The hot tensile 
testing results of cases 3, 4 and 5 for Alloy-1 are summarized in Table 5.10 and Fig. 5.22.  
 
 
 
 

Critical hot ductility (50-75%)

- Straightening temperature < Ar3

- ferrite formation

- no precipitates 

Acceptable hot ductility (> 80%)

• High straightening temperature 
> 950 °C

• precipitates > 40 nm

• no ferrite

Unacceptable hot ductility         
(< 40%)

- Straigthening below ferrite start     
(Ar3)

- fine precipitates < 15 nm

Critical hot ductility (50-75%)

- Straightening temperature     
between Ar3 - 950 °C

- precipitates < 40 nm

- no ferrite
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Table 5.10: Hot tensile testing results of Cases 3, 4, 5 & 6, Alloy-1 

Temperature, °C 1080 °C (cooling 0.35 K/s) 

Strain rate, 10-3 s-1 1 2 5 10 

Alloy-1 hot ductility, % 79 80 80 79 

Standard deviation ±, % 0 2 1 0 

Deformation time, s 615 215 105 52 

Temperature, °C 800 (cooling 0.35 K/s) 

Strain rate, 10-3 s-1 1 2 5 10 

Alloy-1 hot ductility, % 27 31 37 47 

Standard deviation ±, % 2 3 0 2 

Deformation time, s 279 120 61 36 

 

 
Fig. 5.22: Effect of strain rate on hot ductility at 1080 °C and 800 °C, Alloy-1 

 
 

5.2.2.2    Fracture analysis 

The broken samples after the hot tensile testing at 1080 °C and 800 °C at different defor-
mation speeds were analyzed using SEM. Figs. 5.23 and 5.24 illustrates the results for 
800 °C and 1080 °C, respectively. 
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T= 800 °C - Strain rate: 0.001 1/s T= 800 °C - Strain rate: 0.0025 1/s 

  

  
T= 800 °C - Strain rate:0.005 1/s T= 800 °C - Strain rate: 0.01 1/s 

  

  
Fig. 5. 23: Fracture surface at 800 °C, different strain rates, Alloy-1 
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T= 1080 °C –  
Strain rate: 0.001 1/s 

T= 1080 °C –  
Strain rate: 0.005 1/s 

T= 1080 °C –  
Strain rate: 0.01 1/s 

   

   
Fig. 5.24: Fracture surface at 1080 °C, different strain rates, Alloy-1 

 
As shown in the Fig. 5.22, at a high straightening temperature of 1080 °C the hot ductility 
was always high (≈ 80%) showing no influence on changing the strain rate. On the other 
hand, the effect of increasing the strain rate was obvious at 800 °C, where increasing the 
strain rate improved the hot ductility from 27% (at 0.001 1/s) to 47% (at 0.01 1/s) with the 
same cooling rates. The mechanism leading to an improvement of the hot ductility at higher 
deformation rates was studied further by investigation of the fracture surfaces.  
 
As in Figs. 5.23 and 5.24, the fracture at 1080 °C was always ductile for all deformation 
speeds, while at 800 °C intergranular fracture on austenite grain boundaries occurred sug-
gesting grain boundary sliding (GBS) to be taking place. The intergranular failure at 0.001 
1/s gave the lowest hot ductility values (27%) and showed the sharpest intergranular frac-
ture surface of all the studied cases. The intensity of the intergranular failure was getting 
less severe through a transition to less sharp intergranular fracture edges at the austenite 
grain corners by increasing the casting speed, which gave higher hot ductility values up to 
47%. At the low straightening temperature, the occurrence of lower ductility values was 
accompanied by GBS and intergranular failure. This is enhanced by lower deformation 
speed allowing more time for GBS to proceed and more time for strain induced precipitates 
to form. This could be seen in the fracture surface analysis and was confirmed by the eval-
uation of the deformation time until complete failure, which was recorded by Dil805T as 
illustrated for 1080 °C and 800 °C in Figs. 5.25 and 5.26, respectively (time duration values 
see Table 5.10).    
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     Fig. 5.25: Effect of deformation time at 1080 °C on hot ductility at different strain       
                      rates, Alloy-1 

 

 
Fig. 5.26: Effect of deformation time at 800 °C on hot ductility at different strain        
                 rates, Alloy-1 

 
The analysis of deformation durations shows that by increasing the deformation rate - at 
high temperatures (as 1080 °C) - the deformation duration will decrease as could be ex-
pected. In this case, no change took place in ductility values. This is because (at 1080 °C) 
the phase fraction of precipitates is much less, compared to the 800 °C condition, and the 
mean particle size is not fine enough to decrease the hot ductility. On the other hand, at 
800 °C, increasing the deformation rate resulted, as expected, in less deformation time 
before failure, but also resulted in ductility improvement. Long deformation time as in low 
casting speed or due to break-out is considered detrimental to hot ductility as it permits 
more time for GBS to happen as was confirmed by the fracture surface analysis. This be-
havior illustrates the effect of casting speed in controlling/limiting time dependent defor-
mation mechanisms.  Similar effects of low strain rates on promoting GBS, formation of 
strain-induced precipitation and formation of deformation-induced ferrite were mentioned 
and confirmed in [51,86-88,144]. 
 
This fracture mechanism will continue to exist at lower temperatures especially at temper-
atures below Ar3, where ferrite started to develop on the austenite grain boundaries en-
hancing GBS at low amounts of ferrite (at 750 °C and 700 °C) before ductility starts to 
recover as the ferrite content increases in the matrix (at 650 °C). The results of this effect 
is summarized in Table 5.11 and the related LOM, SEM and EDX for samples tested at 
750 °C and 700 °C are shown in Figs. 5.27 and 5.28, showing the fracture surface from 
top and side view of the broken samples (Strain rate 0.001 1/s, cooling rate= 0.35 K/s). 
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Table 5.11: Hot ductility values between 1080 °C and 650 °C, Alloy-1 

Temperature, °C Hot ductility, % Standard deviation ±, % 

1080 79 0 

950 55 0 

800 27 2 

750 23 1 

700 26 1 

650 38 2 
 

 

T = 750 °C - strain rate = 0.001 1/s - cooling rate = 0.35 K/s - hot ductility = 23% 

    

  

  
Fig. 5.27: Fracture surface at 750 °C, Alloy-1 

 

In both cases in Fig. 5.27 and Fig. 5.28, intergranular failure within the thin film of ferrite 
located at austenite grain boundaries could be observed on the top view of the samples 
(LOM) and the fracture surface side (SEM). The presence of ferrite enhanced the GBS. 
The relative recovery of the hot ductility at 650 °C (38%) is believed to be caused by the 
increase of the ferrite content of the matrix after reaching a level of a more homogeneous 
strain distribution between ferrite and austenite during deformation instead of strain con-
centration on the relatively weaker boundary ferrite film. This recovery depends on different 
factors related to the induced ferrite formation, chemical composition of the alloy and cool-
ing rate.  
 

In summary of this section, the influence of increasing the strain rate to improve the hot 
ductility at low unbending temperatures at a fixed cooling rate was studied as an approach 
to improve critical casting conditions leading to surface cracking. Increasing the strain rate 
could improve the hot ductility and reduce cracking risks. This could be achieved by in-
creasing the casting speed while the critical strand part is passing through the unbending 
zone. Optimization of the intensity of secondary cooling could also play an important role 
in simultaneous improving of the hot ductility if it is combined with an increased strain rate. 
This will be explained in the following section. 
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T = 700 °C - strain rate = 0.001 1/s - cooling rate = 0.35 K/s - hot ductility = 26% 

   

   
 

     
Fig. 5.28: Fracture surfaces at 700 °C, Alloy-1 

 

5.2.3    Simultaneous optimization of cooling rate and strain rate in Alloy-1  

In this part (Case-7 - Table 5.2), the influence of applying lower cooling rate until the un-
bending zone and a higher strain rate at different straightening temperatures between 1080 
°C and 800 °C will be presented. Table 5.12 shows the hot ductility values at 5 different 
temperature values at a strain rate of 0.001 1/s after cooling with 0.35 K/s, while Table 5.13 
shows how the hot ductility values were improved after increasing the strain rate to 0.002 
1/s and decreasing the cooling rate to 0.1 K/s. A comparison is shown in Fig. 5.29. 

 
Table 5.12: Hot ductility results at low strain rate and high cooling rate, Alloy-1 

0.001 1/s Cycle-1 cooling with 0.35 K/s 

Temperature, °C 800 900 950 1000 1080 

Hot ductility, % 27 52 55 68 79 

Standard deviation ±, % 2 2 0 0 1 

                                                                                                                                 
Table 5. 13: Hot ductility results at high strain rate and low cooling rate, Alloy-1  

2 x 0.001 1/s Cycle-1 cooling with 0.1 K/s 

Temperature, °C 800 900 950 1000 1080 

Hot ductility, % 55 73 80 82 83 

Standard deviation ±, % 5 6 5 8 2 

 

P1 

Ti 

Nb 

P1 
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         Fig. 5.29: The effect of deformation and cooling rates between 1080 °C and 800 °C,   
                          Alloy-1  
 
The noticeable improvement caused by the lower cooling rate could be attributed to the 
coarser precipitates formed, which are less harmful to hot ductility. Higher cooling rates will 
produce finer precipitates, proved to be detrimental to hot ductility as presented earlier in 
this chapter. The higher strain rate limits the available time for the fine secondary precipi-
tates to form and result in better hot ductility. Applying both, lower cooling rate and higher 
strain rate at the same time, is the optimum solution to improve the hot ductility conditions 
in critical regions and possibly avoid surface cracking. 
 
An example of the effect of the two different cooling rates on particle size and phase fraction 
at 800 °C was studied using MatCalc. Table 5.14 and Fig. 5.30 give the summarized results 
of the MatCalc modelling. It can be stated that the higher cooling rate at lower strain rate 
results in much finer TiN (5 nm) precipitates with even a higher volume fraction by cooling 
with 0.35 K/s. These results fit very well with the ones by hot tensile testing and confirm the 
effect of finer precipitates size on hot ductility.  
 

Table 5.14: Effect of cooling/strain rates on precipitation at 800 °C, Alloy-1 

T= 800 °C Cooling with 0.1 K/s Cooling with 0.35 K/s 

TiN, particle size, nm 67 5 

NbC, particle size, nm 4 4 

TiN, phase fraction 4 x 10-10 2 x 10-6 

NbC, phase fraction 0.0014 0.0018 

Hot ductility, % 55 27 
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Fig. 5. 30: Effect of cooling rate on phase fraction of TiN and NbC at 800 °C, Alloy-1 

 
 

5.2.4    Comparison between Alloy-0 and Alloy-1 at lower temperatures 

5.2.4.1    Hot ductility 

The hot ductility values at lower testing temperatures (< 800 °C) according to the test con-
ditions of ideal casting (Cycle-1) as in Case-8 (Table 5.1) for Alloy-0 and Alloy-1 are shown 
in Table 5.15 and illustrated in Fig. 5.31. 
 

Table 5.15: Results of Case-8: Low temperature deformation (Alloy-0 & Alloy-1) 

 Hot ductility, % 

Temperature, °C Alloy-1 
Standard  

deviation ±, % 
Alloy-0 

Standard  
deviation±, % 

800 55 5 80 0 

700 31 3 80 4 

600 22 4 45 3 

50  16 0 43 0 
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Fig. 5.31: Comparing the hot ductility of Alloy-0 to Alloy-1 at 800, 700, 600 and 50 °C 
 
Alloy-0 shows high hot ductility values (80%) at 800 °C and 700 °C, then starts to drop to 
45% at 600 °C, where the austenite to ferrite transformation was already finished and lower 
ductility values are to be expected with lowering the test temperature. The lowest value for 
Alloy-0 was 43% resulted by low temperature testing at 50 °C representing a cold charging 
temperature. No lower hot ductility values for Alloy-0 below 43% are expected at any tem-
perature > 50 °C. No well-known effects or further phase transformation for Alloy-0 are 
expected to take place between 600 and 50 °C under the standard slab handling conditions 
and cooling rates. For Alloy-1, the hot ductility values were falling from 55% to 31%, 22% 
and 16% at 800 °C, 700 °C, 600 °C and 50 °C, respectively. The aim here is to study the 
fracture surface, microstructure, and relevant fracture mechanisms at lower temperatures 
at its worst case to compare it with higher temperature embrittlement cases. Studying the 
fracture mechanisms at low temperature will help to understand and possibly avoid embrit-
tlement at higher temperatures. 
 
After the end of CC and before charging, many other parameters will influence the crack 
sensitivity of the slabs, which could not all be studied by the hot tensile testing. The im-
portant factors of high influence on slab cracking after the casting shop should be studied 
to understand the properties of the materials before furnace charging. Those parameters 
are related to the phase transformation and their amount during slab transportation, han-
dling, storage and charging and the effect of precipitation kinetics and particle size on the 
mechanical properties. Effects related to handling and storage procedures will be dis-
cussed separately in Chapter 6. 
 

5.2.4.2    Fracture surface analysis 

The fracture surfaces of the broken samples of Alloy-0 at 700 °C, 600 °C and 50 °C are 
presented in Fig. 5.32. As it can be seen, the area of the dimples is increasing with de-
creasing temperature, reaching its maximum at 50 °C. No intergranular fracture occurred. 
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Alloy-0 - 700 °C Alloy-0 - 600 °C Alloy-0 - 50 °C 

   

   

   

 

  

Fig. 5.32: Fracture surface at 700, 600 and 50 °C, Alloy-0 
 
Similar analysis was done for Alloy-1, shown in Fig. 5.33, where a mixture of intergranular 
failure and dimples could be observed at 700 °C and 600 °C, while a complete and sharp 
intergranular failure is taking place at 50 °C representing the worst case. A similar obser-
vation was stated by Li [175] by studying the hot embrittlement of martensitic heat resistant 
steels. According to his results, the lowest hot ductility was accompanied by a mixture of 
dimples and intergranular fracture surface. Numerous micro-voids and micro-cracks were 
observed inside prior austenite grains, which could be related to the dimples. Multiple large 
intergranular cracks were observed along the austenite grain boundaries, which is as-
sumed the cause for the intergranular fracture attributed to austenite GBS. 
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Alloy-1 - 700 °C Alloy-1 - 600 °C Alloy-1 - 50 °C 

   

   

   

 

       

Fig. 5.33: Fracture surface at 700, 600 and 50 °C, Alloy-1 

 

5.3    Discussion  

The results presented in this chapter show the effects of different metallurgical parameters 
(representing industrial conditions) on hot ductility and crack sensitivity. First, the hot duc-
tility, microstructure analysis and precipitation kinetics were evaluated/studied in terms of 
ideal casting conditions for both Alloy-0 and Alloy-1. Afterwards, the effect of different cast-

50 °C 
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ing parameters representing process deviations for set/ideal values and improvement po-
tentials were investigated through eight different cases. 
 
In literature, the hot tensile testing in the temperature range of (700 - 1200 °C) was used 
to analyze crack sensitivity of steel slabs. The results presented in the form of hot ductility 
curves were of great importance for many casting shops worldwide in spite of the different 
opinions related to the testing conditions (explained in Chapter 3). This work represents a 
different approach of applying the hot tensile testing in crack sensitivity evaluation. In con-
ventional hot tensile testing, cooling after high temperature austenitization (or even after 
melting) with a fixed cooling rate to test temperature (representing straightening tempera-
ture) and tensile deformation until failure, did not really copy the temperature profile taking 
place in reality. This gave misleading values in low temperature testing (700 – 900 °C) and 
resulted sometimes in inaccurate hot ductility curves.  
 
An example to illustrate this problem is a hot tensile test at temperature of 700 °C. This 
temperature will not be reached in reality under the set values of ideal casting conditions 
and constant cooling rates. Even by reaching 700 °C due to abnormal failure conditions (as 
in beak-out), the temperature profile (and cooling/deformation rates) cannot be the same 
as the one used for 1000 °C under the normal conditions. This temperature profile before 
testing at low temperature ranges (700 - 800 °C) in most of the literature work didn’t usually 
include the sudden surface cooling taking place immediately after mold exit and low sec-
ondary cooling (deactivation or minimum spray cooling values) and differences in defor-
mation speeds. Those are all critical parameters influencing the grain size and precipitation 
evolution especially in micro-alloyed steels with high Ti and Nb amounts and will conse-
quently influence the credibility of the measured hot ductility values. This work is an ap-
proach to use the hot tensile testing (together with other significant tools) to simulate the 
CC according to conditions as close as possible to industrial practice based on real indus-
trial case studies and finally offering applicable solutions. 
 
The results in this chapter illustrate the approach of using the hot tensile testing to calculate 
the hot ductility values for each defined case using its corresponding cooling history. Meas-
urements were carried out in certain temperature range representing temperature fluctua-
tion during casting and not at every possible temperature between 700 °C and 1200 °C 
using the same temperature schedule. Comparing the values of each case (inspired by 
industrial real problems) with the values of the ideal casting conditions indicated how far or 
close the case to a crack free condition under ideal casting was, which could be translated 
from lab testing and simulation values into industrial values. After analysis using different 
microscopy tools, the information needed in terms of grain size and phase constituents 
were collected. Parallel to this tensile testing/analysis, the same temperature casting pro-
files were used to run MatCalc simulation modelling to evaluate the part related to precipi-
tation types/sizes and distribution. Correlation of all the information resulting from the three 
used tools gave a sharper image to understanding of the critical factors and their causes, 
investigating the cracking behavior and mechanisms and generated a better overview that 
could not be seen after hot tensile testing alone. 
 
The austenite grain size showed to have an important influence on hot ductility, where a 
higher grain size resulted in lower hot ductility as it will be easier for a crack to propagate 
with less resistance through grain boundaries and triple points compared to finer grain 
structures. The influence of grain size is critical even in the absence of precipitates as in 
Alloy-0, illustrated in 5.2.1.2.This could be attributed to the failure within the thin ferrite film 
on the austenite grain boundaries, which is subjected to a higher stress concentration at 
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the early stage of ferrite formation. The hot ductility results could be better explained after 
metallographic investigation. A smooth ductile fracture surface resulted after deformation 
above Ar3, while low ductility was always linked to ferrite formation, where a mixture of 
intergranular fractures and dimples coalesce could be observed. Higher ferrite phase frac-
tion will help the recovery of ductility, which is easier to take place at higher grain boundary 
density in the case of finer grains, where ferrite nucleation sites are more available. The 
effect of grain size is less harmful to hot ductility at temperatures above the ferrite start 
(Ar3) and more harmful by the presence of fine precipitates, especially below the Ar3. 
 
The effect of precipitation was studied in Alloy-1, where the influence of the cooling cycle 
showed a great effect on the precipitates sizes and phase fractions. The results of the 
MatCalc modelling is matching very well to the hot ductility measurements under the same 
temperature cycle, where the effect of break-out was explained in detail. The particle size 
resulting from MatCalc analyses was always fine in cases where low hot ductility resulted 
under break-out cooling cycle. The main problem of a break-out case is that it shifts the 
straightening temperature range to lower ranges of values, where the hot ductility is getting 
worse due to the increase of finer precipitates phase fractions. The break-out cycle resulted 
in much finer TiN (7 - 10 nm) and NbC (18 nm) precipitates with a higher phase fraction 
(NbC: 0.002, TiN: 2 - 80 x10-5) compared to phase fractions after the ideal casting. Hot 
tensile testing of the break-out resulted in an average hot ductility of 66% compared to an 
average hot ductility of 84% for the ideal casting conditions. The fast cooling of the slab 
surface by the beginning of the break-out is believed to be the cause of the fine precipitates. 
The effect of fine precipitates are more detrimental to hot ductility at straightening taking 
place at temperatures below Ar3. Straightening at 700 °C after a normal casting procedure 
(without break-out) resulted in a very fine particle size of NbC (3 nm) with a relatively high 
phase fraction of 0.0021. This enhanced the failure over the ferrite film and/or caused sup-
pression of dynamic recrystallization and finally resulted in the lowest hot ductility value of 
31%. The worst, critical and ideal cases regarding the hot ductility results are illustrated in 
Fig. 5.21. 
 
Studying the effect of break-out showed that approx. four slabs should be affected by the 
abnormal casting conditions in terms of temperature profile (secondary cooling) and defor-
mation rate (casting speeds) before the cast returns to regular flow under normal/ideal con-
ditions again. Slab no. 4 was studied in this chapter as the MatCalc modelling showed that 
this slab will exhibit the finest particle size (at 1000 °C, TiN: 7 nm, NbC: 18 nm) compared 
to the other break-out slabs, see details in Table 5.1 and Table 5.9. The successful ap-
proach to improve the properties of slabs similar to Break-out-4 will work as well for the 
other three break-out slabs, produced under less severe casting conditions, i.e. less sud-
den cooling at the beginning of the casting and coarser particle size. 
 
The effect of different strain rates was studied in 5.2.2. As a result, higher strain rates result 
in better hot ductility values. Low strain rates (i.e. lower casting speeds, in case of break-
out can’t be avoided) will allow more time for strain induced fine precipitates to develop on 
austenite grain boundaries during deformation and will finally result in enhanced intergran-
ular failure by GBS even before the presence of the thin ferrite film.  This effect could be 
stated in Alloy-1 at 800 °C, where increasing the strain rate from 0.001 1/s to 0.01 1/s 
resulted in hot ductility improvement from 27% to 47%, respectively. The deformation time 
was recorded during the different hot tensile experiments at 800 °C. It is confirmed that 
longer deformation time (lower strain rate) will result in lower ductility values result. The 
microstructure investigation using different microscopy tools was illustrated in detail in 
5.2.2.2. It showed clearly the intergranular fracture at the austenite grain boundaries for 
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different deformation speeds at 800 °C, where the sharpest intergranular failure occurred 
at the lowest both strain rate and hot ductility. 
 
The influence of cooling rate was tested for Alloy-1, where it could be confirmed that low 
cooling rate (less intense secondary cooling) could strongly improve the hot ductility even 
in the critical temperature range especially when the strain rate is simultaneously in-
creased. This improvement approach (testing condition 5.2.3) resulted in increasing the 
average hot ductility in the critical range of (800 - 950 °C) from 45% to 69%, which will 
result in a reduced cracking risk. Cooling at 0.1 K/s (strain rate: 0.002 1/s) instead of 0.35 
K/s (strain rate: 0.001 1/s) resulted in less precipitates phase fraction and larger mean 
radius over the critical size. For example, at 800 °C, the mean radius of TiN= 67 nm (hot 
ductility= 55%) instead of mean radius of 5 nm (hot ductility= 27%) was calculated by the 
MatCalc precipitation model. 
 
For a better comparison, further hot tensile testing was carried out at lower temperatures 
to study the extend of hot ductility loss even at low temperature as of 50 °C, representing 
the furnace charging temperature in one of the cases. Alloy-0 showed dimples fracture 
surfaces at temperatures below Ar3. The higher dimples densities was always connected 
to the lower temperature. The lowest hot ductility was 45% at 600 °C and 43% at 50 °C. 
No intergranular failure in Alloy-0 could be observed. On the other hand, Alloy-1 showed 
sharper intergranular fracture, the lower the testing temperature was. At 50 °C, a clear 
sharp intergranular fracture was observed with a hot ductility of only 16%. Conditions lead-
ing to voids coalesce and intergranular brittle fracture should be avoided.  
 

5.4    Summary and conclusions 

In this chapter, the process of CC of steel slabs was studied in detail in terms of ideal 
casting conditions of temperature profile and straightening deformation with a detailed 
overview of the changes that take place by deviation from the ideal condition in the case of 
break-out and its influence on surface cracking sensitivity. The main objective was to study 
the cracking behavior, evaluate the related parameters and define critical situation that will 
most probably lead to cracking/breaking justified by case studies from the industry. The 
statistical analysis explained in Chapter 2 illustrated that 70% of the broken slabs in this 
study were related to abnormal/undesired casting conditions connected to break-out and 
deviation in the set values in casting speed, temperature profile or the chemical composi-
tion. After the experimental procedures, microscopic investigation and precipitation simu-
lation carried out in this work and illustrated in this chapter, the cracking causes could be 
explained and critical values leading to higher cracking risk were defined. Moreover, im-
provements procedures with defined values could be suggested. 
 
The changes in the slab temperature and deformation history due to break-out were studied 
and were used to define four slab histories related to the break-out. The worst break-out 
slab was found to be Slab-4, in which its temperature profile (Fig. 5.7) was used to evaluate 
the effect of break-out on hot ductility and precipitation. Eight different cases were defined 
(Table 5.2) to study (using the three different tools mentioned earlier) the effect of different 
casting conditions/scenarios and investigate possible hot ductility improvements inspired 
by the industrial analysis. The studied cases included effects of cooling schedule/rate, 
straightening temperature, strain rate/casting speed and low temperature deformation. Af-
ter analyzing the results presented in this chapter, the following recommendations/notes 
were made: 
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 Decreasing the intensity of secondary cooling after break-out, increasing the casting 
speed during straightening the defected part of the strand and avoiding low straighten-
ing temperatures in the unbending zone proved to be beneficial strategies in avoid-
ing/reducing cracking. Applying those strategies will produce coarser precipitates, 
higher deformation rates and avoid ferrite formation, which are all considered as im-
provement potentials. This helps avoiding the embrittlement mechanisms leading to the 
undesired fracture surfaces and increasing the hot ductility values as explained earlier. 
Considering those improvement techniques could have been very beneficial to reduce 
cracking risks of 70% of the broken slabs included in this study. The summary of all the 
potential improvement strategies during casting and slab transportation/handling will be 
illustrated in Chapter 6.       

 For Alloy-0 (and similar alloys), it is important to avoid cooling profiles (as in break-out) 
resulting in austenite grain size as large as 200 µm. Grain size of 100 µm resulted in 
high and acceptable hot ductility values and ductile surface fracture. Ferrite film for-
mation before/during the unbending zone should be avoided.  

 For Alloy-1 (and similar micro-alloyed steels): 
o Precipitates at/below the critical particle size of 15 - 20 nm will result in a very high 

possibility of cracking especially when straightening is taking place at temperature 
below Ar3.  

o Coarse primary precipitates (size ~ 2 µm) and secondary precipitates (size > 40 nm) 
showed accepted hot ductility values (> 80%) and ductile fracture surfaces. 

o Casting temperature profiles and deformation rates leading to precipitates of sizes 
below 40 nm or/and unbending below Ar3 are considered to be in critical status. 

o Increasing the casting speed, decreasing the intensity of spray cooling and cast-
ing/straightening at temperature above Ar3 could possibly shift the slabs from a crit-
ical status into an acceptable conditions/quality area. 

 Slabs cast under acceptable casting conditions corresponding to hot ductility values (> 
80%), will proceed by further transportation and handling into the hot strip mill. Further 
cracking risks for those slabs are introduced in Chapter 6. 

 Slabs with high cracking risk or with critical status after the previously mentioned critical 
CC conditions, should go through an extra visual surface control after CC. This should 
be applied in cases of unavoidable critical casting/processing conditions, where im-
provement strategies cannot be applied. In case of any observed transverse cracks or 
any related unaccepted surface quality by this inspection, the slab should be eliminated 
from the rolling schedule, if crack elimination by flame scarfing of the slab is not possible 
within the set transportation and charging regulations. Further transport and rolling of 
those slabs will possibly lead to   break-downs in the rolling mill.  

 Hot ductility analysis (combined with the results of other tools) appeared to be successful 
in estimating the cracking behavior during CC. However, it is not sufficient to fully de-
scribe / represent the crack sensitivity immediately before furnace charging, as many 
other parameters will play a role in enhancing embrittlement mechanisms after the end 
of the CC, which cannot be evaluated by hot tensile testing.  The cooling routes, phase 
transformation during storage and material properties between casting and charging will 
be discussed in Chapter 6, where the complete critical situations for cracking will be 
introduced featuring all the potential cracking possibilities and combinations covered in 
this work. 
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Chapter 6: Slab handling process 

6.1    Handling procedures and routes 

After the torch cut-off point at the end of the continuous casting  (CC), the slabs are lifted 
by cranes, stacked on wagons and transported to the storage area before transported and 
charged into the reheating furnaces of the hot strip mill (HSM). In some cases, slab length 
adjustment should take place by cutting 1 - 2 m of the slab head - slab is still warm (600 - 
300 °C) - before storage and charging. 

 
Slab handling includes three different routes as introduced in Fig. 2.1. Each steel grade 
should follow its optimum handling route and avoid any undesired fast cooling downstream. 
Planning the handling routes by customizing which grades should follow which route, has 
an important impact in reducing energy costs and optimizing the rolling schedule. The in-
fluence of the three cooling routes (Route-1: hot charging, Route-2: warm charging and 
Route-3: pile / cold charging) on microstructure and material properties before charging will 
be studied in this chapter. The key factor in this effect is the cooling rate of slabs between 
the casting shop and reheating furnace charging. For this purpose, a FEM cooling model 
was built using Abaqus CAE to calculate the temperature gradients and cooling profiles 
during handling and storage. Temperature measurements from stockyard on real slabs 
were used for model validation. 
 

6.2    FEM temperature model 

The aim of the model is to calculate the cooling rate of the slab surface for different condi-
tions. The calculated cooling rates were used in further dilatometry experiments on Dil805A 
to study the phase transformation and final microstructure using a realistic and verified 
cooling schedule. Once the cooling rates from the FEM model were validated by tempera-
ture measurements at real slabs of Route-1, simulation for slab stack/pile (Route-3) was 
run and evaluated. Model features and case studies are discussed in this section. 
 

6.2.1    FEM model: features / data 

The slab dimensions and material properties used in the model are shown in Table 6.1. 
 

Table 6.1: FEM temperature model data 

Slab dimensions, m L= 10, W= 2-2.5 ,T= 0.25 

Slab surface temperature, °C ≈ 1000 

Slab center temperature, °C ≈ 1350 

Air temperature, °C 20 

Slab surface emissivity 0.3 - 0.8 

Convection heat transfer coefficient, W/(m2 * K) 10 - 100 
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The results of the model are presented in the following diagrams showing 3/4 of the slab 
to express the temperature variation over the slab thickness. 
 

6.2.2    Single slab model (Route-1) 

Figs. 6.1 - 6.3 show the temperature distribution of a single slab from time= 0 (directly after 
casting: surface temperature ≈ 1000 °C, center temperature ≈ 1350 °C) until time= 30 h, 
where the slab temperature decreases to (50 - 100 °C). Single slab analysis/cooling profile 
in addition to the four-slab model (will be presented later in this chapter) will be used in 
studying and evaluating the hot charging procedure by Route-1. 

 

 

 
Fig. 6.1: Temperature distribution in a single slab at time 0, Abaqus FEM model 

 

 

 

 

 
Fig. 6.2: Temperature distribution in a single slab after 1 h, Abaqus FEM model 
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Chapter 6: Slab handling process  103 

 

 

 
Fig. 6.3: Temperature distribution in a single slab after 30 h, Abaqus FEM model 

 

6.2.3    Stack/pile 15 slabs model (Route-3) 

The stack/pile cooling model was built to study Route-3 (pile/cold charging). The first step 
(piling) of the model starts at time= 0 by piling up 15 slabs after casting shop one after 
another within 10 min difference until a 15 slabs pile is done after 140 minutes. The second 
step (cooling) of the pile model starts by cooling of the 15 slabs pile for 200 h. For simplifi-
cation in the piling step, starting temperature distribution/conditions of all slabs were as-
sumed identical as in single slab case with the same slab dimensions, i.e. the average start 
temperature of each slab is; center= 1350 °C and surface= 1000 °C. Every slab was cooling 
down during the piling step according to the material properties, surrounding air tempera-
ture and piling conditions (time difference between slab additions and number of existing 
slabs at each time point). The complete cooling profile and total duration to reach a certain 
temperature are expected to be different from one slab to another depending mainly on its 
position in the pile and total number of slabs. The start of the piling-up process is shown in 
Figs. 6.4 - 6.6, the end of step 1 (piling) and the beginning of step 2 (cooling) is presented 
in Fig. 6.7. The temperature distribution after 50 h is given in Fig. 6.8. 

 

 

Temperature, °C 
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Fig. 6.4: Temperature distribution of pile slab 1 after 10 min, Abaqus FEM model 

 

 

 
                    Fig. 6.5: Temperature distribution immediately after adding slab 2 to slab 1     
                                   after 10 min, Abaqus FEM model 
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Fig. 6.6: Temperature distribution of pile slabs 1 and 2 after 20 min, Abaqus FEM model 

 

 

 
   Fig. 6.7: Temperature distribution of pile slabs 1-15, end of piling / start of cooling after      
                  140 min, Abaqus FEM model 
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Fig. 6.8: Temperature distribution of pile slabs 1-15 after 50 h, Abaqus FEM model 

 

6.2.4    Four slabs model (Route-1) 

Handling of four slabs from casting shop to hot/direct charging (Route-1) is studied by the 
four slab model. The results of the four slab simulation after 30 h cooling is shown in Fig. 
6.9. The model will be used to evaluate cooling profiles for Route-1. Cooling history of slabs 
planned for Route-1 (direct hot charging) should mostly follow the cooling rates from the 
four slabs model and in the worst case might be a mixture of both the four slab and single 
slab cooling models in case of length reduction before hot charging.  
 

 

 

Fig. 6.9: Temperature distribution of the four slabs pile after 30 h, Abaqus FEM model 
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6.2.5    FEM model validation 

Temperature measurements - on slab surface central region - in the stockyard for four slabs 
planned for hot charging were recorded. Measurements were taken directly after casting 
(in single cooling conditions), during storage and just before reheating furnace charging 
(after four slab pile conditions). Such a pile is shown in Fig. 6.10. The first measurements 
for single slabs - recorded after leaving the casting shop - were compared to the FEM single 
slab model as illustrated in Fig. 6.11. The rest temperature measurements of the four slabs 
after pile cooling, recorded just before furnace charging, were compared to the results of 
the FEM four slab model, see Table 6.2. The calculated temperature values were very 
close to the measured ones with minimum to maximum deviation of (3 - 20 °C). 
 
The temperature prediction by the FEM model shows a good agreement with the stockyard 
measurements in single and pile case representing Route-1 of slab handling. The FEM 
model was extended to evaluate the cooling profiles of different slabs in a 15 slabs pile, 
representing Route-3. Analysis of Route-2 will be discussed later on this chapter. 

 

 

Fig. 6.10: Four slabs pile for model validation 

 

 
Fig. 6.11: Comparision between the stockyard temperature measurements and the 

calculated Abaqus FEM cooling profile for single slab cooling 
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    Table 6.2: Comparision between slab temperature measurements and FEM results at    
                      the end of four slab model cooling 

Four slab 
pile 

Time duration: casting 
end- charging, h 

Charging temperature 
FEM Model, °C 

Charging temperature 
measurements, °C 

Slab 4 21.5 327 307 

Slab 3 22 319 316 

Slab 2 22.3 354 360 

Slab 1 22.5 365 361 

 

6.2.6    Evaluation of slab surface cooling rates  

After temperature model validation by the four slab model, the main objective of the FEM 
model is now the calculation of the slab cooling rates at different conditions and even at 
different areas in the slab to be used in the further analysis. A strong difference between 
the cooling rates at two different parts of the same slab - center and corner, for example - 
might result in different matrix microstructure constituents and precipitation distribution 
leading to locally different mechanical properties. This could result in local low temperature 
embrittlement during transportation and charging or further cracking risk at the phase 
boundaries during slab reheating. In the HSM reheating furnace, the transformation 
stresses of the formed phases as ferrite, pearlite or bainite (before charging) into austenite 
(after reheating) and its corresponding effect on any possible crack formation/propagation 
will be strongly dependent on the phase constituents, particle types, sizes and distribution 
before charging, charging temperature and reheating rate in the furnace.  

 
To study the material properties in terms of microstructure, precipitation distribution and 
mechanical properties, calculation of the cooling rates in the stockyard using the FEM men-
tioned in the previous part was necessary. The rates were used in the MatCalc precipitation 
modelling to study the effect of cooling rate on particle size and phase fraction and further-
more for running dilatometry experiments for further metallographic investigations. Finally, 
hardness testing was performed to estimate the influence of the formed phases and pre-
cipitates sizes on the mechanical properties of the material.  
 
The evaluation of the cooling profiles of four chosen slabs from all the carried out simula-
tions are presented in this section to study and evaluate the dependency of the slab pile 
order/position on material properties and cracking risk before furnace charging. The four 
slabs are 1. the single slab, 2. pile slab no. 15 (stack top slab), 3. slab 14 in the pile and 
finally 4. slab 7 in the pile center. For each of those slabs, three temperature/cooling profiles 
were analyzed: at the slab corner, slab center and slab edge. The locations of the profiles 
are sketched in Fig. 6.12. 

 
Fig. 6.12: Location of temperature profile evaluation - upper slab surface 
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The results of the evaluation for the single slab are shown in Fig. 6.13. For simpler repre-
sentation and better comparison of the cooling pile slabs (15, 14 and 7) at the three different 
locations, comparison of cooling profiles will be illustrated in a separate diagram for the 
three different slabs at the same location. Cooling profiles of the pile slabs (15, 14 and 7) 
at the upper surface center, edge and corner are presented in Figs. 6.14 - 6.16, respec-
tively. As expected, slabs in the middle of a pile (slab 7), especially in center slab regions, 
will show slower cooling rates due to slab reheating coming from the slab center or/and by 
the contact to other slabs that will slow down the cooling process. This effect will be less in 
slab 15 (top slab of the pile). The highest cooling rate is expected to be in slab corners of 
single slab and slab 15, while the relatively slower cooling due to slab to slab contact and 
less available surface for convection radiation heat loss, will be observed in more central 
regions of the pile as illustrated by slab 7, especially in slab center. 
 

 
Fig. 6.13: Cooling profiles of single slab at corner, edge and upper surface center 

 

 
Fig. 6.14: Cooling profiles at the upper surface center of pile slabs 7, 14 and 15 
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Fig. 6.15: Cooling profiles at the edge of pile slabs 7, 14 and 15 

 
Fig. 6.16: Cooling profiles at the corner of pile slabs 7, 14 and 15 

 

6.3    Evaluation of slab properties before charging  

Using the ideal CC time-temperature profile (see Fig. 5.6: Ideal casting cooling cycle) fol-
lowed by the three cooling rates of corner, edge and center of single slab cooling after 
casting (Fig. 6.13), dilatometry measurements were run to study the transformation behav-
ior and formed phases at different slab regions. After cooling to room temperature, micro-
structure analysis was carried out to evaluate the amounts of phase constituents. Finally, 
hardness tests HV 20 were carried out. Transformation temperature results are evaluated 
after running 2 - 3 experiments for each cooling schedule. 
 

6.3.1    Alloy-1 (micro-alloyed): single slab 

For single slab cooling of Alloy-1 (C= 0.08%, Ti= 0.12%, Nb= 0.05%), a summary of the 
evaluation of the transformation temperatures, phase fraction calculation and hardness val-
ues (8-10 measurements/sample) is given in Table 6.3, while the transformation curves 
and the microstructure analysis are shown in Figs. 6.17 and 6.18, respectively.  
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Table 6.3: Phase transformation results of single slab, Alloy-1 

Location in slab Surface center Edge Corner 

Transformation 
temperature, °C 

Ferrite start 
670 

Bainite start 
581 

Bainite start 
590 

 

Phases fraction, % 49 ± 8 Ferrite 
51 ± 8 Bainite 

 

100 Bainite 
 

100 Bainite 

Hardness, HV 20 281 ± 7 284 ± 9 284 ± 6 

 

 

 
Fig. 6.17: Phase transformation curves of single slab at corner, edge and upper  
                 surface center, Alloy-1 

 

Alloy-1:  
single slab upper 

surface center 

 

300 350 400 450 500 550 600 650 700 750 800

R
e
l.
 c

h
a

n
g
e

 i
n
 l
e
n

g
th

, 
%

Temperature, °C

Single slab

001-Einzelbramme-
neue-Ecke-250-UB25
Mitte UB26

Kante UB27

0
.5

 % X

XX

Corner
Center
Edge

49% Ferrite 

51% Bainite 

Ferrite 

Bainite 

(Ti,Nb) ppt. 



112  Chapter 6: Slab handling process 

 

 

Alloy-1:  
single slab  

edge 

 
Alloy-1: 

single slab corner 

   

                
Fig. 6.18: Microstructure of single slab at upper surface center, edge and corner, Alloy-1 

 

6.3.2    Alloy-1: pile slabs 

The transformations at the three locations (corner, edge and center) of the slabs 14 and 15 
in a 15 slab pile were evaluated.  Summary of the results of the transformation analysis, 
phase fraction calculation and hardness testing (average of 8-10 measurements/sample) 
is shown Table 6.4. Transformation curves of slab 15, slab 14 and LOM microstructure 
analysis are shown in Fig. 6.19, 6.20 and 6.21, respectively. 
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Table 6.4: Phase transformation results of pile slabs 14 and 15, Alloy-1 
 

Location in slab 
Surface center 

slab 15 

 

Edge slab 15 
 

Corner slab 15 

Transformation 
temperature, °C 

Ferrite start 
714 

Ferrite start 
687 

Bainite start 
592 

Ferrite phase 
fraction, % 

 

93 ± 3 
 

79 ± 13 
 

0 

Hardness, HV 20 213 ± 8 270 ± 11 270 ± 8 
 

Location in slab 
Surface center 

slab 14 

 

Edge slab 14 
 

Corner slab 14 

Transformation 
temperature, °C 

Ferrite start 
721 

Ferrite start 
725 

Ferrite start 
695 

Ferrite phase 
fraction, % 

 

90 ± 5 
 

90 ± 3 
 

87 ± 10 

Hardness, HV 20 156 ± 6 201 ± 15 256 ± 9 
 

 
  Fig. 6.19: Phase transformation curves of slab 15 at corner, edge and upper surface    
                   center, Alloy-1 

 
   Fig. 6.20: Phase transformation curves of slab 14 at corner, edge and upper surface    
                    center, Alloy-1 
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The results of the three slabs (single slab, slab 14 and 15) in Route-3 pile were analyzed. 
It could be seen that the slow cooling for slab 14 results in a more homogenous ferrite/pearl-
ite matrix - even in corner regions - with high ferrite content in all regions between 87 - 90% 
and lower hardness values (center: 156 HV 20, edge: 201 HV 20). This microstructure is 
expected for all slabs, placed below slab 14 in the stack/pile, as well as for slabs cooled 
following Route-2 (warm charging) in the box. This is based on the fact that the cooling 
rates of the slabs 1 to 13 (FEM 15 slabs model) as well as the box slabs (cooling in closed 
warm atmosphere) will always be slower than that of slab 14 under the same casting and 
delivery conditions. 
 

 Alloy-1: slab 14 Alloy-1: slab 15 

Upper 

sur-

face 

center 

  

Edge 

  

corner 

  
 Fig. 6.21: Microstructure of slabs 14 and 15 at upper surface center, edge and corner,     
                 Alloy-1  
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On the other hand, slab 15 showed to have less (at center/edge) or no (at corner) ferrite 
content on the slab surface due to a higher cooling rate - in comparison to slab 14 - and 
lower transformation temperature, which resulted in higher hardness values (213 - 270 HV 
20). As expected, the single slab (relatively faster cooling) gave the lowest ferrite content 
in the slab center (49%) compared to slab 14 (90%) and slab 15 (93%). Bainite was formed 
all over the corners and edges of the single slab and in 51% of the central region resulting 
in higher hardness values (281 - 284 HV 20). The fine precipitates did not allow the rela-
tively small ferrite content to reduce the average hardness as the precipitates increase the 
matrix hardness.  
 
The slab cooling rate strongly affects the precipitation distribution in the matrix and defines 
the phase constitutes to be formed, which consequently influences the mechanical proper-
ties of the slab before charging. This could be clearly observed in the hardness results. The 
boundary regions between a hard and soft phase will possibly be regions of low embrittle-
ment where cracking can start. Generally, a relatively harder slab surface (high content of 
bainite or/and fine precipitates) means less overall ductility and higher cracking risks. To 
generate a significant value that represents the sum up of the properties of the slab before 
charging, more precise values regarding the whole surface hardness is needed which car-
ries both the influence of phase structure and effect of precipitations. To calculate the over-
all average hardness of the slab surface before charging, Abaqus was used to calculate 
the average hardness values between the measured points (corner, edge and surface cen-
ter) in a slab quarter before applying slab symmetry to screen the hardness over the com-
plete slab surface. A linear relation between the measured points was assumed and an 
average hardness value was calculated from 1232 nodes/points on the slab surface.  
 
Figs.  6.22 - 6.24 illustrate the hardness distribution on the slab’s full upper surface area 
for the single slab, slab 15 and 14, respectively. The calculated average hardness of the 
whole slab upper surface is shown in each diagram. 

 

 

 
Fig. 6.22: Hardness distribution of single slab upper surface, Alloy-1 

Single slab 

Average surface hardness = 283 HV 20 ±1 



116  Chapter 6: Slab handling process 

 

 
 

 
Fig. 6.23: Hardness distribution of slab 15 upper surface, Alloy-1 

 

 
Fig. 6.24: Hardness distribution of slab 14 upper surface, Alloy-1 

 

It could be seen from the top view of the slabs surfaces that for Alloy-1 the average hard-
ness before charging differs clearly based on the slab route and position in the pile. This 
could explain many cases of slab cracking in the reheating furnace after slab history anal-
ysis carried out in Chapter 2. Now it is obviously important to study the conditions leading 
to higher surface hardness.  
 
The average hardness values for the single slab, slab 15 and slab 14 were 283, 256 and 
204 HV 20, respectively. The higher hardness could result from martensite or bainite for-
mation, which means that slab charging should take place before the temperature of hard 
phase transformation is reached. This requires the knowledge of the chemical composition 
of each steel grade and if it will result in bainite or martensite transformation under the 
cooling procedure of the handling routes or not. Another reason for the higher hardness 
even in a ferrite/pearlite matrix is the precipitation of fine carbonitrides, which increases the 
matrix hardness and ceases grain growth and dynamic recovery.  Slabs with homogenous 
ferrite/perlite matrix with relatively coarse precipitates are less likely to have cracking prob-
lems.  
 
The bainite transformation was studied earlier in this section for the different handling 
routes. Furthermore, the effect of the same cooling practices/rates should be studied in 
terms of precipitation formation in the ferrite/pearlite matrix. The objective is to find out 
which ranges of particle size and matrix phases are formed under each condition and to 
compare/link it to the hardness values. Finally, comparing these results to the statistical 

Slab 14 

Average surface hardness = 204 HV 20 

±22 

Slab 15 
Average surface hardness = 256 HV 20 

±13 
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analysis will enable better understanding to the cracking cases and defining safe pro-
cessing conditions.  To study these effects, MatCalc precipitation modelling was used to 
study the influence of cooling rates on particle sizes in slab 14 and slab 15. Further inves-
tigations were carried out by SEM. 
 

6.3.3    Alloy-1: MatCalc precipitation modelling 

The effect of three different cooling rates (corner, edge, and center) on precipitates sizes 
was modelled using MatCalc 6. Table 6.5 shows a summary of the TiN mean radius, hard-
ness values for slab 14 and 15 at corner, edge and center regions. Fig. 6.25 shows the 
three cooling profiles of slab 15 and the corresponding particle size of primary and second-
ary TiN. It could be observed that for slab center, relatively high particle size (average mean 
radius= 109 nm) was formed which corresponds to the hardness value of 213 HV 20, while 
at slab corner and edge, an average particle size of 18 nm resulted from the precipitation 
model, which corresponds to the hardness value of 270 HV 20 at both locations.  

 
Table 6.5: TiN mean radius and hardness results of pile slabs 14 and 15, Alloy-1 

 Corner Edge Surface center 

 TiN  mean 
radius, nm 

Hardness, 
HV 20 

TiN  mean 
radius, nm 

Hardness, 
HV 20 

TiN  mean 
radius, nm 

Hardness, 
HV 20 

Slab 14 31 256 80 201 257 156 

Slab 15 18 270 18 270 109 213 

 
The corner will have the highest hardness anyway, either due to the formation of harder 
phases such as bainite/martensite, low ferrite content, or due to the fine particle size pre-
cipitates because of the relatively higher cooling rate. The fine precipitates of 18 nm in slab 
15 edge and corner are considered to be below the critical size and therefore at risk for 
susceptibility to cracking. Small precipitates and hard phases such as bainite/martensite 
will result in hardness values above the critical limit, which means that such areas of the 
slab are particularly more prone to cracking. For comparison, the same simulation was run 
for slab 14 and the results were compared in Table 6.5. 
 
The cooling profile and the corresponding primary and secondary mean radius of TiN in 
slab 14 are shown in Fig. 6.26. Slab 14 exhibits relatively high particle sizes of TiN (edge: 
80 nm, center: 257 nm) which gave relatively low hardness values (edge: 201 HV 20 center: 
156 HV 20) compared to slab 15. The particle size at the corner of slab 14 was relatively 
small (31 nm), this explains the high hardness (256 HV 20) in spite of the ferrite/pearlite 
matrix. The overall average hardness values of slab 15 and 14 were shown in Fig. 6.23 
and 6.24, respectively. The results confirm that higher hardness values resulted whenever 
the precipitates are finer (smaller in mean radius), where the values of the hardness results 
are in an inversely proportional relationship with the precipitates particle size calculated by 
MatCalc simulation model. 
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  Fig. 6.25: Cooling profiles of slab 15 surface (upper surface center, edge and corner)    
                   and the corresponding mean radius of TiN by MatCalc, Alloy-1 
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    Fig. 6.26: Cooling profiles of slab 14 surface (upper surface center, edge and corner)    
                     and the corresponding mean radius of TiN by MatCalc, Alloy-1 

 
The edge regions contributes strongly to the average surface hardness and play an im-
portant role in slab cracking during reheating or rolling. A comparison between edge parti-
cle sizes for slab 14 and 15 is shown in Fig. 6.27. The mean radius of secondary TiN at 
the edge regions of slab 15 is 18 nm, while it is 80 nm for the edge of slab 14.  
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Cooling profile of slab 14 

Slab 14 
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Fig. 6.27: Comparison between the cooling profiles and the corresponding TiN mean  
                 radius in the edge regions of slab 14 and 15 surfaces by MatCalc, Alloy-1 
 

6.3.4    Alloy-1: SEM evaluation 

The sample of slab 15 center was further investigated by SEM to measure the particle size 
and compare it with the results of the MatCalc model. As shown in Fig. 6.25, the average 
mean radius of primary TiN precipitates was 1 µm, while for the secondary TiN grew up to 
109 nm.  The sizes of approx. 1000 particles in the ferrite/perlite matrix of the sample were 
analyzed in different parts of the sample using SEM. An example is shown in Fig. 6.28. 
Traces of particle arrays could be observed following a certain order, which is believed to 
have nucleated on the austenite or prior austenite grain boundaries. The evaluation of 1000 
particles of primary and secondary TiN precipitates resulted in an average mean radius of 
276 nm, where the size range was observed to vary between min. 30 nm and max. 3 µm 
showing good agreement with the average primary and secondary mean radius values 
resulting from the MatCalc simulation model. For other regions (corner/edge) in slab15, the 
observation of finer particles below 20 nm was limited by the available SEM device.  
 

 
Fig. 6.28: Particle size analysis, pile slab 15 upper surface center, Alloy-1 
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Edge slab 15 
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Studying and comparing the microstructure of Alloy-1 samples in Route-1 after cooling 
once to 250 °C and once to RT showed that the microstructure at furnace charging will not 
differ in case of warm (250 °C) and cold charging (at RT) under the same cooling route. 
That was confirmed after comparing the microstructure constituents, grain size and the 
resulting hardness values in both cases on two different samples. On the other hand, the 
charging temperature might influence the transformation procedures during reheating in-
side the furnace and the corresponding stresses formation during reheating and phase 
transformation especially in the presences of TiN. The furnace reheating analysis needs 
further investigations. 
 

6.3.5    Alloy-0 (no micro-alloying elements): single and pile slabs 

For Alloy-0 (C= 0.08%), the single slab and pile slabs 14 and 15 all showed similar results 
for the different conditions. A comparison of the corner regions for the three slabs is intro-
duced in this section. The summary of the evaluation of the transformation temperatures, 
phase fraction calculation and hardness testing is shown in Table 6.6. The transformation 
curves and the microstructure analysis are shown in Figs. 6.29 and 6.30, respectively.  

 
Table 6.6: Phase transformation results at corner regions of single slab, 

                                pile slabs 14 and 15, Alloy-0  
 

Alloy-0 
Single slab 

corner 
Slab 15 
corner 

Slab 14 
corner 

Ferrite start, °C 808 808 805 

Ferrite phases fraction, % 92 ± 2 91 ± 2 92 ± 3 

Hardness, HV 20 102 ± 4 92 ± 1 88 ± 2 

 

  
   Fig. 6.29: Transformation curves at the corner of the single slab, pile slabs 14 and 15,  
                    Alloy-0 
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Alloy-0: 
Single slab 

 corner 

 
 
 
 
 

 
 

Alloy-0: 
Slab 14 corner 

 
 
 
 
 
 
 

Alloy-0: 
Slab 15 corner 

 
Fig. 6.30: Microstructure at the corner of the single slab, pile slabs 14 and 15, Alloy-0 
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This analysis for Alloy-0 shows that the measured ferrite start temperature of ≈ 807 °C, 
could be considered as the ferrite start temperature of the whole slab apart from its location 
or order in a pile. The results of Alloy-0 showed that the cooling rate and slab position 
during transportation and storage did not (locally) influence the microstructure or overall 
hardness. This is not the case for Alloy-1, where ferrite start is dependent locally on the 
slab region (corner, edge or center) and its order in the pile; in some cases, no ferrite will 
be formed. It can be concluded that if slabs of Alloy-0 leave the casting shop with no de-
fects, most probably no further defects - due to fast slab cooling - will show up during han-
dling and storage even by slab length adjustments and/or cold charging. While slabs of 
Alloy-1 should follow a especial treatment during handling and charging as a defect free 
CC process doesn’t guarantee no further cracking by cooling in the slab stockyard or re-
heating in HSM. Recommendations for a safe slab handling process are mentioned in the 
next section. 

 

6.4    Summary and conclusions 

The analysis illustrated in this chapter represented a study on the phase transformation in 
steel slabs of two alloys (of same carbon content) by cooling after the casting shop, during 
transportation and storage procedure before charging into the HSM with focus on the 
stack/pile practice. The transformation temperatures and material properties before furnace 
charging were evaluated for Alloy-0 (no micro-alloying elements) and Alloy-1 (micro-al-
loyed). The routes of single slab, short pile slabs (Route-1) and 15 slabs stack/pile (Route-
3) were studied. This gave a reasonable appraisal of the cooling and transformation trends 
for Route-2 (box slow cooling). The analysis included FEM modeling for cooling profiles 
evaluation - which was validated by measurements from stockyard -, dilatation testing on 
Dil805A, microscopic analysis by LOM, SEM and EDX, MatCalc simulation, and hardness 
testing. Parameters that strongly influence the crack sensitivity during storage until charg-
ing were studied in terms of phase distribution, precipitates sizes, hardness and charging 
temperature. 

 
The microstructure and phase constituents before charging is strongly dependent on the 
cooling rates after casting which can locally differ inside the slab or from one slab to another 
based on its order in a pile and downstream condition. A higher cooling rate in case of 
single slab or the top slab in a pile can lead to bainite/martensite formation, less ferrite in a 
ferrite/perlite matrix and/or finer precipitates (<20 nm) in edge and corner regions, which 
are all reasons contributing to a higher cracking probability, defined by higher slab hard-
ness (>250 HV 20). Alloy-1 slabs below slab 15 in a pile (slab 1 - 14) or slabs planned for 
storage in the box handling - Route-2 (very slow cooling) - will have a more homogenous 
ferrite/perlite distribution and coarser precipitates (>100 nm) and consequently less aver-
age surface hardness. Slabs with higher hardness values are believed to have higher em-
brittlement and higher risk of cracking.  
 
Long slabs that should follow length adjustments procedures by cutting 1 - 2 m from the 
slab head - before further storage or charging - are exposed to higher cracking risk. Those 
slabs will cool for longer periods as single slabs and will join the planned pile relatively late, 
i.e. they had higher cooling rates. Once the undesired phase (as bainite) or precipitation 
particle sizes (below 20 nm) are reached, the slab will have a higher cracking probability 
even if warm charging above 250 °C was kept. According to the statistical analysis of the 
cracked slabs (Chapter 2), slabs with handling failure in the planned/designed route before 
charging represented 55% of the whole broken slabs, mostly had to go through a length 
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adjustments step, where faster cooling is expected to occur. Correlating the analysis of 
cracked slabs with the results of this chapter give the chance to explain failure causes of 
55% of the cracked slabs. The detrimental effect of slab fast cooling of micro-alloyed steels 
similar to Alloy-1 could be confirmed by this work. 
 
No difference could be detected in the materials properties or phase constituents before 
charging between the warm charging at 250 °C and cold charging at RT. However, it is 
believed that the charging temperature will play an important role in terms of reheating 
energy costs and the influence of heating rate on phase transformation procedures and 
precipitation kinetics during slab reheating in the HSM furnaces. The reheating practice 
inside the furnace strongly affects the reaustenitization process and the melting of certain 
precipitates. The statistical analysis confirmed that slabs of certain grades were broken 
(12% of all broken slabs) when cold charging was followed instead of the planned warm 
charging temperature over 250 °C. The situation/effects during furnace reheating and its 
influence on cracking is not presented in this document. Otherwise, this study confirms that 
slabs that followed the casting and handling rules including the set route and charging 
temperature were not recorded to produce cracks during hot rolling, which means that 
avoiding cracking/breakage in the reheating furnace or during hot rolling could be secured 
if certain guide/rules for casting and handling are set and followed. 
 
The transportation and handling routes between the CS and HSM and their effect on phase 
constituents and slab properties before charging were studied/simulated in this chapter. 
The critical conditions that are believed to be the causes of the undesired phase as bain-
ite/martensite, fine precipitates and high slab hardness before charging were discussed 
and evaluated, the following recommendations/notes can be made:     
 

Alloy-1:  

 For Route-1, hot charging into the HSM should take place above the bainite transfor-
mation temperature of ~ 600 °C. Cooling rate higher than 65 K/h is considered to be 
critical. 

 Slabs planned for direct hot charging should be cooled as slow as possible to avoid fine 
precipitation formation. Particle size < 20 - 30 nm is considered to be critical. 

 If length adjustments cannot be avoided, cutting should take place with the lowest pos-
sible slab temperature loss and as fast as possible (without slab damage), to avoid 
harder phases formation. Similar failure cases were recorded in the 55% of the broken 
slabs. 

 If warm charging after a stack/pile cooling (Route-3) is planned, care should be given to 
the top slab in the pile, as it will have relatively low temperature. 

 If warm charging after Box cooling (Route-2) is planned, care should be given to the 
charging temperature into the box. A delay in the box charging due to transportation 
delay or length adjustments, could already lead to hard phase formation before box 
charging. In this case, - even after slow cooling inside the box - the slab is still in cracking 
risk even by warm charging as long as the undesired phases and critical precipitates 
sizes were reached. 

 Visual inspection for cracks before charging is recommended. In some cases, some 
transverse surface cracks could be detected by naked eye. 

 Slabs with high cracking risk - according to the previous analysis - should be eliminated 
from the rolling schedule to avoid process break-down in case a “critical” slab is broken 
in the reheating furnace. 
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Alloy-0: 

 Slabs of Alloy-0 (and similar alloys) are less likely to crack after a defect-free casting 
process, as the possible handling procedures will not result in critical phases or precipi-
tation formation. 

 It is advised that slabs of Alloy-0 (or similar) would be placed on the top of stacks/piles 
of Alloy-1 (or similar) in Route-1 and Route-3 procedures to ensure slow cooling of Alloy-
1 slabs and avoid cracking risk of the top slab of the pile. 

 

6.5    Slab ranking system, Alloy-1 

After the previous analyses in Chapter 5 and 6, the slab properties of Alloy-1 during CC, 
handling and charging were evaluated and discussed. The results of the experimental work 
and simulations are showing four possible situations during casting and processing that 
would strongly influence the crack sensitivity of a slab during casting, transportation, stor-
age and charging into the HSM. The classification of the four situations is based on two 
values. First, the hot ductility, representing the influence of casting conditions and straight-
ening deformation on crack sensitivity. The lower the hot ductility value, the higher is the 
cracking risk. Secondly, the average/overall slab hardness after cooling, showing the influ-
ence of the cooling procedures during transportation and handling up to furnace charging 
on the material properties. The higher the average hardness value, the higher is the crack-
ing risk. The classification of the four situations are summarized in Fig. 6.31 and are ex-
plained as follows: 
 
1. Best-case scenario 
This is the case for most of the slabs, where casting conditions and handling procedures 
are kept according to the set values. Keeping the set values for both casting speed (~ 1 
m/min) and secondary cooling will result in an acceptable deformation speed during the 
unbending in the desired temperature range between 950 – 1080 °C. This will result in high 
hot ductility values. After casting, slabs having low cooling rates during transportation and 
storage air cooling < 60 K/h will have a homogenous ferrite/pearlite structure before HSM 
furnace charging. Slabs produced under those best-case scenario conditions did not record 
any cracking problems according to the industrial study presented earlier. 
 
2. Critical situation 1 
Some slabs will follow the set casting conditions, having acceptable values of hot ductility, 
will suffer later from undesired cooling conditions in the storage area. Those slabs mostly 
have to go through slab length adjustment. Those slabs will go through higher cooling rates 
(> 65 K/h) in the stockyard, due to undesired slab position in a pile or delay in transportation 
and/or processing. This will result in higher hardness values of a slab by formation of hard 
phases and/or fine precipitates (size < 20 nm). Those slabs were recorded to have cracking 
problems in the HSM even when the casting process did not show any deviation from set 
conditions.  
 
3. Critical situation 2 
The other possible critical situation happens when a trouble takes place during CC that 
leads to deviations in crack-related parameters from the set values, while the handling and 
storage guidelines were kept according to the desired/planned procedure.  The important 
parameters related to the cracking behavior are the casting speed, straightening tempera-
ture and cooling schedule. As a result of the deviation in the values of these parameters, 
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lower hot ductility values are reached. This will take place in this situation either by for-
mation of fine precipitates < 40 nm, or by low temperature straightening < Ar3 resulting in 
ferrite formation before or during the unbending zone deformation. Such slabs are mostly 
cracked/broken in the CC area and their casting should be followed by a slab surface in-
spection to check the presence of any unacceptable defects before further processing. 
 
4. Worst-case scenario 
Slabs with low hot ductility values < 40% (during CC) and high average hardness > 250 HV 
20 (during slab cooling) are the most risky slabs to the HSM. Those slabs went through 
critical casting conditions where - in some cases - the formed cracks could not be visually 
detected. Afterwards, those slabs had another problem during handling and charging either 
due to slab length adjustments, fast cooling or cold charging. All these factors together lead 
to fine (Ti,Nb),(C,N) precipitates < 15 nm and formation of hard phases (bainite or marten-
site) before furnace charging. These results in the highest cracking possibility compared to 
all other situations representing the highest risk to the HSM. Those slabs should be re-
moved from the rolling schedule. The properties of such slabs could be worse – in terms 
of crack sensitivity – in case of alloys with carbon content between ~ 0.08 - 0.17 % 
(peritectic range), high content of micro-alloying elements (Ti > 0.04% and Nb > 0.01%) 
and high N content > 0.004%. 
 
Finally, each slab should have a value representing its crack sensitivity - proposed from 
the ranking system - according to its specific processing conditions and current material 
properties based on the previously explained experimental work, simulations and statistical 
analysis. The results of the slab ranking system are able to explain the findings of the in-
dustrial study and analyses of the slab histories of defected material. After applying the 
proposed slab-ranking model, based on the results discussed in this thesis, to the 
cracked/broken slabs and their melts covered in the industrial study, it could be shown that 
most of the defected slabs had high/critical crack sensitivity values. This is a strong indica-
tion that many of the cracked slabs could have been detected using the proposed approach 
with a very good chance to avoid process interruptions in many situations, if some further 
guidelines and instructions are to be kept/followed. Further validation for different steel 
grades is in progress. 
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Fig. 6.31: Classification of processing situations influencing crack sensitivity, Alloy-1 
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 Carbon content (0.08 – 0.17 %)  
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Chapter 7: Summary and outlook 

The problem of slab transverse cracking is still a serious defect during steel processing, 
which costs the industry hundreds of millions of euros every year in a global scale beside 
the environmental and logistical issues. The main objective of this work was to study the 
reasons and mechanisms of the cracking behavior through an industrial and laboratorial 
approach and offer the steel producers a practical solution to predict material damage and 
process disturbance. 
 
The statistical analysis of the melts of the cracked/broken slabs in the industrial study 
showed that the potential cracking factors could be classified in three groups (see Table 
2.1, p. 16). The factors are representing deviations from set/ideal processing values during 
CC and/or slab handling between CS and HSM. Selected critical parameters of these three 
groups were the base of the experimental work and simulations done in this thesis. 
 
Following the literature and the findings of the industrial study, oscillation marks, hooks and 
local micro-segregation of residual elements formed in the mold area are mostly the initial 
origin of cracks. When the strand surface is subjected to further stress after the mold exit 
– due to bulging, friction, phase transformation or unbending forces –, a crack might ap-
pear/propagate if the material is in an embrittlement state (low hot ductility regions) and 
unable to support the applied stresses. Deviation in casting speed and/or secondary cool-
ing practices can result in a critical temperature range in the unbending zone and extending 
the embrittlement regions. This could be enhanced by different mechanisms, especially in 
the presence of micro-alloying elements. Ferrite formation before/during straightening, low 
straightening deformation rates, fine precipitates within the austenite grain boundaries, 
coarse austenite grain size and retardation of dynamic recrystallization are further causes 
for crack propagation and failure. Intergranular fracture, especially below the Ar3 tempera-
ture, and/or the presence of fine (Ti,Nb),(C,N) are common in many failure cases.  
 
The slab microstructure constituents and precipitation distribution are important aspects to 
consider before slab charging into the HSM reheating furnace. Hard/brittle phases - such 
as bainite - and internal stresses will result in high cracking tendency during handling and 
by cold charging. Volume shrinkage during reheating by ferrite transformation into austenite 
will result in large tensile stresses at the grain boundaries. Moreover, by insufficient slab 
reheating, undissolved coarse carbonitrides - still located on the austenite grain boundaries 
- might result in surface cracking during hot rolling due to the reduced thermal ductility. 
Generally, failure within the thin ferrite film and by grain boundary sliding (GBS) are the 
most common embrittlement mechanisms. Retardation of dynamic recrystallization and for-
mation of precipitate free zone (PFZ) were also recorded in many cases.  
 
The thesis presents characterization of the investigated alloys in the as cast condition using 
LOM, SEM and EDX, before their further process treatments. Afterwards, the effect of pro-
cess deviations during CC on crack sensitivity after hot tensile testing and precipitation 
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simulation at different conditions was studied. Finally, the influence of the slab handling 
process is evaluated in terms of the effect of slab position during storage on slab micro-
structure and mechanical properties before charging. 
 
According to the results of this work, a set of critical values for certain process parameters 
were defined as potential cracking causes leading to cracking situations, as was confirmed 
by the industrial study. The appearance of several simultaneous critical values is an indi-
cation of a higher cracking sensitivity. Fig. 6.31 (p. 127) shows a list of critical parameters 
and values for Alloy-1 (micro-alloyed steel) classified according to their crack sensitivity. 
The best-case scenario represents the ideal case, where no cracks were recorded and 
includes potential improvement strategies to be applied in case of a critical situation during 
casting or slab transportation/handling appear. The lower the hot ductility of a slab during 
casting and/or the higher the average/overall hardness before HSM furnace charging are - 
due to bainite/martensite or fine precipitates formation -, the higher is the cracking risk. 
Reducing material loss, enhancing a smooth/uninterrupted production process and improv-
ing production efficiency are achieved by defining the critical situations leading to a high 
cracking risk and overcoming the occurrence of these critical situations in real production. 
 
Slabs undergoing critical processing conditions during CC, transportation and storage 
should be removed from the rolling schedule to avoid slab breakage in the reheating fur-
nace or cracking during the early rolling steps. In some cases, optimizing the charging/roll-
ing schedule could be a solution for some slabs. Slab charging before reaching the critical 
transformation temperature of bainite (or martensite) under certain processing routes will 
avoid the formation of brittle phase structures and fine precipitates during handling. Slabs 
undergone critical casting condition, as break-out, should go through further quality check 
/ visual surface inspection before charging.  
 
The study of the cracking behaviour of both investigated steel grades (Alloy-0 & Alloy-1) is 
considered being the base for the extension to further critical grades. The presented ap-
proach was more focused on the casting and handling processes, but the developed mod-
els have to be tested on different chemical compositions. The effect of deviation in chemical 
composition of slabs (which might take place under undesired secondary metallurgy prac-
tice) is one of the important factors, not been covered in this thesis. The tolerance of chem-
ical composition of an alloy resulting in acceptable results under certain conditions should 
get more focus in a further work by defining critical/uncritical tolerance ranges.  
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Chapter 8: Zusammenfassung und Ausblick  

Das Problem der Querrissbildung in Brammen ist immer noch ein kritisches Moment bei 
der Stahlerzeugung und -verarbeitung, das die Industrie neben Umwelt- und Logistikprob-
lemen weltweit jährlich Hunderte Millionen Euro kostet. Hauptziel dieser Arbeit war es da-
her, die Gründe und Mechanismen der Rissbildung und des Rissverhaltens durch einen 
industriellen und experimentellen Ansatz zu untersuchen und dem Stahlhersteller eine 
praktische Lösung zur Vermeidung von Materialschäden und Prozessstörungen anzubie-
ten. 
 
Die statistische Analyse der Industriestudie von Schmelzen, die durch gerissene / gebro-
chene Brammen auffällig wurden, zeigte, dass die potenziellen Einflussgrößen in drei 
Gruppen eingeteilt werden konnten (siehe Tabelle 2.1, S. 16). Die Größen repräsentieren 
Abweichungen von Soll- bzw. idealen Verarbeitungswerten während des Stranggießens 
und / oder vom Brammenhandling zwischen Strangguss und Warmwalzwerk. Ausgewählte 
kritische Parameter dieser drei Gruppen bildeten die Grundlage für die in dieser Arbeit 
durchgeführten experimentellen Untersuchungen und Simulationen.  
 
Laut der Literaturrecherche und den Ergebnissen der Industriestudie sind Oszillationsmar-
ken, Haken und lokale Mikroseigerungen von im Kokillenbereich gebildeten Restelemen-
ten meist der initiale Ursprung von Rissen. Wenn die Strangoberfläche nach dem Austritt 
der Gießkokille einer weiteren Belastung durch Ausbeulung, Reibung, Phasenumwandlung 
oder Biegekräften ausgesetzt wird, kann ein Riss auftreten oder sich ausbreiten, sofern 
sich das Material in einem Zustand reduzierter Duktilität befindet und nicht in der Lage ist, 
die vorhandenen Spannungen zu ertragen. Abweichungen in der Gießgeschwindigkeit und 
/ oder in der Sekundärabkühlung können zu einem unerwünschten, kritischen Temperatur-
bereich in der Richtzone führen, sowie zu einer Verbreitung der Versprödungsbereiche. 
Dieser Zustand kann durch verschiedene Mechanismen, insbesondere bei Gegenwart von 
Mikrolegierungselementen, verstärkt werden. Ferritbildung vor / während des Richtens, 
niedrige Umformgeschwindigkeiten beim Richten, feine Ausscheidungen an den Austenit-
korngrenzen, grobe Austenitkorngröße und eine Verzögerung der dynamischen Rekristal-
lisation sind Ursachen für die Bildung und Ausbreitung von Rissen und das Versagen durch 
diese. Ein intergranularer Bruch, insbesondere unterhalb der Ar3-Temperatur und / oder 
bei Vorhandensein feiner (Ti,Nb),(C,N)-Ausscheidungen, ist Ursache vieler Versagensfäl-
len. 
 
Die Bestandteile der Mikrostruktur und die Ausscheidungsverteilung sind wichtige Aspekte, 
die vor dem Einsatz der Bramme im Wiedererwärmungsofen des Warmwalzwerks zu be-
rücksichtigen sind. Harte bzw. spröde Phasen - wie Bainit - und innere Spannungen führen 
zu einer hohen Rissneigung während der Handhabung und beim Kalteinsatz. Eine Volu-
menschrumpfung während der Wiedererwärmung bei Umwandlung des Ferrits in Austenit 
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führt zu großen Zugspannungen an den Korngrenzen. Zudem können die ungelösten gro-
ben Karbonitride, die sich noch an den Austenitkorngrenzen befinden, bei unzureichendem 
Wiedererwärmen der Bramme während des Warmwalzens aufgrund der verringerten ther-
mischen Duktilität zu Oberflächenrissen führen. Im Allgemeinen sind das Versagen inner-
halb des dünnen Ferritfilms und das Gleiten der Korngrenzen die häufigsten Versprödungs-
mechanismen. In vielen Fällen wurde auch eine Verzögerung der dynamischen Rekristal-
lisation und die Bildung von ausscheidungsfreien Zonen beobachtet. 
 
Die Arbeit enthält die Charakterisierung der untersuchten Legierungen mit LOM, SEM und 
EDX im Gusszustand vor ihrer weiteren Prozessbehandlung. Anschließend wird die Aus-
wirkung von Prozessabweichungen während des Stranggießens auf die Rissempfindlich-
keit nach den Warmzugversuchen und der Ausscheidungssimulation unter verschiedenen 
Bedingungen analysiert. Schließlich wird der Einfluss des Brammenhandhabungsprozes-
ses im Hinblick auf die Auswirkung der Brammenposition während der Lagerung und des 
Transports auf die Mikrostruktur und die mechanischen Eigenschaften der Bramme vor 
dem Ofeneinsatz untersucht und diskutiert. 
 
Es konnten eine Reihe kritischer Werte für bestimmte Parameter als potenzielle Rissursa-
chen definiert werden, die mit großer Wahrscheinlichkeit zu Rissbildungen führen, wie auch 
durch die Industriestudie bestätigt wurde. Das Auftreten kritischerer Werte ist ein Hinweis 
auf eine höhere Risswahrscheinlichkeit. Abb. 6.31 (S. 127) zeigt eine Liste kritischer Pa-
rameter und Werte für Alloy-1 (mikrolegierter Stahl), klassifiziert nach ihrer Risssensibilität. 
Das Best-Case-Szenario stellt den Idealfall dar, in dem keine kritischen Risse auftreten, 
und enthält potenzielle Verbesserungsstrategien, die im Falle einer kritischen Situation 
während des Gießens oder des Transports beziehungsweise der Handhabung der Bram-
men anzuwenden sind. Je geringer die Warmdehnbarkeit (hot ductility) einer Bramme wäh-
rend des Gießens ist und / oder je höher die durchschnittliche Härte der abgekühlten 
Bramme - aufgrund der Bildung von Bainit / Martensit oder feinen Ausscheidungen - ist, 
desto höher ist das Rissrisiko. Ein reduzierter Materialausfall und damit ein reibungsloserer 
/ nicht unterbrochener Produktionsprozess führt zu einer gesteigerten Produktionseffizienz 
und ist zu erreichen, indem die kritischen Situationen, die zu einem hohen Rissrisiko füh-
ren, definiert und deren Auftreten in der realen Produktion vermieden werden. 
 
Brammen, die während des Stranggießens, des Transports und der Lagerung überkriti-
schen Verarbeitungsbedingungen ausgesetzt waren, sollten aus dem Walzprogramm ent-
fernt werden, um Brammenbruch im Wiedererwärmungsofen oder Risse während der ers-
ten Walzstiche zu vermeiden. In einigen Fällen kann auch die Optimierung / Anpassung 
des Einsatzplans / Walzprogramms eine Lösung darstellen. Der Einsatz der Bramme vor 
Erreichen der kritischen Umwandlungstemperatur von Bainit (oder Martensit) unter be-
stimmten Verarbeitungsrouten vermeidet die Bildung einer spröden Phasenstruktur und 
feiner Ausscheidungen während der Handhabung. Brammen, die unter kritischen bzw. feh-
lerhaften Gießbedingungen gegossen wurden, wie Durchbruchereignisse beim Gießen, 
sollten vor dem Ofeneinsatz einer weiteren visuellen Oberflächeninspektion unterzogen 
werden.  
 
Die Untersuchung des Rissverhaltens der gewählten beiden Stahlsorten (Alloy-0 und Alloy-
1) wird als Grundlage für eine Ausweitung auf weitere kritische Sorten angesehen. Der 
vorgestellte Ansatz konzentrierte sich mehr auf die Gieß- und Handhabungsprozesse, je-
doch sollten die entwickelten Modelle an verschiedenen chemischen Zusammensetzungen 
getestet und validiert werden. Der Effekt der Abweichung der chemischen Zusammenset-
zung von Brammen (z.B. bei unerwünschten Ereignissen in der Sekundär-Metallurgie) ist 
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einer der wichtigen Faktoren, die in dieser Arbeit nicht behandelt wurden. Die Toleranz der 
chemischen Zusammensetzung einer Legierung, die unter bestimmten Bedingungen zu 
akzeptablen Ergebnissen führt, sollte bei weiteren Arbeiten berücksichtigt werden, indem 
kritische und unkritische Toleranzbereiche definiert werden. 
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